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Abstract

TNFa contributes to type 1 diabetes pathogenesis by impairing beta cell function
and driving beta cell apoptosis. How TNFa directs these processes is not fully
understood. Of note, baculoviral-IAP-repeat-containing (BIRC) proteins associate
with the TNF complex to control down stream signalling but their function in beta
cells is not known. Following TNF receptor ligation, Birc3 but not Birc1,2,4,5 or -6
was induced in mouse islets and MIN6 cells. Contact with TNFa triggers signalling
cascades converging on the NF-kB, JNK, and p38 pathways that regulate
inflammatory genes. The Birc3-promoter harboured three NF-kB and an AP-1
binding sites. Induction of endogenous Birc3 by TNFa was completely blocked by
NF-kB inhibitors - thus NF-kB regulates Birc3 transcription. Further, BIRC3 gain-
of-function induced activation of an NF-kB reporter and potentiated TNFa-induced
NF-kB activation. Surprisingly, Birc3-/- islets showed delayed but functional NF-kB
activation and exhibited dysregulated TNFa-induced Ccl2, Cxcl10 and Icam-1. Some
data demonstrate BIRC2 can compensate for loss of BIRC3. Expectedly, Birc2-/-
Birc3/- islets showed markedly delayed IkBoa degradation kinetics; suggesting that
BIRC2/3 are crucial for NF-kB signalling. Remarkably, Birc2-/- and Birc3-/- islets
showed unexpected phenotypes independent of NF-kB. Genetic analysis showed
Birc2/- islets exhibited increased basal Ccl2 and Cxcl10 expression. Cell signalling
was further dysregulated by the addition of BIRC3 deficiency. Birc2-/-Birc3-/- islets
exhibited increased basal A20, Icam-1, Ccl2 and Cxcl10, which were blocked by
antagonizing JNK but not NF-kB or p38 pathway. Moreover, Birc2-/-Birc3-/- islets
showed hyperphosphorylation of the JNK-target, c-Jun. BIRC proteins ubiquitinate
substrates targeting them for proteosomal degradation. Proteosome inhibition in
MING6 cells mimicked the Birc2-/-Birc3-/- islet phenotype - increased basal Cxcl10,
Ccl2 and Icam-1 expression with c-Jun-hyperphosphorylation. Birc2-/-Birc3-/- islets
transplanted into diabetic-allogeneic recipients showed rapid loss of function
indicative of dysregulated stress response. We propose that loss of BIRC2/3
uncoupled molecular control of inflammatory genes from TNF-signalling cascades.
These present data demonstrate a novel, cell specific role for BIRC2 and BIRC3 as

molecular rheostat that fine-tune NF-kB and JNK signalling to ensure
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transcriptional responses are appropriately matched to extra-cellular inputs.

These pathways may be critical for beta cell stress responses.
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1 Introduction

1.1 Overview

Diabetes mellitus is the most common endocrine disease and is a public health
issue worldwide. It has been estimated that at least 346 million people in the
world suffer from the disease (WHO, 2011). It is also the third leading cause of
mortality by disease in the world (WHO, 2004). In 2007-2008, approximately
898,800 Australians had been diagnosed with diabetes. Global incidence of
diabetes is anticipated to rise from 366 million in 2011, to 552 million by 2030
(IDF, 2011). Currently, the two major forms of the disease are type 1 and type 2

diabetes.

Type 1 diabetes (T1D) is an autoimmune disease where immune cells destroy
pancreatic beta cells, resulting in insufficient insulin production to cope with the
body’s needs. T1D accounts for 5-10% of diabetes cases in the world (WHO, 2011)
and is estimated to affect more than 122,300 people in Australia (JDRF, 2011).
Genetic predisposition combined with environmental triggers can alter immune
function, activate autoimmune beta cell destruction and contribute to the
pathogenesis of T1D (Daneman, 2006; Jahromi and Eisenbarth, 2007; Kim and
Polychronakos, 2005). Beta cell destruction involves immune cells, including T
cells, B cells, macrophages and dendritic cells (Jansen et al., 1994; Noorchashm et
al,, 1997; Willcox et al., 2009). It has been demonstrated that cytotoxic T cells are
the crucial players in the development and progression of T1D in human and
animal models (Coppieters et al.,, 2012). Cytotoxic T cells induce beta cell death by
activating key pathways that induce apoptosis. This leads to eventual demise of
beta cells by extrinsic and intrinsic apoptotic pathways (Willcox et al., 2009),
through caspase activation and mitochrondrial release of cytochrome C (Grunnet

et al.,, 2009; Mathis et al., 2001).

Since the discovery of lymphocytic infiltrates within the islets of T1D patients
(Gepts, 1965), our knowledge on the immunopathology of T1D have significantly
improved (Coppieters et al., 2011; Phillips et al., 2009). Despite this, diagnosed



individuals are still destined to a lifetime of daily glucose monitoring and insulin
injections to maintain glucose homeostasis. More importantly, exogenous insulin
administrations cannot recapitulate the excellent glucose control provided by beta
cells. Poor glucose control results in a number of deleterious diabetic
complications (NEJM, 1993). Therapies for T1D includes methods to replenish beta
cell mass such as islet transplantation and stem cell therapy (Cheung et al., 2000a;
Robertson, 2004b) or using mechanisms that stimulate endogenous beta cell
regeneration (Halban, 2004). While these techniques may treat T1D, the majority
of islet transplant recipients still developed recurrent autoimmunity against the
transplanted islets (Hilbrands et al., 2009; Roep et al., 1999). Therefore, unless the
fundamental dysregulated immune response is resolved, replenishment of beta

cell mass is not a long-term solution for the cure of T1D.

Insulin resistance occurs prior to the development of hyperglycaemia in type 2
diabetes (T2D) (Martin et al,, 1992). It is accompanied by the progressive loss of
beta cell function (Leahy, 2005; Poitout and Robertson, 2002), which eventually
leads to disease pathogenesis. Beta cell dysfunction is central to the onset and
progression of T2D (Weyer et al, 1999). This is also associated with decreased
beta cell mass due to increased apoptosis (Butler et al., 2003). Factors such as
mitochondrial dysfunction, oxidative stress, endoplasmic reticulum stress,
dysfunctional triglyceride/free fatty acid cycling and glucolipotoxicity are the
likely causes of early beta cell failure and death (Prentki and Nolan, 2006). Initially,
individuals could control the disease with lifestyle changes alone. However, at late
stage, diagnosed individuals also require daily exogenous injections of insulin for
proper glucose control. Like T1D, patients are faced with diabetic complications
and may require therapies to replenish beta cell mass. As hyperglycaemia
proceeds, secondary processes that are associated with glucotoxicity such as O-
linked glycosylation (Robertson, 2004a) and accumulation of islet amyloid
polypeptide (O'Brien et al., 1993) can enhance beta cell dysfunction and beta cell
apoptosis (Prentki and Nolan, 2006). In addition, emerging data suggest a link
between islet inflammation and the progression of T2D (Donath et al., 2009;
Donath et al,, 2008; Ehses et al., 2009), thus placing further emphasis on the need

to understand the role of the immune system on beta cell survival.



1.2 The pancreas

1.2.1 The islets of Langerhans

[slets of Langerhans are micro-organs that direct the endocrine physiology within
the pancreas. Discovered in 1869 by German pathological anatomist Paul
Langerhans (Morrison, 1937), the human pancreas contains about one million
islets corresponding to around 1% of the total pancreas mass. Each islet comprised
of about two thousand five hundred endocrine cells (Weir and Bonner-Weir, 1990).
Typically, beta cells make up about between 48% and 59% of the human islets,
depending on the region accessed (Cabrera et al.,, 2006) (Figure 1.1). The alpha
cells representing approximately between 33% and 46% of the islet (Cabrera et al.,
2006) (Figure 1.1), secrete glucagon for mobilising glycogen stores in the liver in
response to low glucose. The delta-cells that make up between 8% and 12% of islet
cells secrete somatostatin, known to exert inhibitory effects on other hormones
including insulin and glucagon (Figure 1.1). The cells that secrete pancreatic
polypeptide, known to stimulate gastric secretion, make up less than 2% of the

islets (Cabrera et al., 2006).

It is important to note that the composition of beta and alpha cells in mouse islets,
often used as a model for the study of islet biology, are quite different to the
structure of human islets. Unlike human islets, mouse islets are made up of more
beta cells (~77%) and less alpha cells (~18%) (Cabrera et al., 2006). Noticeably,
the mouse islet architecture comprised of beta cells clustered within the core with
the alpha cells surrounding the beta cells. Different to mouse islets, the alpha and
beta cells are distributed throughout the human islet (Cabrera et al,, 2006). Despite
this, currently it is not known how the differences in islet architecture affect islet

physiology between species.



Figure 1.1. An image of a human islet in situ. Red represents insulin staining for beta cells,
green represents glucagon staining for alpha cells and blue represents the somatostatin
producing delta cells (Photo kindly provided by A/Prof. Shane Grey, Garvan Institute, NSW,

Australia).



1.2.2 The function of insulin

Insulin is a peptide hormone crucial for several metabolic processes. In 1889,
German scientists Minkowski and von Mering noted that total pancreatectomy in
dogs led to the development of diabetes (Bliss, 1993; Dittrich, 1989). This led to
their hypothesis that the pancreas secretes a substance that is important for
metabolic control. In the 1920s, the insulin-secreting potential of pancreatic beta
cells and the functional significance of insulin was discovered by Frederick Banting
and Charles Best in pancreatectomized dogs (Banting and Best, 1990). They found
that intravenous administration of chilled pancreas extracts led to reduced blood
glucose levels in dogs made diabetic by removal of their pancreas. The first human
treatment of diabetes occurred in 1922, on a 14-year old boy. The compound was
named insulin. By early 1923, porcine insulin was commercially produced by Eli

Lilly and made available for diabetes treatment.

Glucose levels are tightly controlled by pancreatic beta cells. In the fasting state,
glucose homeostasis is maintained in equilibrium between glucose production by
the liver and utilisation by insulin-dependent (e.g. liver, adipose tissue, muscle)
and insulin-independent tissues (e.g. kidney and brain) (Cheatham and Kahn,
1995). In response to rise in blood glucose, beta cells secrete insulin to encourage
its uptake into peripheral tissues and metabolism in cells (Meglasson and
Matschinsky, 1986). Additionally, insulin also inhibits gluconeogenesis in the liver,
kidneys and intestine to prevent glucose release from non-carbohydrate
substrates. Further, insulin also participates in the regulation of carbohydrate,
protein and lipid metabolism, ion and amino acid transport, glycogen synthesis,
gene transcription and mRNA turnover, and DNA synthesis (Cheatham and Kahn,
1995; Lotspeich, 1949; Wilcox, 2005). For example, it causes muscle cells to take
up amino acids, and inhibits the breakdown and release of lipids. Insulin also
generates energy in the form of ATP as fuel for cells. Thus, insulin plays multiple
roles in storage of ingested fuels and utilisation of fuels for cellular growth and

differentiation.



1.3 Type 1 diabetes

1.3.1 Beta cell failure in T1D

It has been demonstrated that progressive beta cell failure occurs in both forms of
diabetes (Cnop et al.,, 2005). For T1D, progressive beta cell destruction occurs as a
consequence of immune-mediated attack of pancreatic beta cells. In T2D, there is
functional defect in insulin secretion as well as a loss of beta cell mass later in the
disease process. As a result of long-term poor glucose regulation, both forms of
diabetes can lead to serious health complications including ketoacidosis, kidney
failure, heart disease, stroke and blindness. The main focus of this thesis is on T1D.
However, we believe that the lessons learnt from our study are transferrable

between the two forms of diabetes.

1.3.2 Diabetic complications

At the time of diagnosis, most patients are at the end stage of the disease, as
clinical symptoms only manifest once 70-100% of the beta cell mass are destroyed
or dysfunctional (Matveyenko and Butler, 2008). At this stage, individuals present
with clinical symptoms including polyuria, polydipsia and weight loss. When
glucose is not available, the body utilises fat as an alternative energy source
(Eisenbarth GS, 2008). The degradation of fat causes toxic ketones to build up in
the blood and urine in a condition known as ketoacidosis (Eisenbarth GS, 2008).
Ketoacidosis is one of the leading causes of mortality in T1D. It starts with nausea,

vomiting and dehydration and results in coma if left untreated (Eisenbarth, 1986).

As a result of poor glucose control, both T1D and T2D individuals eventually
develop secondary complications, the risk of which is related to the duration of
diabetes and the degree of glycaemic control. Poorly managed glucose homeostasis
over time can lead to irreversible and devastating changes on small and large
blood vessels (Nathan et al.,, 2005; Nathan et al., 2003). Long-term diabetic patients
eventually develop diabetic complications, which manifests as macrovascular
diseases, nephropathy, retinopathy and neuropathy. Macrovascular complications

in T1D include coronary artery disease, peripheral arterial disease, and stroke. It



has been reported that T1D individuals are more susceptible to fatalities of
ischemic heart disease than the general population (Laing et al., 2003a; Laing et al.,
2003b). As diabetes continues to impact on vascular injury, conditions such as
heart attack and stroke can lead to early mortality in individuals (Laing et al.,
2003a; Laing et al., 2003b; Paterson et al., 2007). Furthermore, poor glycaemic
control also induce changes in microvascular properties, resulting in complications
such as nephropathy leading to renal failure, retinopathy resulting in blindness
and neuropathy leading to foot complications (e.g. gangrene), the major cause of

amputation (Melendez-Ramirez et al., 2010).

The severe outcomes of diabetic complications are the motivation behind the
ongoing search for new therapies to fine-tune glucose control and cure T1D. Some
of these strategies include replacement of beta cell shortage through
administration of drugs, such as analogs of the incretin hormone and glucagon-
like-peptide-1 (GLP-1), to stimulate insulin secretion in the remaining undestroyed
beta cells (Hadjiyanni et al, 2008; Pratley and Gilbert, 2008). There are also
attempts to stimulate beta cell neogenesis and regeneration (Dungan et al., 2009;
Rooman and Bouwens, 2004; Rooman et al., 2002; Rosenberg et al., 2004; Suarez-
Pinzon et al., 2005), and the use of islets from cadaveric organ donors, stem cells or
islets of xenogenic origins (mostly from pigs or transgenic pigs) to replenish beta
cell mass (Cardona et al.,, 2006; Hering et al., 2006; Meier et al., 2006; van der
Windt et al, 2009; Witkowski et al., 2006). Even though this thesis does not
directly explore the possibilities of T1D treatment, one of the expected outcomes of
this study is to improve our knowledge on how beta cells respond under
inflammatory conditions of T1D, which would contribute to the creation of new

therapeutic agents or improve current strategies to overcome this disease.

1.3.3 Genetic disposition

It is well established that multiple genetic loci are involved in the susceptibility of
T1D. Although a large number of diagnosed individuals do not have a family
history of T1D, familial clustering shows higher risk among siblings with T1D of

6%, in contrast to 0.4 % frequency in the general US Caucasian population



(Spielman et al., 1980; Thomson et al., 1988). This trend was also seen in Japan,
with a generally low frequency of T1D in the population. The risk of developing the
disease is increased from 0.014% to 1.3-3.8% for those with siblings diagnosed
with T1D (Ikegami and Ogihara, 1996). These studies suggest that T1D may
require a genetic component to occur. Studies in the past years have progressed to
successfully identify several genetic susceptibility loci that are associated with the

risk to develop T1D.

1.3.4 Genetic susceptibility genes

One locus that strongly contributes to familial clustering lies within the major
histocompatibility (MHC) region on chromosome 6p21, commonly termed the
insulin-dependent diabetes mellitus (IDDM1) locus (Nerup et al., 1974; Rich, 1990;
Singal and Blajchman, 1973). It has been demonstrated that the human leukocyte
antigen (HLA) class II genes (HLA-DRB1 and -DQB1) are the likely primary
determinants of IDDM1 (Ronningen et al,, 2001). For interest, other established
T1D-associated genes include the insulin gene (INS) on chromosome 11p15 (Bell
et al., 1984), cytotoxic T lymphocyte-associated 4 gene (CTLA4) on chromosome
2q33 (Nistico et al,, 1996; Ueda et al., 2003), protein tyrosine phosphatase, non-
receptor type 22 (PTPN22) on chromosome 1pl13 encoding lymphoid protein
tyrokine phosphatase (LYP) (Bottini et al., 2004; Smyth et al., 2004) and the
interleukin-2 (IL-2) receptor-a (IL-ZRA) gene (Lowe et al.,, 2007; Qu et al,, 2007;
Vella et al.,, 2005).

1.3.5 Environmental factors

Genetic predisposition does, to some extent, influence the incidence of T1D.
Nonetheless, concordance rates between monozygotic twins is only 50% and
between dizygotic twins a mere ~10% (Kyvik et al., 1995). Longer-term follow-up
studies also show that identical twins of diagnosed individuals do eventually
develop diabetes but with a delay of up to 30 years between the twins (Redondo et
al., 2008; Redondo et al.,, 2001). These trends suggest that the environment may
contribute to the development of the disease. Most attention to environmental

factors has been paid to viral infections, with majority of the evidence implicating



the prevalence of enteroviruses (more precisely coxsackieviruses) as a leading
candidate virus for the precipitation of T1D (Banatvala et al., 1985; Clements et al,,
1995; Filippi and von Herrath, 2008; Gamble et al., 1969). However, the role of
viruses as causative agents in T1D is yet to be confirmed and requires further
examination (van Belle et al, 2011). Other environmental factors that may
contribute to T1D include the composition of gut bacteria, early exposure to cow’s
milk, wheat proteins and vitamin D levels, although no consensus can be reached

by evaluating current published data on these topics (van Belle et al., 2011).

1.3.6 Cell lines and animal models of T1D

Our current understanding on the events that occur during T1D progression in
humans, largely relies on histological samples that were collected by Foulis and
colleagues from patients with recent-onset of the disease, during a time when
insulin was not available (Foulis, 1987; Foulis and Stewart, 1984; Willcox et al.,
2009). This is because it is difficult to study the actual events during disease
progression in humans. The clinical symptoms of T1D only occur years after the
appearance of autoantibodies and by the time diagnosis is made, ~70-100% of the
beta cells are already destroyed (Matveyenko and Butler, 2008). Hence our current
understanding of T1D depends on in vitro and in vivo studies performed on a
number of islet-derived beta cell lines and animal models of T1D. Common beta
cell lines include MIN6 and B-TC3 cells described in this thesis (Crisa et al., 1992;
Delovitch and Singh, 1997; Efrat et al., 1988; Miyazaki et al., 1990), while animal
models of T1D include the commonly used non-obese diabetic (NOD) mouse,
biobreeding (BB) rat and rodent models of chemical and virus-induced diabetes.
The NOD mice and BB rats spontaneously develop insulitis and T1D in a manner
that closely matches the disease in humans (Bone et al., 1999; Crisa et al., 1992;
Delovitch and Singh, 1997). However, it is important to bear in mind that there are
limitations in studying human diseases in animal models. These include factors
such as genetic homogeneity of the animals due to inbreeding compared to T1D in
humans, which are heterogeneous and the differences in islet architecture
between human and mouse. Despite these differences, the rodent models of T1D

have significantly advanced our knowledge on the disease.



1.3.7 Immunopathology of T1D

Clinical diagnosis of T1D is described as irreversible destruction of pancreatic beta
cells, involving cytokines and T lymphocytes specific for beta cell antigens (Nerup
et al, 1988). The development of the disease involves complex multi-step
processes with interactions between the beta cells and the innate and adaptive
immune system, eventually leading to beta cell destruction by immune cells. T1D
occurs in two stages: Insulitis occurs when lymphocytic infiltrates invade the islets
and diabetes proceeds when large populations of the beta cells are destroyed
leading to hyperglycaemia. The lymphocytic infiltrates participate in beta cell
destruction by secreting inflammatory cytokines (Dahlen et al., 1998; Green et al,,

1998; Jun et al,, 1999a; Jun et al., 1999b; Pakala et al., 1999).

The first identification of immune infiltrates were made by Willy Gepts in
pancreatic islets of children with T1D (Gepts, 1965). This significant finding
marked T1D as an autoimmune disease. Following Gepts’s discovery, subsequent
studies confirmed and improved his original findings. Detailed examination of the
inflammatory infiltrate in the pancreas of a newly diagnosed 12-year old child
showed that the majority of the infiltrates are cytotoxic lymphocytes (Bottazzo et
al., 1985). Later, further characterisation work showed that the major subset of
cells that surround the islets were predominantly CD8* T cells (Hanninen et al,,
1992; Somoza et al., 1994). Additionally, a study found that CD8* T cell numbers
peaked with increasing beta cell death and disappear when all the functional beta
cells are destroyed (Willcox et al., 2009). Similar to CD8* T cells, the study also
showed that B lymphocytes follow the same patterns of appearance as T cells,
while the macrophages and dendritic cells numbers remained unchanged during

insulitis (Uno et al.,, 2007).

The sequence of lymphocytic cell invasion into the islets was determined in NOD
mice and BB rats. The first cells to infiltrate the islets are macrophages and
dendritic cells (Hanenberg et al.,, 1989; Jansen et al., 1994; Voorbij et al., 1989),
followed by T lymphocytes, NK cells and B lymphocytes (Amano and Yoon, 1990).
The effects of cytotoxic T cells in T1D pathology have been demonstrated. Transfer

of CD4* and CD8* T cells from diabetic NOD mice into non-diseased newborn NOD

10



mice led to faster disease progression (Mueller et al, 1995). Furthermore, the
prevalence of CD8* T cells within the insulitic lesions of T1D-diagnosed humans

was recently confirmed by histology (Coppieters et al.,, 2012).

1.3.8 Production of cytokines by immune infiltrates

It has been shown that inactivation of macrophages in NOD mice or BB rats were
sufficient to prevent diabetes progression (Lee et al, 1988a; Lee et al., 1988b;
Oschilewski et al., 1985). B lymphocytes and dendritic cells were found to facilitate
the activation of CD8* T cells into cytotoxic forms by presenting self-antigen on
their MHC-I molecules to CD8* T cells (Jun et al., 1999b; Marino et al., 2012; Yoon
and Jun, 2005). The activated CD8* T cells subsequently destroy beta cells (Jun et
al., 1999b; Marino et al., 2012; Yoon and Jun, 2005). In addition, macrophages also
contribute to beta cell destruction by secreting inflammatory agents such as nitric
oxide and pro-inflammatory cytokines, including tumour necrosis factor alpha
(TNFa), IL-1p and interferon gamma (IFNy) (Appels et al., 1989; Mandrup-Poulsen
et al., 1987; Pankewycz et al., 1995; Pukel et al.,, 1988). The expression of these
proinflammatory cytokines are increased at the onset of diabetes (Held et al,

1990; Hirai et al., 2000; Hussain et al., 1996; Perez et al., 2004; Schloot et al., 2002).

1.3.9 The Copenhagen model

It is generally accepted that cytokines are implicated in the pathogenesis of T1D.
The Copenhagen Model, proposed by Nerup et al, explained the sequence of events
that lead to beta cell destruction (Nerup et al., 1988). Revisions of the original
model were made in 1994 (Nerup et al., 1994) and again in 2003 (Bergholdt, 2004).
The model suggests that cytokines are the major effectors of beta cell death in T1D.
In this model, cytokine-induced free radical destruction is thought to precede
cytotoxic T cells and/or auto-antibody-mediated beta cell death. This model
hypothesizes that beta cell destruction in T1D starts with a cytokine-induction
phase that does not involve an antigen or lymphocytic cells. Additionally, the
model also assumes a latter phase that requires the participation of lymphocytes
and autoantigens to amplify and perpetuate beta cell destruction, which ultimately

results in beta cell death. While the exact sequence of events that occur during T1D
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progression in humans remains unknown, the importance of cytokines in the
pathogenesis of T1D has been demonstrated. Studies have shown that target
deletion of cytokine signalling pathways in NOD mice can delay or even abrogate
disease development. Moreover, increasing evidence also implicates the role of
cytokines and inflammation as contributing factors to the pathogenesis of T2D.
Therefore, in contrast to the Copenhagen model, cytokines do participate in the

autoimmune destruction of beta cells.

1.4 The role of cytokines in diabetes

Increased cytokine production has been implicated in the pathogenesis of many
autoimmune diseases (Brennan and Feldmann, 1992; Mandrup-Poulsen et al,,
1996). In T1D, a number of cytokines including TNFa, IL-18 and IFNy contribute
to the pathogenesis of the disease (Baquerizo and Rabinovitch, 1990; McKenzie et
al, 2006; Mehta et al., 1994; Mori et al., 2008; Ortis et al., 2008; Stephens et al,,
1999; Thomas et al., 2004; Wachlin et al.,, 2003). The biological implications of
these cytokines are two fold. Firstly, they can signal to beta cells through specific
receptors expressed by beta cells (Hammonds et al., 1990; Hughes et al., 1990;
Mori et al., 2008; Stephens et al.,, 1999; Walter et al,, 2000). Secondly, they can
induce the recruitment and effector functions of cells such as macrophages and T
cells. Cytokines can also perturb beta cell function and induce apoptosis by
activating signalling pathways and by inducing changes in gene transcription and

protein synthesis.

1.4.1 TNFa biology

TNFa was discovered in 1975 as an endotoxin-induced factor that causes tumour
regression through the induction of cell death (Carswell et al., 1975). The human
form of this 157 amino acid homotrimer was cloned in 1984 (Pennica et al., 1984).
The TNF gene lies on mouse chromosome 17 and on human chromosome 6,
sharing the same locus as members of the TNF superfamily, lymphotoxin (LT) o
and B genes (Browning et al., 1993; Carswell et al,, 1975; Lawton et al., 1995;
Nedospasov et al., 1986). The promoter region of TNFa is highly conserved among

primates and lies in a region that is essential for transcriptional regulation (Leung
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et al., 2000; Uglialoro et al., 1998). The pleiotropic cytokine influences cell
proliferation, immune responses, inflammation and cell death and is expressed by
a variety of cell types including macrophages, dendritic cells, T lymphocytes and

pancreatic beta cells (Goldfeld et al., 1991; Sung et al., 1988; Uno et al., 2007).

The contributions of TNFa to T1D pathogenesis are multifaceted. Notably, Tnfr1-
null islets are protected from destruction by T lymphocytes (Pakala et al., 1999).
Further, TNFa is an early cytokine detected within the immune infiltrate
surrounding islets (Dahlen et al., 1998). In the context of T1D, TNFa exerts
detrimental effects including driving the expression of inflammatory genes in beta
cells (Ortis et al., 2008), impairing insulin secretion (Zhang and Kim, 1995) and
triggering beta cell apoptosis (Liuwantara et al, 2006). Studies on NOD mice
showed the importance of TNFa in T1D. TNFa’s ability to induce and perpetuate
diabetes is clearly demonstrated as 3-week-old NOD mice administered with
exogenous TNFa present with accelerated onset of diabetes and increased disease
frequency (Yang et al., 1994). In contrast, diabetes progression can be ameliorated
by anti-TNFa monoclonal antibody treatment (Yang et al., 1994). Moreover, TNFa
production was reported to be increased with islet lymphocytic infiltration
(Mueller et al., 1995) and can be prevented by treatment with anti-TNFa antibody
(Brown et al,, 1998). A great demonstration for the importance of TNFa in T1D
comes from the Tnfr1-deficient NOD mice. It has been shown that Tnfr1-deleted
NOD mice developed insulitis along with control NOD mice but were completely
protected from diabetes (Kagi et al., 1999). Together, these studies supported the
importance of TNFa in the progression of T1D. More information on the TNFa

signalling pathway will be covered in the next section of this literature review.

1.4.2 IL-18

The cytokine, IL-1p, is cytotoxic to beta cells. IL-1f is found to inhibit insulin
secretion in rat islets (Hughes et al., 1990; Southern et al., 1990). Further, in vivo
and in vitro studies showed that the cytotoxic effects of IL-1f on beta cells could be
neutralised by antagonising the IL-1 receptor (IL-1R) (Dinarello, 1991; Nicoletti et

al,, 1994). IL-1f8’s involvement in T1D was further evidenced when II1r-knockout
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NOD mice were shown to have slower disease progression compared to its wild-
type-NOD counterparts (Thomas et al.,, 2004). One of IL-1p’s cytotoxic effects on
beta cells is through the induction of inducible nitric oxide synthase (iNOS)
production (Bergmann et al., 1992; Corbett et al., 1992; Delaney et al., 1993; Eizirik
et al,, 1992). IL-1p-induced nitric oxide production has been shown to directly
cause apoptosis in RINm5F beta cell (Ankarcrona et al., 1994) and impair glucose-
stimulated insulin release in rodent beta cells (Sandler et al, 1991). Together,

these findings implicate a role for IL-1f in T1D progression.

1.4.3 IFNy

The cytokine IFNy also contributes to the development of T1D. It has been
demonstrated that IFNy can render the beta cell line, MIN6NS8, susceptible to
TNFa-mediated cell death in vitro (Kim et al., 2005). Further, IFNy-stimulated -
TCes-F7 and B-TCz cells showed decreased insulin secretion and increased MHC
class [ surface expression, suggesting that IFNy can exacerbate beta cell
inflammation during insulitis and hasten the development of T1D (Baldeon et al,,
1998; Baldeon et al., 1997). Additionally, investigation on the role of IFNy in NOD
mice showed that cyclophosphamide treatment led to induction of diabetes in
wild-type-NOD mice within 4 weeks of administration, while IFNy receptor-
knockout (Ifngr-/-) and Ifng=/- NOD mice were resistant to cyclophosphamide-
induced diabetes (Mori et al., 2008). These findings agreed with the data from
Ifngr/- NOD and Ifngr/- BDC2.5 TCR tg mice, that harbour a mutation within the
alpha-chain subunit of IFNR, demonstrating that IFNy is an important causative

agent for T1D (Wang et al,, 1997).

However, conflicting results questioned the importance of IFNy in T1D. In one
study, Ifng gene inhibition delayed but did not prevent disease in NOD mice
(Hultgren et al., 1996). Another study reported that Ifngr-a-chain-deficient NOD
mice were protected from disease not because of the absence of I[FNy signalling per
se, but rather from the presence of diabetes-resistant Idd allele that was
transferred from the 129-mouse unto the NOD background (Kanagawa et al,,

2000). Furthermore, it was reported in one study that Ifngr-f-chain-subunit-
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deficient NOD mice were also susceptible to disease (Serreze et al., 2000), which
questioned the importance of IFNy in the pathogenesis of T1D. Moreover,
experiments performed on NOD-transgenic mice expressing a dominant negative
mutant I/fngr on beta cells showed that [FNy plays a role in increasing MHC class |
expression but not diabetes (Thomas et al., 1998). Thus, IFNy may not directly
cause disease but may enhance the degree of lymphocytic infiltration into the islets.
Despite the controversies, it has been demonstrated that the cytotoxic effects of
TNFoa can be synergised with IL-1f and IFNy (Cetkovic-Cvrlje and Eizirik, 1994;
Hamaguchi et al, 1990; Mandrup-Poulsen et al., 1987; Pukel et al, 1988),
suggesting that perhaps IFNy does not exert direct effects on beta cells, but work
with other cytokines such as IL-1f and TNFa to intensify the immune response in

T1D.

1.4.4 Current therapies targeted at blocking cytokine signalling

Much effort has been placed in developing therapeutics aimed at preventing
cytokine signalling to treat T1D. Blockade of IL-1R signalling with anakinra
resulted in improved glucose control, insulin secretion and decreased systemic
inflammation for T2D patients (Larsen et al.,, 2007a). This provided a proof-of-
concept that IL-1f is detrimental to beta cell function and suggests that blockade of
IL-1p signalling may preserve beta cell function and maintain glycaemic levels in
T1D and T2D patients. The efficacy of anakinra is currently tested in clinical trials
for the treatment of T1D (Pickersgill and Mandrup-Poulsen, 2009; Soumya
Adhikani, 2009). To counteract the effects of TNFa in T1D, administration of a
TNFo antagonist (etanercept) in a phase I T1D treatment trial, resulted in
improved outcomes of insulin production and preservation of beta cell function
(Mastrandrea et al., 2009). Despite this, opposing results were documented in
separate trials, demonstrating the complexities of blocking TNFo. One trial showed
that some patients treated with etanercept for rheumatoid arthritis developed T1D
(Bloom, 2000; Boulton and Bourne, 2007; Tack et al., 2009), while antibodies to
neutralise TNFa in rheumatoid arthritis, resolved T1D in some subjects (Arif et al.,
2010). These results demonstrate the complexities of blocking TNF-signalling for

diabetes treatment. An alternative method is to target multiple cytokine-signalling
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pathways to resolve T1D. For example, the combination of anakinra plus
etanercept for simultaneous blockade of TNFa and IL-1f signalling prior to islet
transplantation, in an animal study and in a human clinical trial, resulted in better
islet transplantation outcomes (Matsumoto et al., 2011; McCall et al, 2012).
Overall, both animal research and clinical studies have demonstrated the concept
that targeting cytokine signalling in beta cells may be beneficial for T1D treatment.
However, more work is required to understand the molecular mechanisms of
cytokine signalling to avoid the opposing outcomes seen with current drugs in trial.

For our study, we have focused on understanding how TNFa signals on a beta cell.

1.5 TNF receptor signalling

1.5.1 The two TNF receptors

TNF receptor 1 (TNFR1/p55) and receptor 2 (TNFR2/p75) are responsible for
binding TNFo and interacting with intracellular adaptor proteins to activate
multiple downstream signalling processes (MacEwan, 2002; Varfolomeev and
Ashkenazi, 2004). TNFR1 is constitutively expressed and TNFR2 expression is
thought to be restricted to lymphocytes and endothelial cells (Brockhaus et al.,
1990; Hohmann et al, 1989; Porteu et al, 1991). While TNFR1 is mainly
responsible for mediating the cellular effects of the soluble ligand of TNF, TNFR2 is
reported to signal the effects of its membrane bound ligand (Grell et al., 1995).
TNFR1 is thought to regulate apoptosis while TNFR2 is responsible for regulating
proliferation, but crosstalk between the two receptors can occur in some cell types

(Luo etal., 2006; Luo et al., 2010; Mukhopadhyay et al., 2001; Weiss et al., 1998).

1.5.2 TNFR1 signals two distinct complexes

TNFR1 is also known as the death receptor, important for mediating apoptosis
(Nagata, 1997). Upon stimulation of the pathway, the adaptor protein TNF
receptor associated protein with a death domain (TRADD) is recruited to the
cytoplasmic domain of TNFR1. TRADD assembles at least two distinct signalling
complexes that initiate opposing signalling pathways (Hsu et al., 1996; Micheau
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and Tschopp, 2003) (Figure 1.2). Complex I activates both anti-apoptotic and
proinflammatory mediators, and is also involved in the activation of complex II-
mediated cell death. Following TNFR ligation, complex I is recruited to the
cytoplasmic domain of the TNFR. Activation of the TNF signalling cascade involves
the binding of TRADD to TNFR, followed by the recruitment of (TNFR-associated
factor) TRAF2/5 to TRADD (Hsu et al, 1996). BIRCZ and BIRC3 were first
discovered as part of the TNFR2 signalling complex through their association with
TRAF2 (Rothe et al., 1995). Receptor interacting protein (RIP) can be ubiquitinated
by both Lys-63-linked and Lys-48-linked ubiquitination (Wertz et al., 2004). Some
data show that TRAF2 is the E3 ligase responsible for targeting RIP for Lys-63-
linked ubiquitination (Wertz et al, 2004). However, accumulating evidence
suggest that TRAF2 may be important for facilitating the recruitment of BIRC2/3
to the TNFR complex (Mace et al., 2010; Vince et al., 2009) and that BIRC2/3 are
the E3 ligases responsible for catalysing Lys-63-linked RIP ubiquitination
(Bertrand et al., 2008; Haas et al., 2009; Mahoney et al., 2008; Varfolomeev et al.,
2008; Zheng et al., 2010). In this complex, TNFa stimulation results in activation of
the transcription factors nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) and mitogen-activated protein kinase (MAPK) transcription factors
and in some cases apoptosis (Liu and Han, 2001; Smith et al., 1994). These
signalling cascades are imperative for the control of genes involved in immune
response, inflammation and cell survival (Baeuerle and Baltimore, 1996; Liu and
Han, 2001; Varfolomeev and Ashkenazi, 2004). Further, it is thought that RIP is
essential for activating NF-kB (Kelliher et al., 1998; Ting et al., 1996) while TRAF2
is required for activation of the c-Jun N-terminal kinase (JNK) pathway (Habelhah

etal., 2004).

Under some circumstances, a secondary complex referred to as complex II,
comprising of Fas-associated death domain protein (FADD) and caspase-8/10 can
trigger the pro-apoptotic cascade (Micheau and Tschopp, 2003) (Figure 1.2).
Normally, TNFa-stimulated cells are protected from the pro-apoptotic force of
complex II by the expression of NF-kB-induced genes including A20 and c-FLIP
regulated via complex I. A20 and c-FLIP prevent activation of caspase-8 possibly at

the level of complex II (Cottet et al.,, 2002; Liuwantara et al., 2006). Thus, TNFa
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triggers a co-ordinated and complex cellular program regulating cell proliferation,

inflammation and cell death.

\ Complex I

In the absence of
NF-kB signalling

l Caspase-8
IkBa
EEBN !
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Nucleus
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Figure 1.2. TNFR1 activation of the NF-kB signalling pathway. Activation of TNFR1
stimulates complex I formation comprising of TRADD, RIP, TRAF2, BIRC2 and BIRC3.
BIRC2/3 targets RIP for Lys-63-linked ubiquitination, leading ubiquitin (Ub)-associated
recruitment of TAK1-TAB2-TAB3 complex and IKKy-IKKa-IKKf complex. These cascades
activate TAK1, which phosphorylates IKK and result in the degradation of the NF-kB
inhibitor, IkBa. Once degraded, inhibition on NF-kB (consisting of p65/p50 subunits) is
then lifted. The freed p65/p50 heterodimer translocates to the nucleus and activate NF-xB
transcription. Under some circumstances, TNFa can activate the death-inducing complex
I1, consisting of FADD and caspase-8. Activation of complex II leads to apoptosis via the
extrinsic pathway. Normally, this pathway is prevented by the expression of NF-kB-
regulated anti-apoptotic genes such as c-Flip and A20. Diagram adapted and modified from
(Gyrd-Hansen and Meier, 2010).
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1.5.3 NF-kB signalling

The NF-kB superfamily of transcription factors is made up of two subfamilies -
namely “NF-kB” proteins and “Rel” protein. The Rel subfamily proteins are RelA
(p65), RelB and c-Rel, and the NF-«B subfamily comprise of precursor and ankyrin
repeat-containing proteins, NF-kB1 (p105, processed to p50) and NF-xB2 (p100,
processed to p52) (Gilmore, 2006; Perkins, 2007). Signal transduction via this
pathway relies on NF-kB proteins interacting with Rel proteins. Depending on
external signal, NF-kB can result in activation of the canonical or the non-canonical
pathway (Bonizzi et al.,, 2004; Perkins, 2007). As these pathways are responsible
for the expression of a large number of genes, their activation is tightly controlled
by ubiquitin-dependent signalling cascades involving sequential assembly of
protein complexes that lead to the activation of kinases. The two NF-«kB signalling
cascades are triggered by different receptor activation and require different
inhibitor of kappa B (IkB) kinase (IKK) complexes, responsible for regulating

downstream phosphorylation, degradation and inactivation of IkB proteins.

Normally, these transcription factors are activated upon stimulation of receptors
or triggered by conditions of cellular stress such as DNA damage (Perkins, 2007).
NF-xB plays a central role in regulating the expression of genes required for the
body’s innate and adaptive immune responses (Bonizzi and Karin, 2004; Gyrd-
Hansen and Meier, 2010). Moreover, it is imperative for the survival and
proliferation of some cell types. For example, the RelA subunit responsible for
mediating the strong transcriptional activation potential of NF-kB (Schmitz and
Baeuerle, 1991), is required for embryo survival and liver proliferation in mice.
Without it, Rela-knockout mice suffer severe liver degeneration and die at the

stage of embryo development (Beg et al., 1995; Bonizzi et al., 2004).

1.5.3.1 The canonical NF-xB pathway

Activation of the canonical pathway can occur with receptor stimulation by
proinflammatory cytokines including TNFa and IL-1f. This triggers a signalling
cascade involving the central activation complex comprising of IKKa (IKK1), IKKB

(IKK2) and the regulatory IKKy (NEMO). This pathway is essential for the
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regulation of inflammatory responses, lymphoid cell proliferation and apoptosis
(Hoffmann and Baltimore, 2006). TNFa stimulation results in activation of the
canonical NF-kB pathway and the ubiquitination of the RIP kinase (Kanayama et al.,
2004; Legler et al., 2003) (Figure 1.2). Ubiquitinated RIP directs the assembly of
two RIP-associated kinase complexes: transforming growth factor-f-activated
kinase comprising of (TAK1)-TAB2-TAB3 and the IkB kinase (IKK) complex
comprising of IKKy-IKKa-IKKp (Besse et al., 2007; Kanayama et al., 2004). The
TAK1-TAB2-TAB3 complex results in activation of TAK1. Subsequently, TAK1
phosphorylates IKKp, resulting in phosphorylation and degradation of the natural
NF-xB inhibitor IkappaB-alpha (IkBa), responsible for sequestering NF-kB in the
cytoplasm (Chen et al., 1995; Scherer et al., 1995). The heterodimer comprising of
p50/p65 (RelA; NF-kB) then enters the nucleus and induces transcription of target

proinflammatory and anti-apoptotic genes.

1.5.3.2 The non-canonical NF-kB pathway

Activation of the non-canonical NF-kB pathway occurs with stimulation of the
TNFR by other members of the TNF receptor superfamily including CD40, B cell
activating factor (BAFF), lymphotoxin and TWEAK (Bonizzi and Karin, 2004). This
pathway is thought to be important for the development and maintenance of
secondary lymphoid organs. NF-kB-inducing kinase (NIK) and IKKo are the
kinases that regulate the activation of this pathway (Bonizzi and Karin, 2004;
Zarnegar et al., 2008a). Activating this pathway involves phosphorylation and
degradation of NF-kB2 (p100) into the active form RelB/p52 heterodimer (Hayden
and Ghosh, 2008; Xiao et al., 2004). This pathway will be further described in the

context of the function of BIRC proteins in section 1.7.4.3, in page 35.

1.5.4 Therole of NF-xBin T1D

NF-kB regulates the beta cell’s response to cytokine exposure and plays a central
role in determining the beta cell’s fate in T1D. On the one hand, NF-kB contributes
to regulating the inflammatory response of beta cells. During insulitis, the

lymphocytic infiltrate secrete cytokines and chemokines to attract migration of
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immune cells into the islets, and beta cells can worsen the development of insulitis
by secreting more inflammatory mediators regulated by NF-kB. Following cytokine
exposure, beta cells express several NF-kB-regulated cytokines and chemokines
including CXCL10 (IP-10), CCL2 (MCP-1) and ICAM-1 (Cardozo et al., 2001a).
Suppression of CXCL10, CCL2 and ICAM-1 protected NOD mice from disease
(Cameron et al., 2000; Martin et al.,, 2001; Morimoto et al., 2004), indicating that
NF-kB does contribute to diabetes progression. In support of the pro-apoptotic
role of NF-kB, some studies show that blockade of NF-kB protected beta cells from

cytokine-induced apoptosis (Eldor et al., 2006; Ortis et al., 2008).

On the other hand, NF-kB also provides protection against TNFa-induced beta cell
death. This was demonstrated in a study that found inhibition of NF-kB hastened
apoptosis in beta cell lines and also in primary islets stimulated with TNFo and
IFNy (Chang et al,, 2003). In addition, RelA-/- but not WT islets were sensitive to
TNFa-induced apoptosis (Thomas et al, 2006). Particularly, NF-xB is also
responsible for regulating the expression of key anti-apoptotic genes including c-
flip and A20 (Cottet et al., 2002; Grey et al., 1999; Liuwantara et al., 2006). The pro-
survival role of c-FLIP lies in its ability to bind to complex II of TNF signalling and
prevent activation of caspase-8 (Haag et al.). Further, the role played by A20 is
both anti-apoptotic and anti-inflammatory. A20 negative regulates NF-xB
signalling by blocking IkBo degradation and preventing the inflammatory
response of NF-kB activation (Grey et al., 1999). Thus, the beta cell’s fate in health
and disease may lie in the balance between inflammatory and survival signals
regulated by NF-kB, perhaps depending on the duration and strength of activation
of this pathway (Zhao et al., 2011b).

1.5.5 Stress-activated MAPK signalling

MAPK signalling mediates diverse cellular functions including that of the
regulation of gene expression, immune responses and apoptosis (Chang and Karin,
2001; Keshet and Seger, 2010; Rincon and Davis, 2009). The stress-activated
protein kinase (SAPK) of the MAPK pathway includes the JNK and p38 families.

These SAPK are activated under diverse conditions of stress including that of
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ultraviolet light and irradiation, cytotoxic drugs, cold and heat shock,
proinflammatory cytokines, shearing stresses and reactive oxygen species (ROS)
production (Clerk et al., 1998; Davis, 2000; Derijard et al., 1994; Kyriakis et al,,
1994; Raingeaud et al., 1995).

1.5.5.1 p38signalling

The MAPK p38 pathway is activated by upstream kinases MAPK kinase (MKK)3
and MKK6 (Raingeaud et al., 1996). Apart from JNK activation, the kinase MKK4
can also activate p38 signalling (Derijard et al., 1994). Furthermore, p38 is also
activated by autophosphorylation through interaction with TAB1 (Ge et al., 2002;
Ge et al,, 2003). TAB1 plays a role in p38 signalling by binding to and activating the
upstream MAPKK kinase, TAK1 (Ge et al, 2002). Finally, the activated p38
phosphorylates and activates downstream transcription factors such as ATF-2 and

Elk-1 (Raingeaud et al., 1995; Raingeaud et al., 1996).

1.5.5.2 Therole of p38in T1D

It has been demonstrated that TNFa stimulation can induce p38 activation in rat
insulinoma cells (Saldeen et al., 2001). In a separate study, ectopic expression of
TAB1 in the beta cell line, B-TCs, induced p38 phosphorylation and led to
increased beta cell apoptosis (Makeeva et al., 2007). Conversely, inhibition of p38
signalling was found to prevent cytokine-induced apoptosis in rat (Saldeen et al,,
2001) and human islets (Makeeva et al., 2006), implicating that p38 contribute to

beta cell apoptosis in the presence of cytokine.

1.5.5.3 JNK signalling

JNK signalling directly modulates the function of some pro- and anti-apoptotic
proteins. For example, JNK can activate the intrinsic apoptosis pathway (Lin and
Dibling, 2002; Liu and Lin, 2005; Wang et al.,, 2000) by inducing cytochrome c
release from the mitochondria (Tournier et al., 2000) in a process mediated by Bax
and Bak (Lei et al., 2002). JNK can also induce apoptosis via the phosphorylation of

Bim to generate jBID, which is later processed to Bid. Activated Bid induces the
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release of SMAC from the mitochondria into the cytoplasm causing the induction of

apoptosis (Deng et al., 2003; Lei and Davis, 2003).

The JNK family is encoded by JNK1, JNK2 and JNK3 (Tournier et al., 2000). While
JNK1 and JNK2 are ubiquitously expressed and are the main mediators of the
diverse functions of JNK in different cell types, the expression of JNK3 is restricted
to the brain, heart and testis (Davis, 2000; Tournier et al., 2000). The upstream JNK
signalling proteins, MKK4 and MKK?7, are required for JNK1 and JNK2 activation.
Activation of JNK involves phosphorylation on the Thr183 and Tyr185 directed by
MKK4 and MKK7, which are activated by phosphorylation of a diverse group of
upstream MAPKK kinases (MAPKKKs) such as ASK, MEKK and TAK1 (Manning and
Davis, 2003). Slightly different to p38, the transcription factors activated by JNK
are ATF-2, c-Jun, c-Fos and Elk-1 responsible for mediating the cellular effects of
JNK (Gupta et al., 1996; Karin et al,, 1997; Sluss et al., 1994). The downstream
transcription factor activator protein-1 (AP-1) is formed from binding of
transcription factors such as ATF-2, c-Jun and c-Fos as homo- or heterodimers

(Karin et al.,, 1997).

1.5.5.4 Role of JNK in T1D

JNK is found to signal deleterious effects on pancreatic beta cells. Blockade of JNK
signalling protected rodent and human islets from cytokine-mediated apoptosis
(Aikin et al., 2004; Ammendrup et al., 2000). Consistent with these findings, are the
studies that showed improved graft survival and function, with suppression of JNK
activation prior to the islet transplantation (Noguchi et al.,, 2009; Noguchi et al,,
2005). Notably, TNFa-mediated inhibition of insulin secretion is a result of JNK
activation (Varona-Santos et al., 2008). Indeed, JNK was also found to induce
endoplasmic reticulum (ER) stress and production of ROS, which result in beta cell
inflammation. In addition, JNK can also enhance the production of some NF-kB-
regulated inflammatory genes, contribute to increased lipolysis and suppress
activation of peroxisome proliferator-activated receptor y (PPARY) in beta cells, all

of which are implicated in T2D pathogenesis (Hotamisligil, 2005). Despite this, the
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exact mechanism of JNK-induced cell death in beta cells is not well understood.

Thus, further studies are required to understand JNK signalling in beta cells.

1.6 BIRC family proteins

Inhibitors of apoptosis proteins (IAP) are bona fide baculorviral IAP repeat (BIR)
containing proteins (Figure 1.3). Also known as baculorviral IAP repeat containing
(BIRC) proteins, the nomenclature between human and mouse IAPs is not uniform.
For example human IAP2 (hIAP2) is also known as mouse [AP1 (c-IAP1). For
consistency, we refer to these proteins by their BIRC names in this thesis. To date,
eight mammalian BIRC proteins have been identified: neuronal apoptosis
inhibitory protein (NAIP; also known as BIRC1); cellular IAP1 (c-IAP1; also known
as BIRC2); cellular IAP2 (c-IAP2; also known as BIRC3); X chromosome-linked IAP
(XIAP; also known as BIRC4); survivin (also known as BIRC5); BIR-containing
ubiquitin-conjugating BIR domain enzyme apollon (also known as BIRC6);
melanoma IAP (ML-IAP; also known as Livin or BIRC7); and IAP-like protein 2
(ILP2; also known as BIRC8) (Salvesen and Duckett, 2002; Vucic, 2008).

BIRC1  _@#pigq W BR2 =—— BIR3 |

(NAIP) N / N~

BIRC2 ___ BR1T ™ BIR2 = BIR3 = UBA
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Figure 1.3. Eight BIRC proteins have been identified in humans. All BIRC proteins contain
BIR motifs. Adapted from (Fulda and Vucic, 2012).
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1.6.1 Structural features of BIRC protein

1.6.1.1 BIR domains

BIR domains mediate the protein-protein interactions and inhibition of apoptosis
functions of BIRC proteins. BIRC proteins have up to three copies of 70 amino-acid
conserved zinc-binding BIR domains (Figure 1.3) (Hinds et al.,, 1999; Sun et al,,
1999; Sun et al., 2000). The BIR motif is made up of an invariant number of amino
acids, which includes the conserved three cysteines and one histidine residue
within the sequence CX2CX16HX6.8C (Uren et al., 1998). BIR domains comprise of a
series of four or five a-helices and a three-stranded p-sheet, with a zinc ion held
together by the conserved cysteine and histidine residues (Chai et al., 2001; Hinds
et al, 1999; Huang et al., 2001; Riedl et al, 2001; Sun et al., 2000). BIRC1 to 4
contain three BIR domains, whereas BIRC5 to 8 only consist of one BIR domain in
their structures. The function of BIR domains has been clearly elucidated in BIRC4.

The anti-apoptotic function of BIRC4 will be addressed in the next section.

1.6.1.2 RING domains

In addition to BIR domain, BIRC2, 3, 4, 7 and 8 also have a carboxy-terminal RING
domain capable of E3 ubiquitin ligase function (Figure 1.3) (Varfolomeev and
Vucic, 2008; Vaux and Silke, 2005). Analysis of BIRC2 and BIRC4 showed that the
RING domain is important for mediating their own ubiquitination (Yang et al,,
2000b). The same domain in BIRC3 is found to be necessary for self-ubiquitination
and for mono-ubiquitination of caspase-3 and -7 (Huang et al., 2000). Self-
ubiquitination of BIRC proteins is important for maintaining their levels in vivo. It
has been demonstrated that BIRC3 levels are increased in cells derived from Birc2-
deficient mice. The increased is attributed to increased BIRC3 protein stability, as
normally BIRCZ regulates BIRC3 levels by targeting it for ubiquitination and
degradation (Conze et al., 2005). In addition, the RING domain is also important for
catalysing ubiquitination of proteins that associate with BIRC proteins, including

inhibition of caspases that bind to different BIR domains of BIRC proteins.
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1.6.1.3 Ubiquitin-associated (UBA) domain

The BIRC proteins BIRC2, 3 4 and 8 also possess a ubiquitin-associated (UBA)
domain facilitating the binding of these proteins to monoubiquitin and Lys(48)-
and Lys(63)-linked polyubiquitin chains (Blankenship et al., 2009; Gyrd-Hansen et
al,, 2008). It is thought that the UBA domains of BIRC2 and BIRC3 are not required
for their participation of TNF signalling or for ubiquitin ligase activity of BIRC2, but
rather for proteosomal degradation of the BIRC proteins themselves (Blankenship
et al,, 2009). The UBA of BIRC2 is also found to be important for endothelial cell
survival, for protecting cells from TNFa-mediated apoptosis and also for NF-xB

activation by BIRC4 (Gyrd-Hansen et al., 2008).

1.6.1.4 Caspase recruitment (CARD) domain

Unique to BIRCZ and BIRC3 is the caspase recruitment domain (CARD) whose
function was recently elucidated (Figure 1.3). It turns out that the function of the
CARD domain of BIRC proteins is unconventional. Instead of facilitating
recruitment or substrate binding, the CARD domain functions to stabilise the
BIRC2 protein by staying in a “closed confirmation” (Figure 1.4), thus preventing
autoubiquitination by the RING domain (Lopez et al., 2011; Oetjen and Duckett,
2011). During activation, the CARD domain undergoes conformational change,
lifting its inhibition on the RING domain, thus allowing “RING dimerisation” and E3
ubiquitin ligase activation (Lopez et al,, 2011).
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Figure 1.4. The CARD domain of BIRC2 inhibits E3 activity of RING domain to prevent
auto-ubiquitination of the protein (inactive state). When activated, the CARD domain
changes conformation and allows dimerisation of the RING domain and auto-
ubiquitination of BIRC2 (active state). Reproduced from (Lopez et al,, 2011).

1.6.1.5 Other domains in BIRCs

Additional domains unique to BIRC proteins include the ubiquitin-conjugating
(UBC) domain of BIRC6, which has been implicated to catalyse the covalent
attachment of ubiquitin to target proteins (Chen et al., 1999; Hauser et al., 1998).
Also, the coiled-coil domain of BIRC5 (Jeyaprakash et al., 2007) and the nucleotide-
binding and oligomerization domain (NACHT) [named after neuronal apoptosis
inhibitory protein (NAIP), CIITA (MHC class II transcription activator), HET-E
(incompatibility locus protein from Podospora anserina) and TP1 (telomerase-
associated protein)] and the leucine-rich repeat (LRR) domains of BIRC1 (Damiano
et al,, 2004; Liston et al., 1996; Wilmanski et al., 2008). The functions of some of
these domains have not been elucidated. The ones with known function will be

mentioned in the context of BIRC proteins in the next sections.
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1.7 Function of BIRC members

1.7.1 Background

BIRC proteins are a family of anti-apoptotic proteins that are conserved across
several species (Roy et al, 1997). The first [APs, Cp-IAP and Op-IAP, were
discovered in baculovirus by virtue of their ability to enhance viral propagation in
insect cells, by preventing the activation of defensive apoptosis in host cells
(Birnbaum et al.,, 1994; Clem and Miller, 1994; Crook et al., 1993). Subsequently,
other BIRC proteins were identified in insects and vertebrates (Duckett et al.,
1996; Hay et al., 1995; Liston et al., 1996; Rothe et al., 1995; Roy et al., 1997; Uren
et al, 1996; You et al, 1997). BIRCZ, BIRC3 and BIRC4 are the most well
characterised members of the mammalian BIRC proteins. It is now acknowledged
that in addition to their role as inhibitors of apoptosis, BIRC proteins also
participate in diverse cellular processes including signalling events that facilitate
cell motility and metastasis (Dogan et al,, 2008; Mehrotra et al., 2010), MAPK
signalling, proliferation, mitosis, promotion of cell-cycle progression and ubiquitin-
dependent signalling events such as regulation of NF-kB transcription factor,
which mediates expression of genes that control inflammation, immunity, cell
migration and cell survival (Gyrd-Hansen et al.,, 2008; Gyrd-Hansen and Meier,
2010; Rumble and Duckett, 2008). Their diverse functions may be attributed to the
different domains found within their structures (Figure 1.3). Particularly, the
highly conserved BIR domains within a single BIRC protein can have different
functions (Eckelman et al., 2006; Srinivasula and Ashwell, 2008). One of the crucial
contributions of BIRC proteins to cell survival and tumour formation lies within
their role in NF-kB signalling and participation in the innate immunity (Gyrd-
Hansen and Meier, 2010). In this thesis, the multitude of functions served by BIRC
proteins is reviewed. These information will highlight the importance to examine
the roles of BIRCs in pancreatic beta cells and what is already known about them in

beta cells.
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1.7.2 Apoptosis

Apoptosis is a highly regulated process of programmed cell death leading to
biochemical events that cause changes in cell morphology and eventually demise
of the cell. It is an important process since inhibition of apoptosis can result in a
number of cancers, autoimmune diseases, inflammatory diseases, and viral
infections. The key executioners of destruction in apoptosis are caspases. The four
apoptotic pathways are (Fan et al., 2005): (1) the mitochondrial/intrinsic pathway
involves the pro-apoptotic members of BCL2 proteins piercing into the outer
mitochondrial membrane, releasing cytochrome c into the cytoplasm. Released
cytochrome c then associates with APAF-1 to form apoptosomes, leading to
sequential caspase-9 and then caspase-3 activation (Li et al, 1997; Zou et al,
1999); (2) the extrinsic pathway is initiated outside the cell through ligation of
extracellular signals and the death receptors such as Fas ligand (FasL)/Fas,
TNF/TNFR and (tumor necrosis factor-related apoptosis-inducing ligand)
TRAIL/TRAIL-R on the cell membrane (Ozoren and El-Deiry, 2003). Activation of
TNFR1 triggers DISC complex formation, activating caspase-8 and -10, which in
turn activates the final death effectors, caspases-3 and -7 (Meier and Vousden,
2007; Micheau and Tschopp, 2003); (3) the endoplasmic reticulum (ER) stress-
induced pathway leads to the activation of caspase-2 and caspase-9 (Cheung et al,,
2006); and finally (4) granzyme B activation of caspase-3 and mitochondria
pathway through exocytosis of granules by cytolytic T cells and natural Kkiller cells
onto target cells (Goping et al., 2003; Lord et al.,, 2003). These pathways are not
mutually exclusive. Under some circumstances, activation of one pathway can

involve the activation of another.

The anti-apoptotic function of BIRC proteins lies in their ability to inhibit caspase
activation directly or indirectly by modulating upstream signalling pathways that
control caspase activation. Figure 1.5 depicts the complex roles played by BIRC
proteins in modulating three main apoptosis pathways triggered by ER stress, the
extrinsic and intrinsic apoptosis pathways. The next section of this thesis provides
a summary of the different signal transduction pathways or caspase inhibition

mechanisms that BIRC proteins involve in to modulate apoptosis.
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Figure 1.5. Complex roles played by BIRC (or IAP) proteins in apoptosis regulation. BIRC
proteins are involved in preventing the activation of different caspases. Natural
antagonists of BIRCs include second mitochondrial activator of caspases (Smac), high-
temperature-regulated A2 (HtfA2) and X-linked IAP-associated factor 1 (XAF1).
Additionally, BIRC proteins provide positive regulation on the NF-kB and JNK pathways.
(NAIP/BIRC1, cIAP1/BIRC2, cIAP2/BIRC3, XIAP/BIRC4, Survivin/BIRCS5,
BIRC6/BRUCE/Apollon, BIRC7/ML-IAP and BIRC8/ILP2) Figure reproduced from (Wei et
al,, 2008).
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1.7.3 The role BIRC1/NAIP in neural health and innate immunity

The first human IAP, BIRC1, was isolated based on its contribution to the
neurodegenerative disorder, spinal muscular atrophy (SMA) (Roy et al,, 1995).
NAIP deletions and mutations correlated with individuals with the most severe
form of SMA (Essawi et al, 2007; Roy et al, 1995). Loss of functional NAIP
prevented the normal process of motor neuron apoptosis, and is associated with
severity of the disease (Akutsu et al., 2002; Watihayati et al., 2009). Biochemical
analysis showed that NAIP is able to inhibit the catalytic processing of caspase-9
within the apoptosome complex, preventing caspase-3 activation and apoptosis at
its initiation stage (Davoodi et al., 2010). In addition, NAIP is also thought to
contribute to cellular survival by activating JNK1 (Sanna et al., 2002). Apart from
neuronal survival, NAIP is also known as the nucleotide oligomerization domain
(Nod)-like receptor that plays a role in pathogen sensing and signal transduction in
the innate immune response (Damiano et al., 2004). Further, NAIP is also reported
to play a role in promoting the assembly of inflammasomes involved in activating
cytokines such as IL-1f, IL-18 and inflammatory caspases (Chamaillard et al.,

2003; Fritz et al., 2006; Martinon and Tschopp, 2007).

1.7.4 BIRC2 and BIRC3 are highly conserved anti-apoptotic proteins

1.7.4.1 Anti-apoptotic function of BIRC2 and BIRC3

The BIRC family proteins, BIRC2 and BIRC3, were identified based on sequence
homology to a family of viral IAP proteins known to bind and inhibit caspase
activity (Liston et al., 1996). It is thought that BIRC2 and BIRC3 may have arised
from gene duplication, as they share highly conserved sequences and are found to
reside in tandem within the human chromosome 11q22 (Roy et al,, 1997). Both
BIRC proteins are implicated to inhibit the intrinsic and extrinsic apoptotic
pathways. In support of their anti-apoptotic function, BIRC2 and BIRC3 are found
to bind to and inhibit the activity of caspase-3 and -7 in vitro (Burke et al.,, 2010;
Roy et al., 1997). However, in vivo assays showed that they were weak caspase
inhibitors (Eckelman and Salvesen, 2006). Despite these findings, it was recently
demonstrated that although BIRCZ did not significantly suppress caspase

activation, it is able to bind to and ubiquitinate caspase-3 and -7 at distinct steps
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during caspase processing (Choi, Butterworth et al. 2009). Furthermore it was
reported that the BIR2 and BIR3 domains of BIRC2 could sufficiently interfere with
the caspase-9 apoptosome complex, preventing caspase-3 activation and
mediation of apoptosis (Burke et al., 2010). Thus, BIRC2Z and BIRC3 may inhibit

apoptosis by hindering the process of caspase activation.

In fact, the RING domain was thought to confer the anti-apoptotic functions of
BIRC2 and BIRC3. The RING domain targets specific substrates for proteosomal
degradation (via K48-polyubiquitin linkages) or for participation in specific
signalling pathways (through K63-polyubiquitin linkages) (Mahoney et al., 2008).
In vitro, the RING domain of BIRC3 was sufficient for mono-ubiquitination of
caspase-3 and -7 (Huang et al., 2000). Therefore BIRC2 and BIRC3 may contribute
to apoptosis inhibition, possibly by maintaining the levels of active effector
caspases within cells, by targeting them for ubiquitination and degradation (Choi
et al., 2009). It has been reported that BIRC2 and BIRC3 are also able to inhibit
activation of the pro-apoptotic molecule, Smac/DIABLO, by targeting them for
proteosomal degradation (Hu and Yang, 2003). Moreover, increased BIRCZ2 or
BIRC3 protected cells from radiotherapy, endoplasmic reticulum stress, tissue
injury, TRAIL- and Fas-induced apoptosis (Cheung et al., 2006; Dong et al., 2003;
Endo et al.,, 2005; Gagnon et al., 2003; Imoto et al., 2002; Nagata et al., 2011; Peng
et al.,, 2005; Wang et al., 2005; Warnakulasuriyarachchi et al., 2004). Due to their
nature to self-ubiquitinate, they are found to be weak inhibitors of apoptosis
compared to the other BIRC proteins such as XIAP. In one study, it was reported
that co-expression with TRAF2 prevented autoubiquitination by the RING domain
of BIRC2, allowing it to suppress Smac/DIABLO and protect against cell death
(Csomos et al,, 2009). Collectively, these studies suggest that BIRC2 and BIRC3 can

function as anti-apoptotic genes.

1.7.4.2 BIRC2 and BIRC3 in TNFa-mediated apoptosis and NF-xB signalling.

One of the key features of BIRCZ and BIRC3 are their participation in the canonical
and non-canonical NF-kB signal cascade. Of interest, NF-kB activation can induce
BIRC2, BIRC3 and BIRC4 expression, further suggesting that BIRC proteins
participate in a positive feedback loop in TNFa-mediated NF-«xB signalling (Gyrd-
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Hansen and Meier, 2010) (Figure 1.6). BIRC2 and BIRC3 are thought to positively
influence the canonical NF-kB signalling pathway but are required to exert

negative regulation on the non-canonical pathway.

Indeed, BIRC2 and BIRC3 were first identified as proteins that bind to TRAF1 and
TRAF2 in a complex associated with TNFR2 (Rothe et al., 1995; Uren et al., 1996).
Within the signalling complex, BIRCZ is thought to be responsible for
ubiquitination and degradation of TRAF2 during TNF signalling (Wu et al., 2005).
BIRC2 and BIRC3 may function to poly-ubiquitinate and target RIP for degradation
(Park et al, 2004), a step thought to be required for TNFa-mediated NF-kB
signalling to occur (Kelliher et al., 1998) (Figure 1.6). Although a recent study
showed that TNFa-mediated NF-«xB signalling could still occur independent of RIP
(Wong et al, 2010), thus the requirement of RIP in NF-kB activation in TNF
signalling may be cell-type specific. As BIRC2 and BIRC3 have highly homologous
structures, it is not surprising that they function redundantly in TNF signalling.
Noticeably, studies on the Birc2- and Birc3-single-deleted mice showed no gross
functional defects in TNFa-induced RIP ubiquitination and TNFa-mediated NF-xB
signalling (Conte et al., 2006; Conze et al., 2005). However, deletions of both BIRC
proteins significantly impaired TNFa-induced RIP ubiquitination and NF-xB
activation (Bertrand et al, 2008; Haas et al, 2009; Mahoney et al, 2008;
Varfolomeev et al,, 2008), implicating that BIRC2 and BIRC3 plays a role in the

canonical NF-kB signalling pathway.

It has been demonstrated that both BIRC2 and BIRC3 can function to protect cells
from the death-inducing effects of TNFa (O'Donnell et al., 2007; Petersen et al,,
2007; Wang et al, 2008). In the absence of BIRC2 and BIRC3, TNFa ligation
induces RIP-dependent complex II formation and caspase-8 mediated apoptosis
(Petersen et al., 2007; Wang et al., 2008) (Figure 1.6), suggesting that BIRC2/3 can
mediate cell survival and protect cells from TNFa-mediated apoptosis. The anti-
apoptotic ability of BIRC2 and BIRC3 are also demonstrated in their role in cell-
cycle regulation. It has been reported that during the G2/M phase, NF-xB

activation up-regulates BIRC3 expression, a step that is crucial for the survival of
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cells in mitosis. In agreement to its anti-apoptotic function, the study also reported

that loss of BIRC3 resulted in the death of mitotic-arrested cells (Jin and Lee, 2006).
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Figure 1.6. The function of BIRC2Z and BIRC3 in TNFR1 activation of NF-kB signalling.
Activation of TNFR1 stimulates complex I formation comprising of TRADD, RIP, TRAFZ,
BIRC2 and BIRC3. Both BIRC proteins are thought to suppress TNFa-mediated apoptosis
by participating in the positive-feedback loop for TNFa-mediated NF-kB signalling and
inhibit complex II formation. In the absence of BIRC2/3, complex II is formed by RIP and
in the absence of NF-kB signalling, TRADD takes part in complex Il formation. Adapted and
modified from (Gyrd-Hansen and Meier, 2010).
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1.7.4.3 The role of BIRC2 and BIRC3 in non-canonical NF-xB signalling and
multiple myeloma
In addition, BIRC2 and BIRC3 also play an important role in the non-canonical NF-
kB signalling pathway, particularly in B lymphocytes (Gardam et al.). In resting
cells, activation of this pathway is suppressed by constitutive NIK degradation by
the TRAF3-TRAF2-BIRC2/3 complex (Vallabhapurapu et al,, 2008; Zarnegar et al.,
2008b) (Figure 1.7A). In this complex, TRAF3 binds to NIK causing the TRAF3-NIK
homodimer to bind with the TRAF2-BIRC2/3 complex. BIRCZ and BIRC3 are the E3
ligase required for degradation of NIK (Figure 1.7A) and are crucial in preventing
unwanted constitutive activation of the non-canonical NF-kB pathway (Zarnegar et
al, 2008b) (Figure 1.7B). Notably, spontaneous non-canonical NF-kB activation
and mutations of BIRC2/3 were associated with the pathogenesis of multiple
myeloma (Keats et al., 2007). This is because the loss of BIRC2 and BIRC3, the
resultant NIK accumulation and constitutive non-canonical NF-xB activation are
associated with the prolong survival and accumulation of B lymphocytes as well as

conditions of malignancies (Gardam et al.).
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Figure 1.7. The non-canonical NF-«xB signalling pathway. (A) Under resting conditions, the
adaptor protein TRAF3 binds to NIK and recruits the TRAF2/BIRC complex. In this
complex, BIRC2 and BIRC3 prevent activation of the non-canonical NF-kB pathway by
targeting NIK for ubiquitination and degradation by the proteasome. (B) Following CD40
stimulation, the TRAF2/TRAF3/BIRC complex is recruited. BIRC proteins target TRAF3 for
K48-linked polyubiquitination (Ub), leading to TRAF3 degradation by the proteosome.
Without TRAF3, NIK levels accumulate, as it can no longer be recruited to the TRAF2 /BIRC
complex for degradation. The accumulated NIK becomes activated by
autophosphorylation (P). Subsequently, the activated NIK in turn activates IKKa to
phosphorylate p100 (NF-kB2), resulting in proteosome-dependent processing of p100 to
generate p52. The released RelB-p52 complex then translocates to the nucleus and brings
about transcription of target genes. Diagram adapted and modified from (Lopez and Meier,
2010).
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1.7.4.4 BIRC2 and BIRC3 in JNK signalling

Apart from NF-kB signalling, BIRC2 and BIRC3 are also implicated in MAPK
signalling (Varfolomeev et al, 2012). Their involvement in MAPK signalling was
demonstrated in Birc2- plus Birc3-knockout B cells. CD40-induced JNK and p38
activation was impaired in Birc-deficient B cells (Gardam et al.). More recently,
similar results were observed with BIRC antagonist (BV6)-treated cancer cells to
induce degradation of BIRC2 and BIRC3. Like B cells, BV6-treated cancer cells
displayed impaired NF-kB, JNK and p38 activation in responses the members of
the TNF superfamily including TNFa, CD40, TWEAK, LIGHT and TL1A
(Varfolomeev et al, 2012). Furthermore, the loss of signalling through these
pathways correlated with reduced expression of downstream TNF-regulated genes,

demonstrating that these proteins play a role in MAPK signalling pathways.

1.7.4.5 BIRC2 and BIRC3 in tumorigenesis, innate immunity and cell cycle
regulation
In addition to TNFR signalling, the E3 ligase of BIRC2 and BIRC3 are also required
for ubiquitination of substrates in other signalling pathways. For example, BIRC2
was found to encourage tumorigenesis by ubiquitinating the tumour suppressor
and natural c-Myc antagonist, Mad1, and targeting it for degradation (Xu et al,,
2007). Notably, BIRC2 and BIRC3 also contribute to innate immunity by
ubiquitinating RIP2, allowing signalling through the NOD receptors (Bertrand et al.,
2009). Their importance in this pathway is demonstrated in single Birc2- and
Birc3-deficient mice, which fail to mount NOD receptor responses. Moreover,
BIRC3 also contributes to the pathogenesis of mucosa-associated lymphoid tissue
(MALT) lymphomas in a process of chromosomal translocation with MALT1,
generating a chimeric fusion protein called BIRC3/MALT1 (Zhou et al, 2005).
BIRC3/MALT1 protein is critical for tumorigenesis as it induces NEMO
polyubiquitination and stimulates constitutive NF-kB signalling, leading to B cell

malignancy and lymphoma progression.
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1.7.5 BIRC4 as a direct caspase inhibitor

One of the key roles of BIRC4 (XIAP) is direct caspase inhibition. It has been shown
that ectopic expression of XIAP can prevent caspase activation and protect cells
from apoptosis mediated by both the extrinsic and intrinsic apoptosis pathways
(Conte et al., 2001; Deveraux et al., 1998; Deveraux et al., 1997; Takahashi et al,,
1998; Trapp et al,, 2003; Wilkinson et al., 2004). XIAP-deficient cells were found to
be sensitive to apoptosis induced by chemotherapy drugs, TRAIL and TNFa
(Chawla-Sarkar et al., 2004; Cummins et al., 2004; McManus et al., 2004; Sasaki et
al., 2000; Stehlik et al., 1998). XIAP exerts its anti-apoptotic activity by directly
binding to and inhibiting the activation of caspase-3, caspase-7 and caspase-9.
Mutagenesis studies showed that XIAP inhibits caspase-9 activity through its BIR3
domain (Sun et al., 2000), by sequestering the catalytic activity of caspase-9 in a
monomeric state (Shiozaki et al., 2003) (Figure 1.8A). Studies have shown that the
linker region upstream of its BIR2 domain is responsible for caspase-3 (Riedl et al.,
2001; Sun et al,, 1999) and caspase-7 inhibition (Chai et al., 2001; Huang et al,,
2001) (Figure 1.8B). Further, the BIR2Z domain also contains a small pocket that
can bind to caspase-3 (Riedl et al., 2001). However, it has also been suggested that
the anti-apoptotic activity of XIAP may stem from its ability to inhibit the activity
of natural BIRC antagonist, Smac/DIABLO via its BIR3 domain (Liu et al., 2000) and
not from caspase-3 and caspase-9 inhibition (Silke et al., 2002). In addition to the
BIR domains, the RING domain of XIAP also contributes to apoptosis inhibition. It
has been reported that inhibition of the RING domain rendered fibroblast cells
sensitive to TNFoa-mediated apoptosis (Jin et al., 2009; Schile et al., 2008).
Additionally, XIAP can also protect cells from apoptosis by acting as an ubiquitin
ligase for caspase-3 in the presence of its RING domain by directly binding to it
(Suzuki et al., 2001). Together, these findings demonstrate that XIAP is a potent

inhibitor of apoptosis.
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Figure 1.8. The BIR domains of BIRC4 are able to bind to and inhibit caspase activation.
(A) Caspase-9 binding and inhibition occurs through the groove of the BIR3 domain of
XIAP; C represents the catalytic cysteine residues of caspase. (B) Caspase-3 binding and
inhibition occurs within the linker region upstream of the BIR2 domain of XIAP. This
binding site is also required for caspase-7 binding. Modified from (Verhagen et al., 2001).

1.7.5.1 Other functions of BIRC4

Like BIRC2 and BIRC3, XIAP can also modulate NF-xB activation and inflammation.
XIAP is thought to activate NF-kB signalling in response to DNA damage and
bacterial infection (Bauler et al., 2008; Krieg et al., 2009; Schile et al., 2008). For
NF-kB activation, XIAP is thought to mediate NF-kB activation by activating TAK1
and inhibiting the negative regulation on NF-xB by targeting COMMD1 for
degradation. COMMD1 suppresses NF-kB transcription by repressing NF-kB-
chromatin interactions. XIAP has also been reported to play a role in NOD receptor
signalling by associating with RIP2 and participating in innate immune responses
against Listeria infection. Additionally, XIAP is found to be involved in modulating
JNK activation. Firstly, XIAP can activate JNK1 to protect against interleukin-1beta-
converting enzyme (ICE)-induced apoptosis (Sanna et al., 1998). Secondly, XIAP is
thought to prevent transforming growth factor beta 1 (TGF-$1)-mediated
apoptosis by polyubiquitinating TAK1 and targeting it for degradation (Kaur et al,,
2005). Suppressing TAK1 expression inhibits TGF-1-induced JNK activation and
apoptosis. These studies collectively demonstrate the diverse roles played by XIAP
in mediating cell survival and innate immunity through various signalling

pathways.
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1.7.6 BIRCS5 in foetal development, tumour survival and cell division

The main cellular processes played by Survivin (BIRC5) are in foetal development,
cancer cell survival and cell division. The importance of Survivin in foetal
development was demonstrated in mice. Survivin-deficient mice do not survive
beyond early embryonic stage (Okada et al, 2004). A study found Survivin
expression was not detected in differentiated cells but was highly up-regulated in
human tumours and foetal tissues (Sah et al, 2006). In the context of cancer,
Survivin expression was found to correlate with disease outcomes (Altieri, 2003;
Duffy et al., 2007). Notably, Survivin is implicated as a suitable therapeutic target
for cancer, because Survivin-inhibition resulted in increased sensitivity of cancer
cells to chemotherapy drugs and death receptor-mediated apoptosis (Altieri,
2003). Currently, the drugs YM-155 (Astellas Pharma, Inc) and LY-2181308 (ISIS
Pharmaceuticals, Eli Lilly & Company) that inhibit Survivin expression are being
tested in phase I/II clinical trials for cancer treatment (http://clinicaltrials.gov). In
addition, some studies have showed that Survivin also plays a crucial role in cell
division (Altieri, 2006; Lens et al., 2006). This role has been clearly demonstrated
in thymocytes, where Survivin/- thymocytes show abnormal mitosis and
eventually die from impaired cell division (Okada et al., 2004). This function of
Survivin in mitosis largely lies with its role in directing CPC complex components
during cell division. Thus, Survivin is crucial for embryonic development,

tumorigenesis and cell division.

1.7.7 The role of BIRC6 in preventing cellular apoptosis

BIRC6 (BRUCE or Apollon) is a large IAP molecule (530 kDa) made up of a BIR
domain and a UBC domain. The UBC domain of Apollon mediates its pro-survival
function (Ren et al, 2005). Like Survivin, Apollon-deletion led to the death of
embryos and neonates (Hao et al., 2004), suggesting its importance in mouse
embryonic survival (Ren et al,, 2005). The anti-apoptotic function of Apollon lies in
its ability to bind to and target death inducers SMAC and caspase-9 for
ubiquitination and degradation (Hao et al., 2004). In addition, Apollon is thought to
promote cell survival by negatively regulating the tumour suppressor protein p53

and preventing it from activating mitochondrial apoptosis (Ren et al., 2005). These
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data demonstrate that Apollon contributes to anti-apoptotic functions and is

essential for the survival of mouse embryos.

1.7.8 BIRC7 in cancer cell survival

BIRC7 (or melanoma-IAP; ML-IAP) is a potent anti-apoptotic protein induced by
the stimulation of death receptors and chemotherapeutic drugs. BIRC7 possesses a
BIR2 domain that bears structural similarities to that of BIRC4 and is the domain
responsible for conferring the anti-apoptotic functions of BIRC7 (Vucic et al., 2000).
Its expression is associated with exacerbated disease outcomes (Dasgupta et al.,
2010) and correlates strongly with the resistance of tumours to chemotherapeutic
agents (Zhou et al., 2012). Like Survivin, BIRC7 is highly expressed in numerous
cancer cells and in tissues undergoing development, but is not expressed in
differentiated tissues, thus making it a suitable therapeutic target for cancer

treatment.

1.7.9 BIRCS in preventing cellular apoptosis

BIRC8 or IAP-like protein 2 (ILP-2) was cloned in 2001 (Richter et al., 2001). ILP-2
is normally only detected in the testis and is expressed by lymphoblastoid cells.
ILP-2 expression is found be sufficient to protect cells from apoptosis mediated by
ectopic expression of Bax, caspase-9 or Apaf-1, but has no effect on Fas-mediated
apoptosis. The anti-apoptotic function of this BIRC member is thought to stem
from its caspase-9 binding capacity, demonstrated in a cell-free system. However,
in vivo examination showed that it binds weakly to caspase-9 (Shin et al., 2005).
Hence the anti-apoptotic mechanisms mediated by ILP-2 require further

examination.
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1.8 Thesis aims

The precise molecular mechanism of inflammation on beta cell survival is not well
understood. The broad objective of this thesis is to provide better understanding of
beta cell biology under conditions of inflammation. To do this, the effects of
cytokine signalling on beta cells function and survival are examined. A more
detailed understanding of the immunopathology of T1D can aid in the appropriate
design of therapies to curb the issue of islet death. This review summarises the
important roles that BIRC proteins play in regulating apoptosis. They do this by
mediating the degradation of death-inducing substrates such as caspases,
Smac/DIABLO and MAD1. Importantly, BIRC proteins participate in diverse
signalling pathways including those that regulate cell death machineries including
that of TNFa-mediated canonical NF-kB signalling, JNK signalling and the non-
canonical NF-kB signalling. In beta cells, BIRC proteins have been implicated to
regulate cell survival and may participate in TNF signalling. It has been
demonstrated that gain-of-function of XIAP and Survivin are linked to improved
islet function and viability. Expectedly, up-regulation of these proteins led to better
islet transplantation outcomes (Dohi et al., 2006; Emamaullee et al., 2005; Hui et al.,
2005; Kim et al., 2005; Plesner et al., 2005; Plesner et al., 2010; Wu et al., 2010).
Notably, Survivin plays a key role in beta cell expansion after birth (Liggins et al.,
2003; Wang et al., 2010). Some studies have showed that beta cells express Birc3,
and that Birc3 expression is regulated by the TNFa-mediated NF-kB pathway
(Liuwantara et al., 2006; Sarkar et al., 2009), while its binding partner Birc2 has
not been examined. These data suggested that in beta cells, BIRC3 may participate

in the TNF-signalling feedback loop, though this idea has not been tested.

Our survey of the literature showed that BIRC proteins are key players of the
TNFoa-mediated NF-kB and JNK signalling pathways. Furthermore, both NF-xB and
JNK signalling pathways are implicated to play an active role in determining the
beta cell’s fate in the pathogenesis of T1D. Thus, elucidating the function of BIRC
proteins may provide valuable information on the TNF signalling network in beta

cells.
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The aims of this thesis are to:

(1) Determine the expression of BIRC family genes in response to

inflammatory cytokines implicated in T1D;

(2) Study how BIRC gene expression is regulated in the presence of

inflammatory cytokines in pancreatic beta cells;

(3) Elucidate the function of BIRC proteins in pancreatic beta cells:

a) By ectopic expression of Birc3 in pancreatic beta cells and
b) By examining the requirements for BIRC3 and BIRCZ in TNF-signalling

in the pancreatic beta cells of BIRC-knockout mice.
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2 Materials and methods

2.1 Animal work

2.1.1 Mouse lines

BALB/c, C57bl/6 and CBA WT mice were purchased from Australian BioResources
(ABR) (Mossvale, NSW, Australia). All other mice were maintained as an inbred
C57bl/6 genetic background at the ABR and experimental procedures were
performed at the ages of between 8 to 16 weeks. Birc2-/- and Birc3-/- mice were a
kind gift from Professor David Vaux (Walter and Eliza Hall Institute, Parkville, VIC,
Australia) and Holly Carter helped with practical matters concerning these mice.
Birc3-/- mice containing Birc2'oxP/lox-P were crossed with either HIP-Cre mice (Kind
gift from A/Professor Robyn Slattery, Monash University, Melbourne, VIC,
Australia) or RIP-Cre mice [Cre driven by the rat insulin promoter; Strain B6.Cg-
Tg(Ins2-cre)25Mgn/J; Jax mice, Bar Harbour, ME, USA] to generate beta cell
specific double knockout Birc3-/-Birc2ZAB-cell mice. Details of the genetic maps of
Birc2-/- and Birc3-/- mice are provided in Chapter 4 and Chapter 5 of this thesis. The
breeding strategies to generate Birc3-/-Birc2AB-cell using HIP-Cre and RIP-Cre mice
are described in chapter 4. Mice were maintained as heterozygous breeding pairs,
so that WT littermates can be used as controls for experiments. All animal handling
and experiment procedures were carried out according to the Australian Code of

Practice for Care and Use of Animals for Scientific Purposes.

2.1.2 Intraperitoneal glucose tolerance test

Random blood sugar levels were determined using FreeStyle Lite (Abbott
Laboratories. Abbott Park, Illinois, U.S.A.) for 12-week old, male, non-fasted mice.
Approximately 0.3 pl of blood were collected from the tail vein for this
measurement. For intraperitoneal glucose tolerance tests (IP-GTTs), 12-week old
male mice were fasted overnight for ~16 h and were given free access to water.
The next day, mice were weighed and fasting blood glucose levels were measured

from the tail vein. Subsequently, mice were injected intraperitonally with 20%
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dextrose (w/v; Sigma-Aldrich) to a final concentration of 2 g glucose per kilogram
of body weight (2g/kg). Blood glucose levels were measured from the tail veins at
15, 30, 60, 90 and 120 min post glucose administration and the final readings were

plotted as blood glucose concentration over time.

2.1.3 Isolation and primary culture of mouse islets

Mouse primary islets were isolated by perfusion of distended pancreas with 3 mL
of 25 mg/mL Collagenase I/II Blend Research Grade (Roche, Indianapolis, IN, USA)
in M199 media containing 4.16 mM NaHCOs3 (Sigma-Aldrich, St Louis, MO, USA)
using a 30G needle. A maximum of 3 pancreata were placed in one 50 mL falcon
tube on ice for processing. The tissue was then digested at 37 °C for 13 min. Tubes
were placed on ice immediately and 30 mL of islet isolation media containing
M199 + 10% bovine calf serum (BCS) (HyClone; Thermoscientific, Waltham, MA,
USA) was added to stop digestion. Tubes were then shaken hard, vortexed to
dislodge the acinar tissue from the islets and centrifuged at 314 rpm for 3 min at 4
°C. The supernatant was then discarded. This process was repeated twice and the
resultant pellet was then re-suspended in 20 mL islet isolation media. To remove
undigested pancreatic tissue, the mixture was then passed through a 425 micron
sieve (US standard sieve series, A.S.T.E. E-11 specifications dual MFG, Co., Chicago,
IL, USA). The emptied tube was then rinsed with 30 mL of islet isolation media and
passed through the sieve. The sieved solution was then spun down at 314 rpm for
3 min at 4 °C and the supernatant was discarded. Tubes were placed upside down
on bench coat to drain off excess supernatant. The pellet was then resuspended in
10 mL of Ficoll-Paque Plus (GE Heathcare, Rydalmere, NSW, Australia) by
vortexing. Additional 10 mL of Ficoll-Paque Plus was then added to rinse the sides
off the 50 mL tube. Next, 10 mL of serum-free M199 (Sigma-Aldrich) was added
carefully down the sides of the 50 mL tube to overlay the top of the ficoll layer. The
tubes were then spun down at 1612 rpm for 22 mins at 4 °C without rotor
acceleration or deceleration. Intact islets would be found in the interface between
Ficoll and serum-free M199. For maximum islet recovery, the supernatant
containing whole islets was tipped into the fresh 50 mL falcon tube without

disturbing the cell pellet. This supernatant was then diluted into 100 mL of islet
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isolation media and centrifuged at 314 rpm, 4 °C for 3 min. The supernatant was
then discarded and isolated islets were counted. For in vitro experiments,
approximately 100-150 islets were resuspended in 1 mL of primary islet culture
media made up of Roswell Park Memorial Institute (RPMI) medium containing
20% Fetal Bovine Serum (FBS), 2 mM L-glutamine and 12.5 mM HEPES buffer
from Gibco-Invitrogen in 24-well tissue culture plates (Corning Costar). Islets were
rested overnight at 37 °C in 5% CO: and 95% air overnight prior to

experimentation.

2.1.4 Islet transplantation

In some cases, isolated islets were used immediately for islet transplantation. Five
days prior to operation, recipient mice were injected with 300 mg/kg of
streptozotocin (STZ) (Sigma-Aldrich) in 10 mM citrate buffer (pH 4.2) to induce
diabetes. Blood glucose levels were monitored using the FreeStyle Lite glucometer
(Abbott Laboratories, Abbott Park, Illinois, U.S.A). Mice were deemed diabetic if
their blood glucose level was 216 mM for two consecutive days. On the day of
transplantation, approximately 150-200 islets isolated using the above protocol
were transplanted from donor C57BL/6 (H-2P) mice into STZ-induced CBA (H-2k)
diabetic mice (allogeneic model: three-donor mice per recipient). For
transplantation, a left flank incision was made on the recipient mouse to access the
kidney. A small nick was then made in the kidney capsule at the inferior renal pole
and donor islets were transplanted under kidney capsule of the recipient mouse.
Graft function was examined by monitoring the blood glucose level starting from

24 hr post-transplantation.

2.2 Genotyping

2.2.1 DNA extraction from tail clips

Genomic DNA (gDNA) for genotyping was obtained by digesting ~2 mm tail tips in
200 pL of 1X isolation buffer [10X isolation buffer recipe - 670 mM Tris, pH 8.8,
166 mM (NH4)2S04, 65 mM MgCl2, 10% B-Mercaptoethanol (w/w), 5% Triton X-
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100 (w/w) and 23 mL of nuclease-free water; Sigma-Aldrich] containing 5 pL of
proteinase K (50 mg/ml; Promega, Madison, WI, USA) and incubated at 65 °C

overnight. Tails are placed in -20 °C for long-term storage.

2.2.2 PCR for genotyping

To screen mouse genotypes, 2 UL of gDNA was added to 12.5 pL of GoTag® Hot
Start Green Master Mix, 2X (Promega) with 0.5 pL of 10 uM sense (F) and 0.5 pL of
10 UM anti-sense (R) primers and made up to 25 uL with nuclease-free H20 in 8-
well PCR strips (ABgene, Epsom, Surrey, UK). PCR cycling conditions were set
according to manufacturer’s guide. The number of cycles and annealing
temperatures are dependent on specific primer sets and these are described below.
PCR was performed on the PTC-200 DNA Engine Cycler (Biorad Laboratories,
Gladesville, NSW, Australia).

2.2.2.1 Birc3/- mice

Table 2-1 Genotyping primers for Birc3/- mice

Primer Sequence (5’-3’)

Birc3 F CCCTCAGGGTGTGTGGCTTA
Birc3 R TGTGCATGGCTTCTGGTCGG
Flp’'d R CACTGGCTGTTCTTTCAGAGA

Table 2-2 Expected results for Birc3/- mice genotyping; numbers refer to
expected product sizes

Primer combination Wildtype Heterozygous Homozygous
(WT) (Birc3+-) (Birc377)

Birc3 F + Birc3 R 275 bp 275 bp No band

Birc3 F + Flp’d R No band 231 bp 231 bp

Specific PCR conditions:
Birc3 F + Birc3 R = 30 cycles, annealing temperature of 50 °C for 20 s

Birc3 F + Flp’d R = 26 cycles, annealing temperature of 55 °C for 20 s
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2.2.2.2 Birc2/- mice

Table 2-3 Genotyping primers for Birc2/- mice

Primer Sequence (5’-3’)

Birc2 F TAGACCCTTTCTAAGTAGACTGGTT
Birc2 R TTATAGAAATGTTCAGATGTC
Cre’dR TCAATCCTCCATGCCACAATAAACAT

Table 2-4 Expected results for Birc2/- mice genotyping; numbers refer to
expected product sizes.

Primer combination Wildtype Heterozygous Homozygous
(WT) (Birc2+-) (Birc277)

Birc2 F + Birc2 R 231 bp 231 bp No band

Birc2 F + Cre’d R No band 177 bp 177 bp

Specific PCR conditions:

Birc2 F + Birc2 R = 30 cycles, annealing temperature of 50 °C for 20 s

Birc2 F + Cre’d R = 26 cycles, annealing temperature of 55 °C for 20 s

2.2.2.3 Birc37/-Birc2AB-cell

Mice were kept as homozygous for Birc3/-Birc3 1oxP/lox-P (Bjrc3/-) and crossed with

either HIP-Cre or RIP-Cre mice. The Cre lines were kept as heterozygous. The

genotypes for these mice were tested as described.

Table 2-5 Genotyping primers for Birc3/-Birc2A[-cell mice

Primer Sequence (5’-3’)

CreF TGCCAAGAACCTGATGGACA

CreR TGCTAACCAGCATTTTCGTTCTGC
Insulin F CGAGCTCGAGCCTGCCTATCTTTCAGGTC
Insulin R CGGGATCCTAGTTGCAGTAGTTCTCAAG
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Table 2-6 Expected results for Birc37/-Birc2AB-cell mice genotyping;
numbers refer to expected product sizes.

Primer combination Wildtype BircZ2Birc3 double knockout
(WT) (DKO)

CreF + CreR No band 600 bp

Insulin F + Insulin R 400 bp 400 bp

Specific PCR conditions:

For both primer sets = 40 cycles, annealing temperature of 62 °C for 30 s.

2.2.3 Agarose gel electrophoresis to visualise PCR products

Amplified cDNA fragments (<1kb) were separated using 1.5-2% (w/v) agarose
(Probiogen Biochemicals, Quantum Scientific, QLD, Australia) dissolved in TBE
(Tris/Borate/EDTA) buffer. A suitable DNA dye such as SYBR Safe DNA gel stain
(Invitrogen, Carlsbad, CA, USA) or ethidium bromide (Sigma-Aldrich) was added to
the TBE running buffer in order to visualize PCR product bands under UV light. In
some cases, PCR product was mixed with a loading dye (Promega, Maddison, WI,

USA) before loading onto gel.

2.3 Cell culture conditions

2.3.1 Cell culture of MING6 cells

MING cells were generated by Miyazaki et. al (Miyazaki et al., 1990). The cells are
derived from the pancreatic beta cells of transgenic mice, MIN6 cells are
immortalised by transduction with the T antigen gene of simian virus 40 (SV40).
MING6 cells has been well characterised on the basis of glucose metabolism and
glucose-stimulated insulin secretion compared to mouse islets (Ishihara et al,,
1993). Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco-Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS, 2 mM L-
glutamine and 12.5 mM HEPES and incubated at 37 °C in 5% COz and 95% air.

Passage 32 to 39 cells were used for experiments.
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2.3.2 Cell culture of f-TCs cells

B-TCs cells are derived from insulinoma cells that arise in the pancreatic beta cells
of transgenic mice expressing the SV40 T antigen under the control of the rat
insulin II promoter (RIP) (Efrat et al, 1988; Hanahan, 1985). These cells were
cultured in RPMI media containing 10% FCS, 4 mM L-glutamine and incubated at
37 °Cin 5% COzand 95% air.

2.3.3 Cell culture of NIH-3T3 cells

The mouse embryonic fibroblast cell line established from Swiss mice, NIH-3T3
(Todaro and Green, 1963) was kindly provided by Louis Tsai (The Garvan Institute
of Medical Institute, Darlinghurst, NSW, Australia). These cells were maintained in
DMEM containing 10% FCS and 4 mM L-glutamine and incubated at 37 °C in 5%
COzand 95% air.

2.3.4 Cell culture of 2F2B cells

The mouse 2F2B endothelial cell line (American Tissue Culture Collection,
Bethesda, MD, USA) was a kind gift of Dr Lindsay Wu (The Garvan Institute of
Medical Research, NSW, Australia). Cells were maintained in RPMI containing 10%

FCS and 4 mM L-glutamine and incubated at 37 °C in 5% COz and 95% air.

2.3.5 Cell culture of HEK 293 cells

Human Embryonic Kidney 293 (HEK 293) cells were established from transformed
cultures of normal human embryonic kidney cells with sheared adenovirus 5 DNA
(Graham et al, 1977). These cells were used for amplification of recombinant
adenoviruses. Cells were maintained in DMEM containing 10% FCS, 4 mM L-
glutamine, 100 U/mL Penicillin (Gibco-Invitrogen) and 100 pg/mL Streptomycin
(Gibco-Invitrogen) and incubated at 37 °C in 5% COz and 95% air.
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2.4 Cytokine stimulations

Cultured islets, MIN6, NIH-3T3 and 2F2B cells were stimulated with either 200 U/
mL of recombinant human TNFa (R&D Systems, Minneapolis, MN; 210-TA), mouse
IL-1B (R&D Systems; 401-ML) or rat IFNy (R&D Systems; 585-IF) at times
indicated. Cells were then prepared for RNA isolation for quantitative real time
PCR (qRT-PCR) or lysed whole cell protein lysates for western blot analysis. For
most of the experiments unless stated otherwise, cytokine stimulation for RNA
quantification were for 4 h and for reporter assays for 8 h to allow accumulation of

the luciferase protein.

2.5 Molecular inhibitors

In some cases, islets or MIN6 cells were pre-treated with pharmacological
inhibitors: Actinomycin D (AcD), SP600125, pyrrolidine dithiocarbamate (PDTC;
Sigma-Aldrich, St Louis, MO, USA) and SB203580 (Cell Signalling Technology,
Beverly, MA, USA) in cultured media and incubated at 37°C for 1 hr prior to

cytokine stimulation for 4 h. Cells were then lysed for RNA or protein analysis.

For epigenetic screening, MIN6 cells were treated with 25-200 ng/mL of HDAC
inhibitor, trichostatin A (TSA), overnight (~16 h) at 37 °C prior to TNF«a
stimulation for 4 h. Subsequently, cells were stimulated with TNFa for 4 h and

lysed for RNA isolation and gene expression analysis.

2.6 Molecular cloning of genetic material into plasmids
Molecular cloning was used to create tools for this project:
1. Cloning of the 5’ untranslated region (5'-UTR) of Birc3 from gDNA to create
an assay-based system to study the promoter region of the gene.
2. Cloning of the coding sequence (CDS) of Birc3 from mRNA into an over-

expression plasmid construct to facilliate in vitro study of its function.
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2.6.1 Cloning of the Birc3 5’-UTR

2.6.1.1 DNA precipitation

Genomic DNA was extracted from tail tips obtained from BALB/c mice tails and
digested as described in Section 2.2.1. Protein was pelleted by centrifugation at
13,000 rpm for 10 min and the supernatant was transferred into a fresh tube. DNA
was precipitated in 2.5M final concentration of sodium acetate (pH 7.0) and 2 vol
of cold absolute ethanol and incubated at -80 °C overnight or for 2 h on dry ice.
Precipitated DNA was then recovered by centrifugation at 13,000 rpm for 10 min
at 4 °C. The supernatant was decanted carefully. The resultant pellet was washed
with cold 70% (w/v) ethanol and centrifuged again at 13,000 rpm for 10 min at 4
°C. The ethanol was then removed carefully, DNA pellet was left to air dry for 5-10

min and resuspended in 30 - 50 pL nuclease free H20.

2.6.1.2 Amplication of the Birc3 5’-UTR by PCR

For promoter cloning, putative transcription factor binding sites in the Birc3
proximal promoter were identified using PROMO03.0 (Farre et al., 2003). The 5'-
UTR of mouse Birc3 was amplified from gDNA extracted above using the primers
to target the region containing transcription-factor-binding-sites of interest (Table
2-7). The PCR reaction was performed using the KOD Hot Start DNA Polymerase
(Merck KGaA, Darmstadt, Germany) according to the protocol provided. Briefly, 1
uL of gDNA was added to the PCR mix and made up to a final volume of 50 pL using
nuclease-free H20. Cycling conditions for the primer pair were: 94 °C for 2 min, 94
°C for 20 s, annealing temperature of 58 °C for 10 seconds and 70 °C for 10
seconds for 40 cycles. The resultant PCR product was purified using the CloneWell

system (Invitrogen) prior to ligation into the target plasmid.

Table 2-7. Primers for Birc3 5’-UTR cloning

Primer Sequence (5’-3’)
Forward CTTAAGGCGGAACTCACAGG
Reverse TGGCGCGATACCTTTAAATC
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2.6.1.3 Purification of PCR product using the CloneWell system

Gel purification of PCR products and other DNA material such as products of
restriction enzyme digests involves the separation of the product of interest by
their base pair length during electrophoresis. This can be done by two methods:
(1) tradition gel purification method involving DNA material being separated on an
agarose gel using electrophoresis, the desired band is excised from the gel and
extracted using commercial kits such as Gel Extraction Kit (Qiagen, Valencia, CA,
USA) or (2) an alternative commercial electrophoresis system designed for gel
purification known as the E-Gel® CloneWell™ system (Invitrogen). This system
uses the SYBR Safe™ DNA Gel Stain 0.8 % agarose gel, ideal for separating bands of
<5 kb. The samples are loaded onto the gel and the separated band of interest is

captured at the bottom well.

2.6.1.4 Addition of 3’-A overhangs and ligation into pCRII TOPO vector

The purified promoter PCR product was then cloned into a TA overhang vector
(pCRII-TOPO TA vector; Invitrogen; Figure 2.1) before being subcloned into the
luciferase reporter (pGL3 basic vector luciferase reporter; Promega; Figure 2.2).
To facilitate ligation into pCRII TOPO vector (Figure 2.1), 3’-A overhangs were
added to the purified Birc3-5-UTR PCR product using GoTaq Flexi DNA
Polymerase (Promega). The A’-overhang reaction was set up using 4 pL of purified
Birc3-5’-UTR PCR product, 4 pL 5X Colourless GoTaq Flexi Buffer, 2.5 mM MgS04,
0.2 mM dATP, 5U Promega GoTaq Polymerase and was made up to 20 pL with
nuclease-free H20. This mixture was incubated at 72 °C for 15 min. The resultant
3’-A-tailed product was then ligated into the pCRII TOPO TA vector (Invitrogen).
Briefly, 4 pL of purified 3’-A overhang PCR product was added to the pCRII-TOPO
ligation mixture containing 1 pL of TOPO vector, 1.2 M of NaCl and 0.06 M of MgCl..
For each cloning reaction an insertless control reaction was performed in parallel.
The mixture was mixed gently and incubated at room temperature for 30 mins

before transformation into Top 10 competent E. coli cells.
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Figure 2.1. The plasmid map of pCRII-TOPO TA cloning vector. The A’-overhangs of PCR
product (coloured in red) was ligated with the T’-overhangs present in vector.

Figure 2.2. The plasmid map of pGL3-Basic Vector by Promega. The 5’-UTR of Birc3 was
inserted into the multiple cloning site between the Kpn I and Xho [ restriction enzyme
sites.
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2.6.1.5 Transformation of plasmid into chemically competent E. coli
pCRII-TOPO TA cloned products were transformed into the One Shot TOP10
(Invitrogen) chemically competent E. coli cells. To perform transformation, 2puL of
pCRII-TOPO vector containing the purified PCR product was added and mixed
gently. The mixture was then placed on ice for 30 minutes and then heat shocked
at 42°C for exactly 30 seconds in a water bath. Immediately, 250 pL of S.0.C media
was added to the reaction and was left in a shaking incubator at 225 rpm, at 37 °C
for 1 h. The bacterial mixture was then plated at different volumes onto Luria
broth (LB) agar plates containing 100 pg/mL carbenicillin (Sigma-Aldrich) and 1.6
mg of X-Gal for selection. The LB plates were then incubated at 37 °C for 16 h.

2.6.1.6 Analyzing transformants

Bacterial colonies were then picked and screened for pCRII-TOPO vector that
contain Birc3-5’-UTR PCR insert by PCR. To do this, white colonies were picked
from LB plate and inoculated into PCR reaction containing the primers that were
used to clone the Birc3 promoter (Table 2-7). The PCR reactions were set up using
GoTag® Hot Start Green Master Mix, 2X (Promega) and visualised on 1.5%
agarose/TBE gels as described above in the PCR for genotyping and agarose gel
electrophoresis sections respectively. All positive PCR products were inoculated
into liquid LB media with 100 pg/mL carbenicillin, grown overnight at 37 °C and
used for plasmid extraction using the PureYield™ Plasmid Miniprep System
(Promega). Restriction digest by EcoR I was used to confirm the size of the insert.
Inserts with the right size were then sent for gene sequencing to confirm the
sequence of the Birc3-5’-UTR PCR and the direction that the product was inserted
into pCRII-TOPO vector.

2.6.1.7 Digesting and dephosphorylating the final plasmid for ligation

To successfully ligate a DNA fragment into a plasmid of interest, it must be
digested with restriction enzymes that are compatible with the insert. Restriction
digests is performed in specific buffers and conditions that are suitable for the
specific enzymes. After restriction digest, the linearised plasmid must be

dephosphorylated to prevent self-ligation. This is simply performed by the
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enzymatic removal of the 5’-phosphate groups on the “open” ends of the vector.
For our experiment, the pGL3 basic vector was linearised by sequential digestion
of Kpn I and Xho I restriction enzymes and dephosphorylated by incubation at 65
°C for 5 min with antartic phosphatase (New England Biolabs, Ipswich, MA, USA)
and buffer included in kit.

2.6.1.8 Ligation of purified DNA fragment into plasmid

The Birc3-5’-UTR PCR in pCRII-TOPO vector was excised out of the vector using
the restriction sites that compliment the sites present in the multiple cloning site
(MCS) of the final vector of interest. For this we used the Kpn I and Xho I
restriction enzymes sites (New England Biolabs) to allow for directional cloning of
the Birc3 promoter fragment into the MCS of the pGL3 basic vector (Figure 2.2).
The insert was CloneWell purified and the molar ratio of insert to vector for

ligation is determined using this formula:

Usually, for inserts <3 kb in size, a ratio of 3:1 (insert:vector) is a good starting
ratio. While inserts >3 kb, a start with ratio of 2:1 is recommended. For our vector,
we started with a ratio of 3:1 but did not achieve any successful ligation. Through
optimization and proper controls, we found that the molar ratio of 5:1 allowed
successful ligation of the Birc3 5’-UTR insert into the pGL3 basic vector. The
ligation was set up using T4 DNA ligase (New England Biolabs) according to the
manufacturers protocol. Ligation reactions were incubated in a 16 °C waterbath
overnight. The resultant ligated DNA were then transformed into TOP10
competent E. coli and analysed as described in section 2.6.1.5. The Birc3 5’-UTR
insert in pGL3 vector was confirmed by gene sequencing. This vector is called

pGL3-Birc3 in our results chapter.
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2.6.2 Cloning of the coding region of Birc3

The cloning of the coding region of Birc3 were similar to the steps used for cloning
the 5-UTR of Birc3. In short, the coding region of Birc3 was cloned using cDNA
from cytokine-stimulated mouse islets as a template. The PCR was performed
using the Expand High Fidelity PCR system (Roche) and primers that were design
to amplify the transcription start and stop codon of Birc3 (Table 2-8). Primer
designs were made using the MacVector software (MacVector, Inc, Cary, NC, USA).
The Expand High Fidelity PCR system generated PCR products with sticky 3’-A
overhangs without having to perform a separate reaction to add the A-tails. A
gradient PCR was set up to determine the best annealing temperature for this
primer set. The annealing temperatures for gradient PCR was set between 57 °C to
70 °C, using the primer melting temperature (in this case 62 °C) as the median
temperature setting. To confirm size, 5 ul of PCR products were ran on 0.7%
agarose gel at 60V for 2 h. Once the size of the product was checked, wells with
bands of the right size were combined, precipitated to concentrate DNA volume

and CloneWell purified.

The resultant purified PCR product was then ligated into pCRII-TOPO vector and
the sequence was confirmed by analyzing restriction digested inserts using
agarose gel electrophoresis to confirm product size. At this stage, selected vectors
with inserts are then sent for gene sequencing. The vector with the right insert was
then selected for a second PCR. The second PCR was set up using the Expand High
Fidelity PCR system with a forward primer that includes a 6X his-tag and Bgl II
restriction enzyme sites upstream of the Birc3 transcription start site (Table 2-9).
In addition, the reverse primers adds Sal I restriction enzyme sites to Birc3 (Table
2-9). The PCR product was CloneWell purified and then ligated into pCRII-TOPO
vector. Positive clones were confirmed by gene sequencing and were selected for
the final subcloning into the pIRES2-eGFP vector (Clontech Laboratories, Inc,
Mountain View, CA, USA; Figure 2.3). pIRES2-eGFP were linearised by restriction
digest at the Bgl Il and Sal I sites (New England Biolabs) and dephosphorylated.
The PCR insert in pCRII-TOPO vector was excised using Bgl Il and Sal I restriction

enzymes. The final insert containing the CDS of Birc3 + 6x His-tag on the 5’ end was
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then ligated into pIRES2-eGFP vector and its sequence was confirmed by
sequencing. This vector is called the pIRES2-eGFP-Birc3 (eGFP-Birc3) in our

results chapter.

Figure 2.3. The plasmid map of pIRES2-eGFP vector by Clontech. The entire coding
sequence of Birc3 was inserted into the multiple cloning site using Bgl II and Sal I
restriction enzyme sites.

Table 2-8. First set of primers used for cloning the CDS of Birc3 from mouse islets

Primer Sequence (5’-3’)

mBirc3.START F CATGAACATGGTTCAAGACAGCG
mBirc3.STOP R CTTGTTCAGGAGAGAAATGTGCG

Table 2-9. Second set of primers used for cloning the CDS of Birc3 with restriction enzyme
sites and 6X his-tag sequences added into them.

Primer Sequence (5’-3’)

mBIRC3(AA2).Bglll.His ATTAAGATCGCCGCCACCATGCATCACCATCACCATCACAA
Forward CATGGTTCAAGACAGCGCC

mBIRC3.Sall Reverse AATGTCGACTCAGGAGAGAAATGTGCGCACTG
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2.6.3 Acquired and purchased plasmids

The A20.Luc luciferase reporter constructs were a kind gift of Professor Rivka
Dikstein (The Weizmann Institute of Science, Rehovot, Israel) (Ainbinder et al,,
2002) and the expression plasmids encoding RelA/p65 and Traf2 were kind gifts
from the Beth Israel Deaconess Medical Center - Harvard Medical School (Boston,
MA, USA) (Anrather et al, 1997). The NF-kB.Luc and pRSV-p-galactosidase
reporter were purchased from Promega and were previously described

(Liuwantara et al., 2006).

2.6.4 Plasmids amplification

For amplification, plasmids were transformed into TOP-10 chemically competent E.
coli cells and grown in 150 mL cultures of LB broth. Plasmids were purified using
HiSpeed Plasmid Maxi Kit (Qiagen) according to manufacterer’s protocol. For
longterm storage and future use of plasmids without having to perform
transformation reactions, 500 UL of the transformed plasmid broth were added

with glycerol to a final volume of 25 % glycerol and stored in -80 °C.

2.7 Transient transfection of cell lines

2.7.1 Transfection of §-TCs cells

The transfection of 3-TCz cells with A20.Luc and RelA/p65 were performed as
previously described (Grey et al., 1999; Liuwantara et al., 2006). Briefly, 1.5x106 of
B-TCs cells were plated into 6-well tissue culture plates and cultured overnight for
cells to attach. Transient transfections were performed using Lipofectamine 2000
reagent (Gibco-Invitrogen) with a total of 1 ug DNA per well. Transfections were
set up according to protocol provided by Invitrogen. Alternate wells were then
stimulated with TNFa and incubated for 8 h at 37 °C. Luciferase activity
(Luciferase Assay System; Promega) were normalised to -galactosidase activity
(Galacto-Star; Applied Biosystems, Bedford, MA, USA) for relative luciferase
activity (RLA). Luminosity was assayed using the FLUOstar OPTIMA luminometer
(BMG Labtech GmbH, Allmendgruen, Ortenberg, Germany).
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To test the effects of increased RelA/p65 on the endogenous gene expression, 3-TC3
cells were transfected with 0.2 pg of RelA/p65 and made up to 1 pg with
pcDNA3.1+ empty vector (Invitrogen). Cells were washed in phosphate buffer
saline (PBS; 136mM Nac(l, 2.68mM KCl, 10.14mM NazHPO,, 1.76mM KH2PO04) twice
and lysed in buffer RLT for RNA isolation.

2.7.2 Transfection of MING6 cells

For transfection of MIN6 cells with pGL3-Birc3, 1x10¢ of MIN6 cells were plated
into 6-well tissue culture plates and cultured overnight for cells to attach.
Transient transfections were performed using 7.5 pl of Lipofectamine 2000
reagent with a total of 3 pug DNA per well. Transfections were set up according to
the protocol provided by Invitrogen. To test the Birc3 reporter activity, MIN6 cells
were transfected with 0.1 pg of pRSV-B-galactosidase reporter to account for
transfection efficiency, 2 pg of pGL3-Birc3 and made up to 3 pg with the
pcDNA3.1+ empty vector. Alternate wells were then stimulated with either TNFa,
IL-1pB, IFNy or a mixture of all three cytokines and incubated for 6 h at 37 °C or at
indicated times. Luciferase activity and 3-galactosidase activity were analysed and

calculated as mentioned above.

To study the effects of increased Birc3 on NF-kB activity in beta cells, MIN6 cells
were transfected with 2 pg of NF-kB.Luc, 0.3-0.6 pg of eGFP-EV or eGFP-Birc3
(cloning was described above) and made up to 3 pg using pcDNA3.1+ vector.
Subsequently, transfected cells were either left untreated or stimulated with TNFa
for 4 h. Transfected cells were assayed for luciferase and (-galactosidase activity
as described. In some cases, MIN6 cells were transfected with 0.3-0.6 pg of eGFP-
EV or eGFP-Birc3 and made up to 3 g using pcDNA3.1+. The transfected cells

were then lysed in buffer RLT for RNA isolation and gene expression analysis.

2.7.3 Transfection of NIH-3T3 cells

Transfection of NIH-3T3 was also performed using Lipofectamine 2000. A day

before transfection, 0.75 x10° cells were plated onto 6-well plates to allow
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attachment. To study the effects of increased Birc3 on NF-kB activity, NIH-3T3 cells
were transfected with 2 pg of NF-kB.Luc and either 1 pg of EV or eGFP-Birc3. To
study the effects of increased TRAF2 on NF-kB activity, NIH-3T3 cells were
transfected with 2 pg of NF-kB.Luc, 0.9 pug of TRAF2 or pcDNA3.1+ empty vector
and made up to 3 pg with pcDNA3.1+. Transfected cells were then stimulated to
TNFa for 8 h. Cells were assayed for luciferase and B-galactosidase activity as
described above. In some cases, NIH-3T3 cells were transfected with 1 pg of eGFP-
EV or eGFP-Birc3, 0.9 ug pcDNA3.1+ empty vector or TRAF2 and were made up to

3 ug with pcDNA3.1+ and processed for gene expression analysis.

2.8 Adenovirus transductions

Prior to experiments, recombinant adenoviruses (rADs) were propagated by
infecting HEK293 cells in six T175 vented flasks (Corning CoStar). Cells were lysed
and adenoviruses were extracted using the Adenopure Kit (PureSyn Inc, Malvern,
PA, USA) according to instructions provided. The resultant viruses were titrated
and quantified in HEK293 cells using the Adeno-X Rapid Titer Kit (Clontech)
according to manufacturer’s instructions. For our experiments, MIN6 were
transduced with either a rAD expressing GFP (rAD-GFP) as a control or with rAD-
IkBa. The rAD-GFP was a kind gift from Beth Israel Harvard Medical School,
Boston, MA, USA. About 1 x106 MIN6 cells were re-suspended in 1 mL of serum-
free DMEM containing 50 mM HEPES and infected with adenovirus at a
multiplicity of infection (MOI) of 100 viral particles per cell and incubated at 37 °C
for 2 h. After which, 1 mL of DMEM containing 20% FCS and 8 mM L-glutamine

was added to each well and incubated overnight.

2.9 Determination of transfection and transduction efficiency

To determine transfection or transduction efficiency, eGFP-transfected or rAD-
GFP-transduced MIN6 cells were place on ice, washed twice in PBS and
resuspended in cold FACS buffer containing PBS with 1 % BSA (Gibco-Invitrogen),
0.1 % Sodium Azide (Amersham Pharmacia Biotech, Bucks, UK), 2 mM EDTA. The

number of cells that expressed GFP protein was acquired on the BD FACSCanto
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(BD Biosciences, San Jose, CA, USA) and analysed using Flow]o software (Tree Star
Inc, Ashland, OR, USA). In some cases, the rAD-GFP-transduced or eGFP-
transfected MIN6 cells were observed under a Zeiss inverted fluorescence

microscope to determine transfection efficiency (Carl Zeiss Inc., Jena, Germany).

2.10 RNA analysis

2.10.1 RNAisolation

Total RNA was extracted from cell lines, primary mouse and human islets using the
RNeasy Mini Plus Kit (Qiagen, Valencia, CA, USA). Cells were first washed in cold
PBS. Cells exposed to the relevant treatment conditions were then resuspended in
Buffer RLT combined with B-mercaptoethanol (100:1). The cell suspension was
then homogenised in the QIAshredder (Qiagen, CA, USA) column by centrifugation
for 2 min at 13000 rpm. The resultant flow through was transferred into the gDNA
Eliminator Spin Columns and centrifuged for 30 s at 13000 rpm. Next, equal
volumes of 70% ethanol (w/v) was added and mixed to the flow through. This
suspension was then transferred into an RNeasy spin column and centrifuged for
30 s at 13000 rpm. The flow through was discarded and 700 UL of Buffer RW1 was
added, followed by centrifugation for 30 s at 13000 rpm. After discarding the RW1
flow through, RPE buffer (500 pL) was added to cells and spun down for 30 s at
13000 rpm. The previous step was repeated and spin columns were replaced with
fresh collection tubes provided in kit and spun down for a further 2.5 min to
remove excess ethanol. The resultant RNA was then collected in 30-50 pL of
RNase-free water (usually primary islets in 30 pL and 1x106 MIN6 cells in 50 pL
water). RNA concentration was measured using the NanoDrop Spectrophotometer
ND-1000 (ThermoFisher Scientific, Waltham, MA, USA). RNA quality was estimated
by Aze0/280 ratio with a range of 1.8-2.2 being acceptable or confirmed on the RNA
6000 Nano Chip (Agilent, Santa Clara, CA, USA) using 2100 Bioanalyser (Agilent).

2.10.2 Ethanol precipitation of RNA

RNA with an A230,260 of 1.8 or less is considered contaminated with chaotropic salts

or guanidine isothiocyanate from RNA extraction, which can interfere with
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downstream enzymatic reactions in cDNA synthesis step. Therefore ethanol
precipitation to clean up carry over of salts in RNA is important. RNA was
precipitated in 2 pL of molecular grade glycogen diluted 1:4 (Roche), 2M final
concentration of ammonium acetate (Sigma-Aldrich) and 2.5 vol of cold absolute
ethanol (Sigma-Aldrich). The mixture was then incubated at -80 °C for 16 h or on
dry ice for 2 h. Precipitated RNA was then recovered by centrifugation at 13 000
rpm for 30 min at 4 °C. The supernatant was decanted carefully, the pellet washed
in cold 70% (w/v) ethanol and centrifuged again at 13 000 rpm for 10 min at 4 °C.
The ethanol was then removed carefully and RNA pellet was left to air dry for 5-10
min and resuspended in 20-30 pL nuclease free H20. RNA concentration and

quality was then determined using the NanoDrop Spectrophotometer ND-1000.

2.10.3 cDNA synthesis

RNA was used for reverse transcription for cDNA synthesis using the QuantiTect
Reverse Transcription Kit (Qiagen, Valencia, CA, USA). RNA was first treated with
DNase to remove any DNA carryover during RNA extraction. 50-100 ng of RNA was
added to 2 pL of 7X gDNA Wipeout Buffer and made up to a total of 14 pL with
RNase-free water. The mixture was incubated at 42 °C for 2 min and then placed
on ice. When the mixture is cooled, 4 pL of 5X Quantiscript RT Buffer, 1 pL of
Quantiscript Reverse Transcriptase and 1 pPL of RT Primer mix were added and the
resultant mixture was further incubated at 42 °C for 30 min followed by 95 °C for 3

min. The cDNA product was then stored in -20 °C until required.

2.10.4 Quantitative real time PCR

RNA was converted into cDNA in a 20 puL reaction as described above. The cDNA
was diluted 5-fold and 2.5 pL of the diluted cDNA was used as the template for the
qRT-PCR mix. Real time PCRs were performed using FastStart SYBR Green Master
(Roche). Negative controls for each real time PCR run included a non-template
(water) control and a reaction without reverse transcriptase added, to control for
PCR contamination or genomic DNA contamination. The real time PCR mixture

contains 5 pL of FastStart SYBR, 0.5 pL of 10 pM sense (F) + anti-sense (R) primers
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and 2 PL of nuclease-free water (Table 2-10). To determine whether Birc2 and
Birc3 were suppressed in islets isolated from Birc2/- and Birc37/- mice respectively,
another set of PCR primers were designed to target the region of exon 1-2, where
the genes were deleted (Table 2-10). Amplification was performed using the
LightCycler 480 (Roche) according to instructions provided for FastStart SYBR
Green Master. The real time PCR conditions were: Initial denaturation: 95 °C for
10 min, a three step cycling conditions for 40 cycles of 95 °C for 15 s, 63 °C for 30 s
and 72 °C for 30 s. The threshold cycle (Ct) was set by the LightCycler 480
Software v1.5.0. Relative expression for each gene was analysed using the
comparative Ct method and normalised to the expression of the housekeeping
gene, Cyclophillin A (Cph) (Livak and Schmittgen, 2001; Schmittgen and Livak,
2008). Fold changes for genes were calculated using the 2AA‘T method comparing

the relative expression between control and treatment groups.
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Table 2-10. Primer list for qRT-PCR using the FastStart SYBR Green Master
(Roche) on the LightCycler 480 (Roche).

Name

Bircla

Birclb

Bircle

Bircif

Birc2

Birc3

Birc4

Birc5

Bircé6

A20

Ccl2

Cxcl10

Icam-1

Cyclophilin A

Birc3

(Spans Exon1-2)

Birc2
(Spans Exon1-2)

Sequence (5’-3’)

]

~J - x©x m—mm x©x mm x©»x m & T—m x©x m x» m x» m o x» m o xo» m o x» o om x» m o ox om o x™ T X T X

: GCTTTGAAGCCATGCCCTTT

: TCTCCAGTGGGAACGAGCAG
: AAATTGCCAAGGGAGCAACC
: GGCAGGTTGTCCAGGACTTG
: GATCCTGCCAAGCCTTCCAT

: GGTGTTCGAGGCAGCTCTCA
: GGTGACGACCCAATGGAAGA
: TCCATGGCTTCTGGAAGTGC
: TGGCTTGAGATGTTGGGAACC

: CATGAACAAACTCCTGACCCTTCA

: CACTGCAGCAACCTCATTCAGA
: TGCAATGTCATCTGTGGGAAGA
: ATCCAAACATCCGGGAGCA

: AGGCGCCTTAGCTGCTCTTC

: GGGCCTCCTAGCAGGATCTTGAG
: GTCCACGTCACAATAGAGCAAAGC

: AGGAAAGGGTTCAGCGTTGC

: CTGTGACCTGCCCATCATCTG
: CCTGTCACCAACGCTCCAAG
:ATTTCCAGTCCGGTGGCAAG

: GGTCCCTGTCATGCTTCTGG

: CCTGCTGCTGGTGATCCTCT

: GACGGGCCAGTGAGAATGAG

: GTGTGTGCGTGGCTTCACTC

: ATCACGAGGCCCACAATGAC

: CCATGGGAATGTCACCAGGA

: TGGACCAAACACAAACGGTTCC
: ACATTGCGAGCAGATGGGGTAG
: GGGGACGATTTAAAGGTATCG
: TCGGTTTTACTGCTAGGCTGA
: TGATGGTGGCTTGAGATGTT

: CCCTTCATCCGTATCAAGAACT

Tm (°C)
67.3
67.9
67.0
66.9
67.4
68.0
67.2
67.5
68.2
68.1
67.6
67.7
67.7
66.9
67.9
67.7
67.5
68.0
68.1
68.2
67.0
66.9
67.1
67.1
68.1
67.2
65.1
69.2
59.0
60.0
59.0
59.0
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2.11 Protein analysis

2.11.1 Collection of whole cell protein lysates

Prior to lysis, MING6 cells were washed twice in cold PBS. Cells were then lysed in
100 pL per well of cold lysis buffer containing 50 mM of HEPES, 150 mM Na(l,
10% v/v Glycerol, 1% v/v Triton X-100, 1.5 mM MgCl;, 1 mM Ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA), 10 mM Sodium
pyrophosphate tetrabasic, 100 mM NaF, 1x PhosSTOP Phophastase Inhibitor
(Roche) and 1x complete mini protease inhibitor cocktail (Roche). The monolayer
cells were lifted using a cell scraper, transferred into 1.5 mL tubes, vortexed and
kept on ice for 1 h before transfer to -80 °C for storage until required. Cells were

allowed to go through one freeze-thaw cycle before use.

For primary islets, 100-150 islet cells were washed three times with PBS and lysed
in 30-40 pL of cold lysis buffer. Cell lysates were vortexed quickly and passed
through a 0.5 ml BD Micro-Fine™ insulin syringes (BD, Franklin Lakes, N]J USA) for
12-15 times, until all the cells are lysed. The cell lysates were incubated on ice for 1
h and placed in -80 °C for storage until required. Cells were allowed to go through

one freeze-thaw cycle before use.

2.11.2 Western blot analysis

Crude cell lysates were then spun down at 13, 000 rpm for 10 min at 4 °C. Protein
assay was performed using the Bradford Assay (Bradford, 1976) purchased from
Biorad, to determine the protein concentration of the of the cell lysates. Cell lysates
(10-30 pg) were mixed with 6x Laemmli sample buffer (0.35 M Tris-HCl; pH 6.8,
10% SDS, 30% glycerol, 0.175 mM Bromophenol Blue and 6% v/v B-
mercaptoethanol) and then denatured by heating at 100 °C for 5 min. Samples
were separated in 10% SDS-PAGE gels for 1.5-2 h at 120 V and the proteins
transferred onto Immobilon-P Polyvinylidene fluoride (PVDF) membrane
(Millipore, MA, USA) at 120V for 1.5 h in a standard western blotting transfer
buffer containing 10% methanol. The PageRuler™ Prestained Protein Ladder

(Fermentas Inc; Thermoscientific, Waltham, MA, USA) was used as a protein
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marker reference to determine band size. The resultant membranes were then
blocked for at least 1 h with Tris Buffered Saline (15.35 mM Tris HCI, 0.5 M NaCl)
with 0.1% Tween (TTBS) and 5% bovine serum albumin (BSA). The membranes
were then incubated overnight at 4 °C either with IkBa (9242L) or phospho-c-Jun
(Ser73, 9164S) (1:1000; Cell Signalling Technology) overnight. In some cases,
membranes were incubated for 2 h in B-actin antibody (clone AC15; Sigma-
Aldrich). After incubation, the blots were washed three times with TTBS and
incubated in appropriate peroxidase-conjugated secondary antibody (1:5000;
Pierce, Rockford, USA) for at least 2 h. Blots were then washed in TTBS thrice prior
to development of the blots on film using the ECL chemiluminescence detection
method (Amersham Pharmacia Biotech, Bucks, UK). The resultant films were
scanned and the relative intensities were determined by Image] densitometry

software (National Institutes of Health, Bethesda, USA).

2.12 Statistical analysis

Results are expressed as mean * standard error mean (SEM). Statistical
comparisons between groups were made by single unpaired t-test between two
groups or analysis of variance (ANOVA) with pairwise multiple comparisons made
using an unpaired t-test. Analyses were performed using GraphPad Prism version
5.0d (GraphPad Software Inc, CA, USA). A value of p<0.05 was considered

significant.
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3 The expression and regulation of BIRC family

genes in pancreatic islets and beta cells

3.1 Introduction

The hallmark of T1D is the chronic and progressive destruction of insulin-
producing pancreatic beta cells by accumulated mononuclear infiltrate
surrounding the islets (Gepts, 1965; Gepts and Lecompte, 1981; Kay et al., 1991;
O'Reilly et al, 1991). T1D takes place in two stages: Insulitis occurs when
lymphocytic infiltrate invades the islets and diabetes proceeds when large
populations of the beta cells are destroyed, leading to hyperglycaemia. These
lymphocytic infiltrates participate in beta cell destruction by secreting
inflammatory cytokines (Dahlen et al.,, 1998; Green et al., 1998; Jun et al., 1999a;
Jun et al., 1999b; Pakala et al., 1999). The proinflammatory cytokines, TNFq, IL-1f3
and IFNy are directly linked to the pathogenesis of T1D. Over the years, linkage
analysis and congenic mapping have identified at least twenty insulin-dependent
diabetes (Idd) loci in NOD mice that contribute to the development of T1D (Maier
and Wicker, 2005). Of relevance, the Tnfa gene within the Idd16 locus is implicated
as a candidate gene for T1D in the NOD mouse (Babaya et al,, 2002). The 1dd4
region implicated a role for IFN responses in the pathogenesis of T1D in NOD mice
(Ivakine et al., 2006) while the II-1b gene is found to be located in the mouse 1dd13
region (Burren et al., 2011). Studies have shown that blocking individual cytokine
pathways in NOD mice can abrogate or slow the progression of T1D. For example,
Tnfr1-/-NOD mice were completely protected from diabetes (Kagi et al., 1999) and
I11b-deleted NOD mice exhibited delayed disease progression (Thomas et al., 2004).
Similarly, the Ifngr-/- and Ifng/- NOD mice were protected from cyclophosphamide-
induced diabetes (Mori et al., 2008). Together, these studies demonstrate that the
cytokines TNFa, IL-1p and IFNy contribute to the pathogenesis of T1D. In this

thesis, we are interested in examining the role of TNFa in T1D.
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Broadly, TNFa mediates a multitude of cellular responses including cell
proliferation, programmed cell death and activates downstream NF-kB, p38, and
JNK pathways that play pivotal roles in beta cell inflammation (Hsu et al.,, 1995;
Yuasa et al., 1998). In the context of T1D, TNFa is one of the first cytokines that is
detected in the immune infiltrate of islets during insulitis (Dahlen et al., 1998).
Importantly, TNFa contributes to the pathogenesis of T1D by inducing
inflammatory gene expression in beta cells (Ortis et al, 2008), by directly
impairing the insulin secretion function of beta cells (Zhang and Kim, 1995) and by
causing beta cell destruction (Liuwantara et al.,, 2006). A characteristic feature of
diabetes is the infiltration of the pancreatic islets with T cells. More specifically, a
study found Tnfrl-null islets are resistant to destruction by T lymphocytes (Pakala
et al., 1999). Thus, these studies collectively supported the importance of TNFa to
the progression of T1D. However, despite the importance of TNFa in the
pathogenesis of T1D, the exact molecular machinery governing the TNF signalling

cascade in islets and beta cells is not fully understood.

BIRC proteins are implicated in the regulation of down-stream TNF signalling
networks (Dupoux et al., 2009; Gentle et al.; Mahoney et al., 2008; Varfolomeev et
al., 2008). A key cellular function of BIRC proteins is the regulation of apoptosis.
While BIRC proteins were thought to primarily act as regulators of apoptosis, this
function has not been established for all its members; it is now recognised that
BIRC proteins are also involved in the regulation of diverse cellular functions
including that of cell development, cell cycle regulation, regulation of signalling
pathways and inflammation. As an example, the BIRC member, Survivin, not only
supports cell survival which results in better islet transplantation outcomes (Dohi
et al.,, 2006) but is also required to support beta cell expansion after birth (Liggins
et al, 2003; Wang et al.,, 2010). One way that BIRC proteins may regulate such

cellular processes is by acting as signalling molecules (Rothe et al., 1995).

Beta cells respond to cytokines by mediating gene transcription to increase the
expression of genes that influence beta cell survival, apoptosis signals and beta cell
function (Liuwantara et al., 2006; Ortis et al., 2008; Sarkar et al., 2009). Cytokines

can induce the expression of anti-apoptotic gene such as A20, c-flip and Bcl2, which
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are known to protect beta cells from TNFoa-mediated apoptosis (Allison et al.,
2000; Cottet et al,, 2002; Grey et al., 1999; Iwahashi et al., 1996; Liu et al., 1996a;
Liuwantara et al, 2006). In addition to the protective genes, cytokines can also
induce the expression of deleterious inflammatory genes such as inducible nitric
oxide synthase (iNos) and CoxZ2 which impair beta cell function, as well as
inflammatory chemokines and adhesion molecules such as Cxcl2, Cxcl9, Cxcl10,
Rantes, Ccl2 and Icam-1 to exacerbate beta cell inflammation and cause beta cell
apoptosis (Bradley et al., 1999; Camacho et al., 2001; Chen et al., 2001; Corbett et
al,, 1993a; Corbett and McDaniel, 1995; Corbett et al.,, 1993b; Eizirik et al., 1993;
Frigerio et al., 2002; Ortis et al., 2008; Prieto et al., 1992). These findings highlight
the importance of the beta cell’s response to cytokine, where they may participate
in their own destruction by inducing genes that exacerbate inflammation. Hence
the key to the beta cell's fate under inflammatory conditions in T1D may lie in the

balance between the expression of genes that signal for life and death (Figure 3.1).

Some studies have shown that members of the BIRC family are inducible by TNFa
(Furusu et al., 2001; Stehlik et al., 1998; Wang et al., 1998). Further to this, it has
been demonstrated that Birc3 is induced following TNFa and IL-1f-stimulation in
mouse and human islets (Liuwantara et al., 2006; Sarkar et al., 2009). As BIRC
proteins are thought to function as regulators of apoptosis and are implicated to
participate in TNF signal transduction, they may take part in modulating the beta
cell’s response to TNFa and influence the fate of a beta cell in the context of T1D.
The major aims of this chapter are to examine in pancreatic islets and beta cells (1)
how Birc family genes are expressed in response to cytokines, (2) how Birc family
gene expression is regulated in response to cytokines and (3) to determine their

function in beta cells.
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Figure 3.1. The beta cell's fate under normal and T1D conditions may rely on the balance
between the expression of inflammatory and survival genes.
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3.2 Results

3.2.1 BIRC family gene expression in pancreatic islets and beta cells

The levels of Birc1-6 expressed in untreated or TNFa-stimulated mouse islets and
beta cells were analysed by gqRT-PCR. In the steady state, Birc3 was highly
expressed (Figure 3.2A) and was further increased by TNFa in mouse islets
(Figure 3.2B). Islets are a heterogeneous tissue (Kim et al., 2009); as beta cells are
the target of inflammatory attack in T1D (Foulis, 1987), we were interested to
determine how TNF-signalling controls BIRC expression in beta cells. Different to
intact islets, the beta cell line, MING6 cells, exhibited low basal levels of Birc1, 2 and
3 but expressed high levels of Birc4, 5 and 6 (Figure 3.2C). Like intact islets, Birc3
but not Bircl, 2, 4-6 mRNA was increased by 5-fold in TNFa stimulated MIN6 cells
(Figure 3.2D). These data demonstrated selective regulation of Birc3 in response to

TNFa in pancreatic islets and MING6 cells.

3.2.2 The Kkinetics of Birc3 expression in mouse islets and MING6 cells

The kinetics of Birc3 expression in mouse islets and MIN6 cells were studied. Birc3
was rapidly induced and its expression levels were maintained up to 8 h post TNFa
stimulation (Figure 3.2E). Similar to intact islets, MIN6 cells also showed rapid and
then sustained expression levels of Birc3 (Figure 3.2F). Thus Birc3 is an early
immediate response gene and its expression is maintained up to 8 h in mouse

islets and beta cells.

3.2.3 Expression of Birc3 in response to cytokines implicated in type 1
diabetes
The inflammatory cytokines, IL-1f and IFNy, are also implicated in T1D
pathogenesis (Wachlin et al.,, 2003). In this study, the effects of IL-1p and IFNy on
BIRC family gene expression in islets and beta cells were also tested. The study
revealed a hierarchy in cytokine responsiveness, such that for mouse islets, IL-1f3
was the strongest inducer of Birc3 (9-fold) compared to TNFa (5-fold) and IFNy (4-
fold) (Figure 3.2G). This pattern was also seen for MIN6 cells (Figure 3.2H).

However, different to mouse islets, IFNy did not induce a change in Birc3
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expression in MIN6 cells. The cytokines TNFa and IL-1f3 are known to synergise
with IFNy and increase gene expression in islets (Wachlin et al., 2003). We found
when combined, TNFa + IL-13 + IFNy synergised Birc3 expression three times
more than IL-1(3-induced Birc3 levels in mouse islets and twice more than IL-1f3-
induced Birc3 levels in beta cells. Collectively, our data showed that the overall
expression pattern and regulation of Birc3 in mouse islets and MIN6 cells are

similar, with the exception of I[FNY.
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Figure 3.2. Expression of Birc family genes in islets and beta cells. Expression of Birc1-6
analysed by gRT-PCR in mouse islets left untreated (A) or stimulated with TNF«
(200U/mL) for 4 h (B) and MIN6 cells left untreated (C) or stimulated with TNF«a
(200U/mL) for 4 h (D). Data represent mean * SEM from at least three independent
experiments. Expression of Birc3 in mouse islets (E) and MIN6 cells (F) stimulated with
TNFa (200U/mL) for 1-8 h analysed by qRT-PCR. Data represent mean * SEM from three
independent experiments. Expression of Birc3 in mouse islets (G) and MIN6 (H) either left
untreated or stimulated with TNFa (200U/mL), IL-18 (200U/mL), IFNy (200U/mL) or
TNFa + IL-1f + IFNy (200U /mL each) for 4 h, analysed by qRT-PCR. Data represent mean
* SEM from three independent experiments. Statistical comparisons were made by the
analysis of variance (ANOVA) with pair-wise multiple comparisons made using an
unpaired t-test or single unpaired t-test between two groups. All differences are
significant. (xp<0.05, xxp<0.01, xxxp<0.001 and x%*xp<0.0001).
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3.2.4 Cytokine-induced Birc3 is regulated by de novo transcription

TNFa and IL-1f3 can regulate gene expression via transcription or through post-
transcriptional modifications (Lentz et al., 1991; Vincenti et al., 1994). To test how
TNFa mediate changes in Birc3 expression, mouse islets and beta cells were
treated with the general transcription inhibitor, Actinomycin D (AcD) (Goldberg et
al,, 1962), prior to TNFa stimulation. The optimal dose of AcD on these cell types
were first determined by treating MIN6 cells with AcD in the range of 0.01 uM to
10 puM. Pre-treatment with AcD of 1 uM and 10 pM resulted in ~75% suppression
of TNFa-induced Birc3 expression in MING6 cells (Figure 3.3A). Similarly, treatment
of 1 uM AcD resulted in ~85% suppression of TNFa-induced Birc3 expression in
mouse islets (Figure 3.3B). Like TNFa stimulation, pre-treatment of 1uM AcD on
MING6 cells and mouse islets also prevented IL-1B-induced Birc3 expression by
>90% (Figure 3.3C and Figure 3.3D). These data demonstrated that cytokines such
as TNFa and IL-1f regulate Birc3 expression through de novo gene transcription in

primary islets and beta cells.
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Figure 3.3 Birc3 expression is regulated by de novo transcription in mouse islets and beta
cells. (A) MING6 cells were either left untreated, treated with DMSO or with 0.01-10 pM of
AcD 1 h prior to TNFa (200 U/mL) stimulation for 4 h. Birc3 expression was measured by
gRT-PCR. Data is expressed as mean * SEM for 3 independent experiments. (B): Mouse
islets were either left untreated or treated with 1 uM of AcD 1 h prior to TNFa (200 U/mL)
stimulation for 4 h. Birc3 expression was measured by qRT-PCR. Data is expressed as
mean + SEM for 3 independent experiments. MIN6 cells (C) or mouse islets (D) were
either left untreated or treated with 1 uM AcD 1 h prior to IL-1f (200 U/mL) stimulation
for 4 h. Birc3 expression was measured by qRT-PCR. Data is expressed as mean + SEM for
3 independent experiments. All differences are significant. Statistical comparisons were
made by single unpaired t-test between two groups. (xp<0.05. xxp<0.01, %x%p<0.001 and

*x%kxp<0.0001).
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3.2.5 The Birc3 promoter has cytokine responsive elements

The 5’-untranslated region (5'-UTR) of the Birc3 promoter sequence was obtained
from the GenBank database (Benson et al, 2011) and examined for putative
transcription factor binding sites that are responsive to TNFa using the PROMO
3.0 software (Farre et al., 2003; Messeguer et al., 2002). Within the 5-UTR of the
Birc3 proximal promoter, three putative consensus NF-kB-binding sites and a
TATA-like box with the sequence "TTTAAA" were identified (Figure 3.4). In
addition, potential AP-1, Signal Transducers and Activators of Transcription 1
(STAT-1) and protein 53 (p53) putative binding sites were also identified (Figure
3.4). Thus, the Birc3 proximal promoter harboured a region rich in putative

transcription factor binding sites that are responsive to cytokines.

The region marked by the arrows “forward primer” and “reverse primer” was
cloned into the pGL3-basic vector luciferase reporter and its cytokine-
responsiveness was studied (Figure 3.4A). To clone the Birc3 reporter, primers
that span this Birc3 promoter region amplified a PCR product that was 305 bp long
from mouse gDNA (Figure 3.5A-lane 3). This product was subsequently ligated into
the TOPO-TA cloning vector and sub-cloned into the pGL3 luciferase reporter. The
final product of 395 bp was verified by adding restriction enzymes that recognise
the sequences of Kpnl and Xhol sites in the Birc3 reporter (Figure 3.5B- Lane3)
and by gene sequencing. The cloned Birc3 promoter controls the expression of the

luciferase reporter.

To test the effects of cytokines on the Birc3 reporter, MIN6 cells were transfected
with the Birc3 reporter and stimulated with different combinations of cytokines.
The Birc3 reporter showed kinetics reminiscent of the expression of endogenous
Birc3. Like its endogenous gene expression (seen in Figure 3.2), the Birc3 reporter
showed ~2-fold increase with TNFa, was more strongly activated by IL-1f (4-fold)
and IFNy alone did not induce any reporter activity (Figure 3.5C). The cytokine
cocktail of TNFa + IL-1f + IFNy showed a strong additive effect (6.5-fold). Further,
the Birc3 reporter was induced at 4 h and sustained up to 8 h (Figure 3.5D). These
results indicated that the Birc3 proximal promoter contained cytokine

responsiveness elements that direct Birc3 gene expression.
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Figure 3.4. Analysis of the 5-UTR of Birc3 for putative transcription elements using
PROMO3.0. (A) A condensed version of the Birc3 proximal promoter shown in (B). The
“forward primer” and “reverse primer” indicate the cloned region for promoter analysis.
Putative NF-kB (red circles #1, #2 and #3), TATA-like box (black rectangle), AP-1 (green
circle), STAT1b and STAT4 (blue circles) and p53 (yellow circle) binding sites are shown.
Bold arrow marks the Birc3 transcription start site. (B) A diagram depicting the sequence
of Birc3 proximal promoter ~500 bp upstream of the Birc3 transcription start site (black
arrow with "START" label). The putative transcription factor binding sites that were
identified using PROMO3.0 are shown as follows: p53 (yellow box), STAT1b/4 (blue), AP-1
(green) and NF-xB (red).
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Figure 3.5. The Birc3 5’-UTR has cytokine responsive elements. (A) 100 bp ladder (Lanel),
no template control (Lane2) and the 305 bp Birc3 promoter fragment obtained by PCR
(Lane 3). (B) High molecular mass ladder (Lanel), TOPO vector ligated to the Birc3
promoter following Kpnl (Lane 2) or Xhol (Lane 3) single cuts, the 305 bp Birc3 promoter
fragment released from TOPO vector following Kpnl and Xhol digest (Lane 4- bottom
band) and low DNA mass ladder (Lane 5). (C) Induction of the Birc3 reporter in MING6 cells
by TNFa, IL-1f, IFNy or TNFa + IL-1f + IFNy analysed by luciferase reporter assay. RLA,
relative luciferase activity. Data represent mean * SEM from three independent
experiments. (D) Induction of the Birc3 reporter in MIN6 cells by TNFa + IL-18 + IFNy for
4-8 h, analysed by luciferase reporter assay. RLA, relative luciferase activity. Data
represent mean = SEM from three independent experiments. Data represent mean = SEM
from three independent experiments. Statistical comparisons were made by single
unpaired t-test between two groups. All differences are significant. (x%xp<0.01,
*xkP<0.001 and %xxxp=<0.0001); Relative luciferase activity (RLA)
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3.2.6 NF-kB signalling is necessary for TNF-induced Birc3 expression

TNFa activates the JNK, p38 and NF-kB signalling pathways (Figure 3.6A) (Hsu et
al., 1995; Yuasa et al., 1998). To determine the molecular mechanisms that drive
Birc3 transcription, MIN6 cells were either left untreated or pre-treated with the
pharmacological inhibitors SP600125 (50 uM), SB203580 (20 uM) or PDTC (50
uM) to selectively target the JNK, p38 or NF-kB pathways respectively, prior to
TNFa stimulation. The effectiveness of each inhibitor in blocking activation of JNK
and p38 were assessed by Western blot analysis; the effective concentration of 50
MM PDTC was previously determined in our laboratory (Liuwantara et al., 2006).
Birc3 levels were measured by qRT-PCR. TNFa stimulation led to JNK activation
and increased phosphorylation of JNK1 (46 kDa) and JNK2 (54 kDa) (Figure 3.6B).
SP600125 of =50 puM significantly suppressed TNFa-induced JNK activation in
MING6 cells (Figure 3.6B). Similarly, TNFa stimulation led to the phosphorylation
and activation of the p38 signalling pathway (43 kDa) (Figure 3.6C) and this was
prevented by the treatment of =10 pM of SB203580 in MING6 cells (Figure 3.6C).

When TNFa-induced Birc3 levels were examined, neither SP600125 (Figure 3.6D)
nor SB203580 (Figure 3.6E) pre-treatment at their optimal concentrations
inhibited TNFa-induced Birc3 expression, demonstrating that TNFa stimulated
Birc3 was not regulated through the p38 or JNK pathways. In contrast, TNFa-
stimulated Birc3 expression was suppressed by ~90% (p<0.05) for MIN6 cells
(Figure 3.6F) and ~75% for mouse islets (p<0.05) (Figure 3.6G) when pre-treated
with PDTC. These data showed that NF-kB is necessary for TNFa-induced Birc3

expression.
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Figure 3.6 Analysis of signalling pathways involved in TNFa-induced expression of Birc3
using pharmacological inhibitors. (A) A schematic of signalling pathways activated by
TNFa. (B) Western blot analysis of the effects of 0-100 pM of SP600125 on JNK activation
measured by JNK phosphorylation in MIN6 cells following TNFa stimulation. Total JNK
levels were used as a loading control. Representative blots are shown. Duplicate
experiments in each case generated similar results. (C) Western blot analysis of the effects
of 0-50 UM of SB203580 on p38 activation determined by p38 phosphorylation in MIN6
cells following TNFa stimulation. Total p38 levels were used as a loading control.
Representative blots are shown. Duplicate experiments in each case generated similar
results. (D-F) Expression of Birc3 in MIN6 cells with TNFa, either left untreated or treated
with SP600125 (SP), SB203580 (SB) or PDTC. Data represent mean + SEM from three
independent experiments. (G) Expression of Birc3 in mouse islets stimulated with TNFa,
either left untreated or pre-treated with PDTC. Data represent mean * SEM from three
independent experiments. Statistical comparisons were made by single unpaired t-test
between two groups. All differences are significant. (xp<0.05).
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3.2.7 The effects of IxBa overexpression on Birc3 expression

IkBa, a natural inhibitor of NF-kB, binds to the cytoplasmic p65/NF-kB and
prevents the nuclear translocation and activation of p65/NF-kB (Beg et al., 1992;
Ganchi et al,, 1992; Kumar and Gelinas, 1993). The role of NF-kB in modulating
TNFa-induced Birc3 expression was further tested by the overexpression of IkBa.
MING6 cells were transduced with recombinant adenovirus expressing either GFP
(rAD.GFP) or IkBoa (rAD.IkBa) prior to TNFa stimulation for 4 h and Birc3
expression was measured by qRT-PCR. The optimal ratio of viral particle to MIN6
cells (multiplicity of infection; MOI) was determined by flow cytometry analysis.
We achieved a maximum of =42% transduction efficiency with the MOI of 100:1
for MING6 cells (Figure 3.7A). In agreement with the data from Figure 3.6, TNFa-
induced Birc3 expression is regulated by the NF-kB pathway in beta cells; as
compared to non-infected cells (NI), TNFo-induced Birc3 expression was
suppressed in MIN6 cells expressing high levels of [kBa but not in GFP-expressing
cells (Figure 3.7B). Similar to TNFa-induced Birc3, IL-1p- and TNFa + IL-1p +
[FNy-induced Birc3 expression were also regulated by NF-kB (Figure 3.7C and
Figure 3.7D). Therefore in beta cells, inflammatory cytokine can activate NF-kB

signalling and induce Birc3 transcription.
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Figure 3.7. Examining the role of NF-kB signalling in TNFa-induced Birc3 expression by
overexpression of [kBa. (A) Flow cytometry analysis of transduction efficiency of rAD.GFP
with the MOI of between 25:1 to 200:1 in MIN6 cells. Representative histograms are
shown. Duplicate experiments in each case generated similar results. The x-axis shows
GFP expression and y-axis represents total cell numbers. (B-D): Expression of Birc3 in
non-infected (NI) MING6 cells or cells transduced with rAD.GFP or rAD.IkBa prior to TNFa
or IL-1f or TNFa+IL-18+ IFNy stimulation. Data represent mean * SEM from three
independent experiments. Statistical comparisons were made by single unpaired t-test
between two groups. All differences are significant. (xxp<0.01, sxx p<0.001 and sk
p<0.0001).
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3.2.8 NF-kB is sufficient to drive de novo Birc3 expression

To determine whether NF-kB was sufficient to drive de novo Birc3 expression,
MING6 cells were transfected with the Birc3 reporter and a RelA/p65 expression
vector. The Birc3 reporter showed 2-fold (p<0.001) increase in luciferase activity
(Figure 3.8A), demonstrating that NF-xB is sufficient to drive Birc3 transcription.
Conversely, MIN6 cells transfected with Birc3 reporter and an /kBa expression
construct showed 10-fold (p<0.05) reduction in reporter activity compared to EV-
transfected cells, when stimulated by a cytokine cocktail containing TNFa + IL-1
+ IFNy (Figure 3.8B). These results demonstrated that NF-kB is required for the
activation of Birc3 transcription by direct and positive interaction with its

promoter.

To determine whether RelA/p65 was sufficient to drive endogenous Birc3 gene
expression, another beta cell line, B-TC3 cells, were transfected with the RelA/p65
expression vector and Birc family gene expression was determined by qRT-PCR.
This experiment was performed on B-TCz cells because the conditions for
transfection of p65 were previously optimised in these cells (Liuwantara et al,,
2006). Similar to TNFa-stimulated Birc3 expression in mouse islets and MING6 cells
(Figure 3.2B and Figure 3.2D), Birc3 was selectively induced by overexpression of
p65 (~6-fold, p<0.05) when compared to other BIRC family members (Figure 3.8C).
Together, these data allowed us to conclude that NF-«kB is both necessary and

sufficient to drive de novo transcription of Birc3.
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Figure 3.8. NF-kB is sufficient to drive de novo Birc3 expression. (A) Induction of the Birc3
reporter in MIN6 by 0.6 pg EV (white bars) or 0.6 ug RelA/p65 (blue bars) analysed by
luciferase reporter assay. RLA, relative luciferase activity. Data represent mean * SEM
from three independent experiments. (B) Birc3 reporter activity in MIN6 transfected with
0.3 pg EV or 0.3 pg IkBa, in the absence (white bars) or presence of TNFa + IL-1f + IFNy
(triple cytokine; 200U/mL each; green bars) analysed by luciferase reporter assay. RLA,
relative luciferase activity. Data represent mean * SEM from three independent
experiments. (C) Induction of endogenous Birc1-6 mRNA in (-TCs by RelA/p65. Data
represent mean * SEM from three independent experiments. Statistical comparisons were
made by single unpaired t-test between two groups. All differences are significant.
(kp<0.05 and %xxp=<0.001).

85



3.2.9 Specific expression of BIRC3 is not unique to pancreatic islets and
MING cells
Our data so far demonstrated that TNFa induces islets and beta cells to specifically
up-regulate Birc3 but not the other Birc genes. Some reports have shown that
TNFa can also induce the other Birc members, Xiap and Birc2, in a number of cell
types including endothelial cells (Stehlik et al, 1998; Wang et al, 1998). We
therefore wondered whether this selective induction of Birc3 is a phenomenon
unique to pancreatic islets and beta cells. To test this, Birc family gene expression
was measured in NIH3T3 mouse embryonic fibroblast cells and 2F2B endothelial
cells, following TNFa stimulation. Like islets and beta cells, TNFa stimulated
NIH3T3 and 2F2B cells also displayed selective induction of Birc3 (5-fold;
p<0.0001; Figure 3.9A and 3-fold; p<0.05; Figure 3.9B respectively). These results
showed that selective regulation of TNFa-induced Birc3 is not limited to islets and

beta cells.

Figure 3.9 Expression of BIRC family genes in NIH-3T3 and 2F2B cells. Expression of
Birc1-6 in NIH-3T3 cells (A) or 2F2B cells (B) either left untreated or stimulated with
TNFa (200 U/ml) for 4 h were measured by qRT-PCR. Data is expressed as mean * SEM
for 3 independent experiments. All differences are significant. Statistical comparisons
were made by analysis of variance (ANOVA) with pair-wise multiple comparisons made
using an unpaired t-test. (xp<0.05 and xx%xxp<0.0001).
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3.2.10 The role of HDACs in the regulation of BIRC family gene expression

Alterations in histone modifications can enhance or repress gene expression by
modulating the accessibility of promoters to the transcription machinery (Berger,
2002; Cheung et al., 2000b; Eberhardy et al., 2000; Lomvardas and Thanos, 2002;
Struhl, 2001). We questioned whether epigenetic changes may be contributing to
the specific expression of BIRC family genes in beta cells, either by enhancing Birc3

expression or by repressing the expression of the other Birc family genes.

A pilot experiment was carried out to test if HDACs modulate BIRC family gene
expression in beta cells. BIRC family gene expression levels were analysed by qRT-
PCR in MING6 cells treated with the histone deacetylase inhibitor, trichostatin A
(TSA), prior to stimulation with TNFa. Interestingly, TSA treatment resulted in 4-
6-fold increase in basal and TNFa-induced Bircla levels compared to untreated
cells (Figure 3.10A). Like Bircla, 25 ng/mL of TSA modestly increased basal and
TNFa-induced Birc1b and Birc4 (~2-folds) (Figure 3.10B and Figure 3.10D), while
Birc2, Birc5 and Bircé6 levels remained unaffected (Figure 3.10C, Figure 3.10E and
Figure 3.10F). Thus HDACs may repress Bircla, Birc1b and Birc4 transcription in
beta cells, by rendering the promoters of these genes inaccessible to the

transcription machineries. Although more work is required to confirm this.

Additionally, TSA treatment also led to a marginal increase in basal Birc3
expression but suppressed TNFa-induced Birc3 expression by =50% (Figure
3.10G). These data suggested that HDACs may modulate Birc3 expression in beta
cells. As we have shown that TNFa-mediated Birc3 is regulated by NF-kB signalling,
we wondered whether HDACs play a role in the regulation of TNFa-induced NF-xB
signalling. To test this, the effects of TSA on the expression of NF-kB-regulated
genes, Ccl2 and A20, were analysed by qRT-PCR. In support of our findings with
Birc3, our trial experiment also showed that TNFa-mediated Ccl2 and A20
expression were suppressed by 250% and 25% respectively, with TSA-treatment
(Figure 3.11A and Figure 3.11B). These findings collectively hinted that in addition
to repressing Bircla, Birclb and Birc4 expression, HDACs may also modulate NF-

kB-regulated gene transcription in beta cells.
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Indeed, it has been demonstrated that HDACs can modulate NF-kB signalling by
interfering with the recruitment of RNA polymerase II (Furumai et al., 2011).
Furthermore, it has been reported that NF-kB activation is also regulated by
p65/RelA’s interaction with HDAC corepressor proteins (Ashburner et al., 2001). A
study found TSA treatment inhibits HDAC activity, induces increase in basal and
TNFa-induced activation of a NF-kB-dependent reporter and the expression of the
NF-kB-regulated gene IL8 (Ashburner et al, 2001). Collectively, these findings
supported the idea that HDACs may modulate NF-kB signalling in beta cells (Figure
3.10G and Figure 3.11A-B). This role of HDACs has been previously elucidated in
beta cells. HDAC inhibition is associated with down-regulation of NF-kB
transactivation, resulting in better beta cell survival and function in the presence
of cytokine stimulation (Larsen et al.,, 2007b). Additionally, these findings also
supported the idea that NF-kB is a key regulator of TNFa-mediated Birc3

expression in beta cells.
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Figure 3.10 Effects of TSA on unstimulated and TNF-induced BIRC family gene expression
in MING6 cells. (A-G) The effects of 0-50 ng/mL of TSA on BIRC family gene expression in
MIN6 with or without TNFa (200U/mL) stimulation for 4 h. Data represent mean + SEM
from two independent experiments.
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Figure 3.11. Effects of TSA on NF-kB-regulated gene expression in MIN6 cells. The effects
of 0-50 ng/mL of TSA on Ccl2 (A) and A20 (B) in MIN6 with or without TNFa (200U/mL)
stimulation for 4h. Data represent one experiment.
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3.2.11 Induction of Birc3 with TNFa-stimulated anti-apoptotic and
inflammatory genes

The precise biological role of BIRC3 in pancreatic beta cells is not well defined.
Accumulating evidences show that BIRC3 participates in diverse roles including
regulation of apoptosis, as ubiquitin ligases, modulators of signal transduction,
immune regulation, cell cycle regulation and embryogenesis. Of note, many of
these processes involves the TNFa-mediated NF-kB signalling pathway (Bertrand
etal,, 2009; Bertrand et al., 2011; Bertrand et al,, 2008; Chu et al., 1997; Chua et al,,
2007; Gardam et al.; Gill et al.,, 2009; Hu and Yang, 2003; Huang et al., 2000; Jin and
Lee, 2006; Mahoney et al., 2008; Park et al., 2004; Rothe et al., 1995; Shafey et al,,
2006; Shu et al., 1996; Varfolomeev et al., 2007; Varfolomeev et al., 2008; Vince et
al, 2007; Wang et al., 1998; Zhao et al., 2011a).

Beta cells are known to express a range of inflammatory and survival genes in
response to cytokine stimulation. We examined the expression levels of a few
known NF-kB-induced candidate genes in this study. A20 represents a cytokine-
induced early immediate response gene that has been previously shown to protect
beta cells from cytokine-dependent apoptosis (Grey et al., 1999; Liuwantara et al,,
2006). The inflammatory genes Ccl2, Icam-1 and Cxcl10 are examples of some of
the most highly expressed cytokine-induced early immediate response genes in
islet cells (unpublished data) that can contribute to beta cell inflammation and
apoptosis (Bradley et al., 1999; Camacho et al., 2001; Campbell et al., 1989; Chen et
al., 2001; Frigerio et al., 2002; Martin et al., 2008; Prieto et al., 1992; Roep et al,;
Schulthess et al., 2009; Shigihara et al., 2006; Uno et al.).

To test this, mouse islets and MING6 cells were pre-treated with the NF-kB inhibitor
(PDTC) prior to stimulation with TNFa. Gene expression was measured by qRT-
PCR. We found TNFa stimulation led to increase of A20 (2.5-fold, p<0.001), Ccl2 (3-
fold, p<0.001), Cxcl10 (4-fold, p<0.01) and Icam-1 (4-fold, p<0.0001) in mouse
islets (Figure 3.12A). Additionally, inhibition of NF-xB activation prevented
induction of these genes by TNFa (Figure 3.12A). Thus, NF-«xB signalling regulates

the expression of TNFa-induced pro-survival and inflammatory genes in beta cells.
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Similar to mouse islets, TNFa stimulation also resulted in the increase of A20 (5-
fold, p=<0.05), Ccl2 (60-fold, p<0.0001), Cxcl10 (20-fold, p<0.01) and Icam-1 (60-
fold, p<0.0001) expression in MIN6 cells, at higher levels than mouse islets.
Furthermore, TNFa induction of these genes was also suppressed by PDTC (Figure
3.12B). Collectively, our data implied a model whereby TNFa activated NF-kB,
which subsequently induced increase expression of a range of survival and pro-

inflammatory genes including Birc3, in islets and beta cells (Figure 3.13).

Figure 3.12. Induction of anti-apoptotic and inflammatory genes by TNFa in mouse islets
and MING6 cells. Expression of A20, Ccl2, Cxcl10 and Icam-1 in mouse islets (A) and MIN6
cells (B) either left untreated or pretreated with PDTC and stimulated with TNFa. Data
represent mean = SEM from three independent experiments. Statistical comparisons were
made by single unpaired t-test between two groups. All differences are significant.
(kp<0.05, %%p=<0.01, kxx p<0.001 and sxxkx* p<0.0001).
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Figure 3.13. A proposed model of TNFa-mediated NF-kB signalling in pancreatic beta cells.
TNFa secreted by T cells, dendritic cells and macrophages surrounding the islets stimulate
TNFR signalling in beta cells within the islets. Activation of the TNF signalling cascade
leads to NF-kB transcription, which is responsible for mediating the expression of genes
involved in cell survival, inflammation, immune cell recruitment as well as Birc3, which
role is not fully known in pancreatic beta cells.
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3.2.12 Increased BIRC3 regulates NF-kB signalling in beta cells

Since BIRC3 is thought to play a major role in TNFa-mediated NF-kB signalling, we
wondered if increased BIRC3 can feedback on TNFa-mediated NF-kB signalling in
beta cells. To facilitate over-expression, the 1800 bp coding sequence of Birc3
(NM_007464.3) was generated by gradient PCR using IL-13-stimulated mouse islet
cDNA as a template. The size of this product was confirmed on a 0.6% agarose gel
(Figure 3.14A). To generate the Birc3 expression vector, the resultant PCR product
was subcloned into the pIRES2-eGFP vector and the sequence of Birc3 was verified
by gene sequencing. Subsequently, MIN6 cells were transfected with either the
pIRES2-eGFP control vector (EV) or 0.3-0.6 pg of pIRES2-eGFP-Birc3 (eGFP-Birc3).
The transfection efficiency of this vector was determined via flow cytometry
analysis. Our analysis showed no GFP expression was detected in non-transfected
MING6 cells while the EV and eGFP-Birc3 plasmids were expressed at 10.6% and
6.5% of total transfected MING6 cells, respectively (Figure 3.14B). At this level of
transfection efficiency, eGFP-Birc3-transfected MIN6 expressed Birc3 in a range
similar to TNFa-stimulated MIN6 cells (~10 to 12-fold, p<0.05 and p<0.001)
(Figure 3.14C).

To test the effects of increased BIRC3 on NF-kB signalling, MIN6 cells were
transfected with a luciferase reporter containing two tandem NF-xB responsive
elements (NF-kB.Luc) plus either 0.6 pg of EV or 0.1-0.6 pg of eGFP-Birc3. Birc3-
transfected MIN6 cells showed dose-dependent increase in NF-kB activation. The
NF-kB-dependent reporter was induced by 2.5-fold (p<0.05) in the presence of 0.6
pg of eGFP-Birc3 (Figure 3.14D). When combined with TNFa stimulation, 0.6 pg
eGFP-Birc3 showed further increase in NF-kB reporter activity, from 3.4-fold with
TNFa alone to 7-fold with eGFP-Birc3 in MING6 cells (Figure 3.14D). Thus, increased
BIRC3 alone can induce NF-kB signalling and further enhance NF-kB signalling in

the presence of TNFa.
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3.2.13 Increased BIRC3 also activates the native NF-kB-driven A20
promoter
To elucidate how BIRC3 would modulate a native NF-kB promoter, the activity of
Birc3 on the NF-kB-driven A20-reporter (Liuwantara et al., 2006) was examined. 3-
TC3 cells were transfected with 2 pg of A20.Luc and with either 0.25 pg of EV or
eGFP-Birc3. Experiments were performed on 3-TCz cells here because transfection
of A20-reporter was previously optimised in our laboratory on this cell line
(Liuwantara et al., 2006). We found eGFP-Birc3 increased the A20 reporter by ~4-
fold (p=<0.01) (Figure 3.14E). Additionally, the AZ0-reporter activity was increased
from 7-fold (p<0.001) for TNFa alone to 9.5-fold with TNFa plus eGFP-Birc3
(Figure 3.14E), demonstrating that increased BIRC3 levels were sufficient to drive

NF-xB activity and enhance TNFa-induced NF-kB signalling.
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Figure 3.14. Increased BIRC3 regulates NF-kB signalling in MIN6 cells. (A) The 1800 bp
PCR product of the coding sequence of mouse BIRC3. (B) Transfection efficiency analysed
by flow cytometry was determined by the percentage of GFP in non-transfected MIN6 cells,
or cells transfected with either 2 pg EV or eGFP-Birc3 for 24 h. Representative plots of
triplicate experiments show similar percentages. (C) Endogenous expression of Birc3 for
MING6 cells transfected with 0.6 pug EV for 16 h in the presence or absence of TNFa (200
U/ml) for 4 h and MIN6 cells transfected with 0.3-0.6 ug eGFP-Birc3 for 16 h. Data
represent mean * SEM from six independent experiments. (D) Induction of the NF-«xB
reporter in MIN6 cells transfected with either 0.1-0.6 pg of EV or eGFP-Birc3 for 16 h, in
the absence or presence of TNFa (200 U/ml) for 8 h. Data represent mean + SEM from
three independent experiments. (E) Induction of the A20 reporter in [B-TCz cells
transfected with either 0.3 pg of EV or eGFP-Birc3, in the absence or presence of TNFa
(200 U/ml). Data represent mean * SEM from four independent experiments. Statistical
comparisons were made by single unpaired t-test between two groups. All differences are
significant. (xp<0.05, xxp<0.01 and %xxp=<0.001).
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3.2.14 Increased BIRC3 also regulates NF-kB signalling in NIH-3T3 cells

Since Birc3 expression is also increased in TNFa-stimulated NIH-3T3 cells, we
examined whether increased BIRC3 also modulated NF-«kB signalling in these cells.
NIH-3T3 cells were transfected with either 1 pg of EV or eGFP-Birc3 and
stimulated with TNFa. We found eGFP-Birc3 expression increased endogenous
Birc3 expression in NIH-3T3 cells by 46-fold (p<0.001) (Figure 3.15A). The
addition of TNFa further increased Birc3 to 60-fold (p<0.01) compared to EV-
transfected cells (Figure 3.15A). Similar to MING6 cells, BIRC3 alone also activated
the NF-xB reporter by 3-fold (p<0.001), demonstrating that BIRC3 was sufficient
to activate NF-kB signalling (Figure 3.15B). In the presence of TNFa, the addition
of BIRC3 slightly increased NF-kB reporter activity from 3.9-fold with TNFa alone
to 4.7-fold in the presence of high levels of BIRC3 (Figure 3.15B). Collectively,
these results indicated that BIRC3 positively increased TNFo-mediated NF-xB

signalling in mouse embryonic fibroblast cells just as it did in pancreatic beta cells.

3.2.15 Increased BIRC3 can enhance expression of select NF-kB-target gene

We predicted that BIRC3 would trigger activation of NF-kB and induce the
transcription of endogenous NF-kB-target genes. In MIN6 cells, NF-kB-target gene
levels remained unaffected with elevated Birc3, which may be a result from the
poor transfection efficiency of eGFP-Birc3 in MIN6 cells (6.5%) (Figure 3.14B).
Therefore, we tested this on NIH-3T3 cells where eGFP-Birc3 resulted in higher
expression of Birc3. Unlike MIN6 cells, increased BIRC3 resulted in a 2-fold
(p<0.05) increase in Cxcl10 expression (Figure 3.15E) but did not affect resting
levels of A20, Ccl2 and Icam-1 (Figure 3.15C, Figure 3.15D and Figure 3.15F
respectively). These data implied that some NF-kB-regulated genes were more
sensitive to increased BIRC3 levels than others in the absence of TNFo. In addition,
we found that TNFa-induced NF-kB-regulated genes also tended to increase with
high levels of BIRC3 (Figure 3.15C-E), with the exception of Icam-1 (Figure 3.15E).
TNFa-induced A20 increased from 10-fold to 13-fold, Ccl2 from 11-fold to 15-fold
and Cxcl10 from 30-fold to 44-fold with TNFa alone and TNFo with eGFP-Birc3,
respectively. Therefore, increasing BIRC3 in beta cells may selectively enhance

basal Cxcl10 and TNFa-induced A20, Ccl2 and Cxcl10 expression.
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Figure 3.15 Increased BIRC3 regulated NF-kB signalling in NIH-3T3 cells. (A) Expression
of Birc3 by NIH-3T3 cells transfected with EV or 1 pg of eGFP-Birc3 in the presence or
absence of TNFa. Data represent mean * SEM from three independent experiments. (B)
Induction of the NF-kB reporter by NIH-3T3 cells transfected with either EV or eGFP-Birc3,
in the absence or presence of TNFa. Data represent mean * SEM from three independent
experiments. (C-D) Induction of A20, Ccl2, Cxcl10 and Icam-1 in NIH-3T3 cells transfected
with either EV or 1 pg of eGFP-Birc3, in the presence or absence of TNFa. Data represent
mean = SEM from three independent experiments. Statistical comparisons were made by
single unpaired t-test between two groups. All differences are significant. (xp<0.05,
*xP<0.01 and %xxp<0.001).
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3.2.16 Increased TRAF2 can activate NF-kB signalling in MIN6 cells

As BIRC3 can associate and cooperate with the upstream TNFR signalling protein,
TRAF2 (Rothe et al., 1995; Zheng et al., 2010), we proposed that increasing TRAF2
levels should also positively influence TNFa-mediated NF-kB signalling like BIRC3.
Therefore, NF-kB reporter activation was studied in MIN6 cells transfected with
either 0.9 pg of EV or Traf2. TrafZ-transfected MIN6 cells displayed 10-fold
(p<0.0001) increase in NF-kB activation, thus agreeing with the idea that TRAF?2 is
sufficient to drive NF-kB signalling in beta cells (Figure 3.16). Further, high levels
of TRAF2 also potentiated activation of the TNFa-mediated NF-kB signalling
pathway from 2.4-fold with TNFa alone to 14-fold (p<0.001) in the presence of
high levels TRAF2 (Figure 3.16). These observations illustrated that similar to
BIRC3, TRAF2 can also induce NF-xB activation and can further enhance TNFa-

mediated NF-kB signalling in beta cells.

Figure 3.16. Increased TRAF2 regulated NF-kB signalling in MIN6 cells. Induction of the
NF-xB reporter in MIN6 cells transfected with either EV or the TRAF2 expression vector
for 16 h, in the absence or presence of TNFa for 8 h. Data represent mean + SEM from
three independent experiments. Statistical comparisons were made by single unpaired t-
test between two groups. All differences are significant. (xxp<0.01, %xp<0.001 and ssxxk*
p<0.0001).
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3.2.17 TRAF2 enhanced the expression of select TNFa-induced NF-kB-target
gene
So far, our data showed that in beta cells, BIRC3 can induce NF-xB activation and
drive the expression of selected NF-kB-target genes. In addition, over expression of
BIRC3 also enhanced TNFa-mediated NF-kB signalling and increased the
expression of TNFa-induce NF-kB-target genes. This led us to question whether
TRAF2 was also able to induce expression of NF-kB-target genes. NIH-3T3 cells
were transfected with either 0.9 pg of EV or Traf2 and the expression of
downstream NF-kB-target genes were examined by qRT-PCR. We found increasing
TRAF2 had no effect on the induction of basal NF-kB-target genes (Figure 3.17A-E).
Similar to having high levels of BIRC3, TNFa-induced levels of A20, Ccl2 and Cxcl10
also showed trends to increase with more TRAF2 (Figure 3.17B-D). Different to
BIRC3, TNFa-induced Icam-1 levels were significantly higher than TNFa
stimulated EV-transfected cells with Traf2 (Figure 3.17E). These results indicated
that although TRAF2 can activate NF-kB signalling, it is not sufficient to induce
basal transcription of NF-kB-target genes by itself. In contrast, TRAF2 in the
presence of TNFa can positively influence TNFa-induce gene expression such as

Icam-1.
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Figure 3.17 Increased TRAF2 on NF-kB-target gene expression in NIH-3T3 cells. (A-E)
NIH-3T3 cells were transfected with either 0.9 g of EV or TrafZ and expression of NF-«xB-
target genes Birc3, A20, Ccl2, Cxcl10 and Icam-1 were analysed by qRT-PCR. Data represent
mean = SEM from three independent experiments. Statistical comparisons were made by
single unpaired t-test between two groups. All differences are significant. (xp<0.05)
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3.3 Discussion

3.3.1 TNFa induces the expression of survival and inflammatory genes in

beta cells

Apoptosis is a main form of beta cell death in T1D (Cnop et al., 2005; Mathis et al.,
2001). The process of apoptosis is highly regulated and is determined by the
balance between the expression and synthesis of apoptotic and anti-apoptotic
genes and proteins (Figure 3.1) (Bach et al,, 1997). Under conditions of stress, the
beta cells react to their environment by expressing survival genes to counteract
the detrimental effects that may cause cellular damage and apoptosis (Laybutt et
al, 2002). Furthermore, cytokine-exposed beta cells are found to modify the
expression of several genes involved in regulation of cell survival and apoptosis
(Cardozo et al., 2001b; Cardozo et al., 2003; Eizirik et al.,, 2012). Indeed, this study
found that TNFa-mediated NF-kB signalling in islets and beta cells regulates the
expression of pro-survival gene (A20) as well as inflammatory genes (Ccl2, Cxcl10
and Icam-1). Of interest, cytokine-stimulated islets and beta cells also specifically
induce Birc3 but not other members of its family. As BIRC3 has been implicated in
apoptosis regulation and signal transduction pathways, which led to our interest to

determine its function in this study.

3.3.2 Differential expression of BIRC members in response to TNFa

BIRC family genes show distinct patterns of expression amongst different cell
types. Similar to our observations, human Jurkat T cells can induce BIRC3 but not
BIRC2 following exposure to TNFa (Chu et al, 1997). Different to our data,
fibroblast and endothelial cells such as human endothelial cell line (ECV 304),
fibrosarcoma cells (HT1080), multiple myeloma and HeLa cells showed increase in
both BIRC2Z and BIRC3 with TNFa stimulation (Furusu et al., 2001; Furusu et al,,
2007; Mitsiades et al.,, 2002; Wang et al., 1998). Furthermore, BIRC4 was also
reported to increase transiently with TNFa stimulation in human eosinophillic
acute myeloid leukaemia cells (AML14) (Qin et al, 2007), while primary cell

cultures of human umbilical vein endothelial cells (HUVECs) and human skin
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microvascular endothelial cells (HSMECs) showed simultaneous increase in BIRCZ,
BIRC3 and BIRC4 (Stehlik et al.,, 1998). In contrast, rat mesangial cells did not
express Birc2 and showed no changes in expression of Birc2, Birc4 and Birc5 with
TNFa stimulation (Furusu et al., 2001). Our analysis of BIRC family genes in mouse
embryonic fibroblast cells (NIH-3T3) and mouse endothelial cells (2F2B)
suggested that this specificity of Birc3 induction was not unique to beta cells.
These data collectively show a diverse spread of BIRC family gene expression
between different cell types and may reflect the different functions played by BIRC

proteins within different tissues.

3.3.3 BIRC3 is regulated by NF-xB signalling

NF-kB-binding sites present in the Birc3 promoter are responsible for up-
regulation of Birc3 transcripts in beta cells upon exposure to TNFa and IL-1f.
Consistent with data from Jurkat T cells, the Birc3 promoter is highly responsive to
NF-kB activation in pancreatic beta cells (Chu et al., 1997; Mahoney et al., 2008).
The Birc3 proximal promoter contained a region that has three putative NF-xB
binding sites and was responsive to cytokines including TNFa, IL-1p and a
combination of cytokines consisting of TNFa + IL-1p + IFNy. In MIN6 cells, the
Birc3 reporter was activated by p65 overexpression and was partially blocked by
co-expression with the NF-kB inhibitor, I[kBa. This demonstrated that NF-kB is
sufficient and required for Birc3 reporter activation in MIN6 cells. These data
agreed with the findings by Sarkar and colleagues (Sarkar et al., 2009), although
over-expression of IkBa did not inhibit cytokine-stimulated Birc3 reporter activity
as strongly as reported in their paper. It has been shown by electromobility shift
assay (EMSA) that two of the NF-kB elements within the Birc3 promoter (NF-kB#1
and NF-kB#3) can actively bind to the NF-«kB p50/p65 heterodimer complexes in
the presence of TNFa (Figure 3.5A) (Hong et al, 2000). As our cloned Birc3-
reporter only contained NF-kB#1 and NF-kB#2, and NF-kB#1 is actively involved
in Birc3 transcription (Hong et al., 2000), this may explain the partial inhibition of
the Birc3 reporter by IkBa in our experiment (Figure 3.8B). In agreement with our
promoter analysis, antagonizing NF-kB but not JNK or p38 pathways prevented

TNFa-induced Birc3 expression. Additionally, blockade of NF-kB activation by
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overexpression of I[kBa super-repressor also prevented TNFa-, IL-1p3- and TNFa +
IL-1p + IFNy-induced Birc3 expression. Together, these observations demonstrated

that NF-kB is the master regulator of BIRC3 in beta cells at the promoter level.

3.3.4 The NF-xB pathway has dual role in regulating survival and death
signals
The transcription factor NF-kB plays an important role in cytokine-dependent beta
cell apoptosis. In some cases, blocking NF-kB signalling in primary islets and beta
cell lines impedes cytokine-mediated apoptosis (Baker et al.,, 2001; Chang et al,,
2003; Giannoukakis et al., 2000; Heimberg et al., 2001) and results in prolonged
islet graft survival in transplantation (Ding et al, 2012). NF-xB mediates the
expression of multiple genes that contribute to beta cell destruction. In addition,
NF-kB can promote the invasion of mononuclear cells to the islets, generation of
beta cell toxins, impairment of beta cell function and cause beta cell apoptosis
(Amrani et al., 2000; Heimberg et al., 2001; Li and Mahato, 2008; Moriwaki et al.,
1999; Suarez-Pinzon et al, 1999) through the induction of genes such as Fas
(Darville and Eizirik, 2001), iNos (Kwon et al., 1995) and Cox-2 (Sorli et al., 1998).
Furthermore, our study confirmed that TNFa-induced inflammatory genes Ccl2,
Cxcl10 and Icam-1 are regulated by NF-kB signalling. Thus, blocking NF-kB may be

beneficial for beta cell survival in T1D.

Paradoxically, other NF-kB-regulated genes have been shown to inhibit apoptosis
in beta cells through the expression of c-Flip (Cottet et al., 2002) and A20 (Grey et
al., 1999; Liuwantara et al., 2006). Some studies found that NF-kB activation is in
fact required for islet cell survival (Chang et al., 2003; Sarkar et al., 2009; Thomas
etal., 2006; Yang et al., 2000a). Hence, targeting NF-kB may prevent the expression
of anti-apoptotic genes crucial for protecting beta cells from cytokine-mediated
apoptosis. Collectively, these data suggested in beta cells, TNFa activates NF-kB,
which plays a dual role in controlling the expression of anti-apoptotic and
inflammatory genes alongside with Birc3. Thus, the survival of the beta cells in the
presence of TNFa, may rely on the balance between anti-apoptotic and pro-

apoptotic signals controlled by NF-kB. NF-kB-regulated BIRC3 has been reported
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to protect glioma and multiple myeloma cells from TNFa-mediated apoptosis
(Mitsiades et al., 2002; Zhao et al, 2011a). When NF-kB activation is inhibited,
these cells succumb to TNFa-induced cell death because of the loss of Birc3
expression. Therefore NF-kB-induced BIRC3 may defend beta cells from TNFa-
mediated apoptosis. These data also suggests to us that examining the function of

BIRC3 may reveal the full biological significance of NF-kB signalling in beta cells.

3.3.5 BIRC3 functions in the NF-k B positive feed-back loop in beta cells

This study presents a novel role for BIRC3 and the molecular mechanisms of TNF
signalling in pancreatic beta cells. BIRC3 together with TRAF2, have been
identified as key components of the TNFa-mediated NF-kB activation pathway
(Rothe et al.,, 1995). Our data suggested that this is also true for beta cells since
ectopic expression of BIRC3 is sufficient to activate NF-kB in beta cells (Chu et al,,
1997). Further, increased BIRC3 can enhance NF-kB transcription in the presence
of TNFo. This study also found that over-expression of BIRC3 could sufficiently
induce the basal expression of the NF-kB-regulated gene, Cxcl10, and lead to subtle
increase in TNFa-induced A20, Cxcl10 and Ccl2 levels. Consistent with the
discoveries of BIRC3 as an anti-apoptotic gene (Chu et al., 1997; Sarkar et al., 2009;
Wang et al, 1998; Zhao et al, 2011a), our study showed that BIRC3 may also
provide subtle boosting of TNFa-mediated NF-kB signalling for added expression
of anti-apoptotic genes such as A20 to prevent islet inflammation and c-flip to
protect cells from TNFa-induced apoptosis that may help tip the balance towards

beta cell survival in the context of T1D.

However, BIRC3 may also promote beta cell inflammation by increasing levels of
NF-kB-inflammatory genes. It is important to note that cells do possess added
control on NF-kB signalling, by having inducible auto-regulatory pathways to
negatively feedback on NF-kB signalling. For example NF-kB can induce the
inhibitory IkB expression to shut down its own activation (Sun et al, 1993). In
islets, the anti-apoptotic gene, A20, can also act to block NF-kB activation (Daniel et
al,, 2004; Grey et al,, 1999; Jaattela et al., 1996; Liuwantara et al., 2006). Therefore,
while BIRC3 may participate in a positive-feedback loop to provide added signal
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for NF-xB under inflammatory stress, internal auto-regulatory networks are in
place to regulate the level of NF-kB activation. In conclusion, BIRC3 may function

as a positive regulator to fine-tune NF-kB activation in beta cells.

Furthermore, we found that increasing TRAF2 levels is sufficient to activate NF-xB
signalling and potentiate TNFa-mediated NF-kB signalling in beta cells. However,
over-expression of TRAF2 was insufficient to induce the expression of basal NF-xB
genes, but could significantly enhance TNFa-induced Icam-1 expression. A recent
study suggests that TRAF2 must bind to BIRC3 for TNFa-mediated NF-xB
signalling to proceed (Vince et al.,, 2009). In addition, biochemical analyses have
shown that molecules of TRAF2 and BIRC3 bind in the ratio of 3:1 in solution
(Zheng et al., 2010). These studies suggested that binding of BIRC3 to TRAF2 is
required to appropriately drive the expression of downstream NF-kB signalling
genes and that BIRC3 is a more potent inducer of TNFR signalling than TRAF2,
since it is the limiting molecule in the TRAF2-BIRC3 complex. Therefore in beta

cells, BIRC3 may bind to and work with TRAF2 to regulate TNFR signalling.
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3.4 Conclusion

In conclusion, this study reports a novel role for BIRC3 and a model for TNF-
induced NF-kB signalling in beta cells (Figure 3.18). In beta cells, TNFa induces
NF-kB activation in response to inflammatory stress. The activated NF-kB up-
regulates inflammatory genes including Ccl2, Cxcl10 and Icam-1, and pro-survival
genes like A20 and c-Flip, to prevent activation of TNFa-mediated caspase-8
apoptosis and allow negative feedback on NF-kB activation to dampen
inflammatory gene expression. In addition, NF-kB also induces Birc to fine-tune
NF-xB signalling and boost NF-kB signalling downstream of TNFa. This is the first
time such a role has been shown in beta cells. While BIRC3 alone is insufficient to
induce expression of all the endogenous NF-kB-target genes, its role may be to
associate with TRAF2 to allow NF-kB signalling to proceed and fine-tune TNFa-
mediated NF-kB signalling in beta cells. Collectively, these findings suggested an
important role for BIRC3 in T1D, where increased BIRC3 may contribute to
enhanced NF-kB signalling, crucial for fine-tuning the balance between

inflammatory and pro-survival genes that govern the beta cell’s decision for life or
death.
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Figure 3.18 A proposed model of TNF signalling in pancreatic beta cells. (1) In T1D,
lymphocytic infiltrates in the islets secrete TNFo. Beta cells respond to TNFa and activate
complex signalling networks to modify gene expression to cope with inflammatory stress.
(2) One such pathway is TNFa-mediated NF-kB activation. (3) NF-xB transcription leads
to increase expression of genes that control survival and inflammation as well as (4) Birc3,
which role is not well defined in beta cells. In this study we found that (5) elevated Birc3
positively regulates TNFa-activated NF-kB signalling in beta cells. (6) Other internal self-
regulatory networks are also in place to prevent over-activation of NF-kB signalling. NF-
kB can induce the expression of IkBa and AZ0 that can negatively feedback on NF-xB
signalling.
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4 Elucidating BIRC function in BIRC-knockout

mouse islets

4.1 Introduction

In chapter 3 we established that TNFa induces NF-kB activation in pancreatic beta
cells, which specifically drives the expression of the BIRC family gene, Birc3, but
not the other members of the BIRC family. In our quest to understand why Birc3 is
up-regulated in beta cells, we discovered that ectopic expression of BIRC3 can
induce NF-xB signalling and that BIRC3 actually participates in a feed-forward loop
to further enhance NF-xB signalling. These data implied a novel role for BIRC3 as a

positive regulator of TNFo-mediated NF-kB signalling in beta cells.

A flurry of work has implicated the importance of BIRC proteins as regulators of
the NF-kB signalling pathway downstream of TNFR1 (Bertrand et al, 2008;
Mahoney et al, 2008; Santoro et al, 2007; Varfolomeev et al., 2008). BIRC3
together with BIRC2 have been identified as key components of the TNF signalling
pathway, through their association with TRAF2 (Rothe et al, 1995). TNFa
mediates its actions through two distinct receptors TNFR1 and TNFR2, both of
which are expressed on virtually all cell types (Brockhaus et al., 1990; Hohmann et
al, 1989; Smith et al, 1990; Tartaglia et al, 1991). TNFR1 is predominantly
responsible for TNF signalling in most cell types. It is mediated by the sequential
formation of two complexes upon TNFR1 ligation (Micheau and Tschopp, 2003).
Complex I forms with the recruitment of TRADD protein, which subsequently
recruits TRAF2 and RIPK1 (Micheau and Tschopp, 2003). Within complex I, RIPK1
may be essential for activating the NF-kB pathway (Blonska et al., 2005; Devin et
al, 2000; Kelliher et al., 1998; Li et al., 2006; Ting et al., 1996) while TRAF2 is
required for activation of the JNK pathway (Habelhah et al., 2004; Lee et al., 1997;
Nishitoh et al., 1998; Reinhard et al., 1997). Although an early report suggest that
TRAF2 may also be responsible for regulating TNFo-mediated NF-kB and p38

activation (Carpentier et al, 1998). In addition, a secondary death complex,
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referred to as complex II, comprising of FADD and caspase-8, triggers a pro-
apoptotic cascade (Micheau and Tschopp, 2003). Normally, TNFa-stimulated cells
are protected from the pro-apoptotic force of complex II by the expression of NF-
kB-induced genes including A20 and c-FLIP that are regulated by complex I. A20
and c-FLIP prevent activation of caspase-8 possibly at the level of complex II
(Cottet et al., 2002; Daniel et al., 2004; Grey et al.,, 1999; Liuwantara et al., 2006).
Thus, TNFa triggers a co-ordinated and complex cellular program regulating cell

proliferation, inflammation and cell death.

BIRC proteins are thought to participate in TNFR signal transduction through
ubiquitination and activation of the TNFR signalling cascade via molecules such as
RIPK1 (Bertrand et al, 2011; Bertrand et al., 2008; Mahoney et al, 2008;
Varfolomeev et al., 2008). Ubiquitination of RIPK1 allows the recruitment of
downstream signalling complex proteins, which associates with and activates the
kinase complex consisting of TAK1/TAB2/TAB3 (Besse et al., 2007; Blonska et al,,
2005; Kanayama et al.,, 2004) and the IKK complex made up of NEMO/IKKa/IKKfB
(Li et al,, 1999; Solt et al., 2009; Zandi et al., 1997). IKKa and IKKp then directly
phosphorylate the NF-kB inhibitory protein IxB, which targets IkBa for
degradation (Beg et al., 1993; DiDonato et al., 1995; Zandi et al., 1997). This allows
the activation of TNFR1 and results in NF-kB-mediated expression of genes
important for inflammation such as Ccl2, Cxcl10, Icam-1 and cell survival such as
A20 and c-Flip as demonstrated in chapter 3. Hence BIRC proteins may play a
significant role as regulators of TNFa-mediated NF-kB signalling and cell survival.
This may be of relevance to pathological states such as in T1D, where NF-«xB is
important for regulating genes that modulate cell survival and inflammation. We
therefore questioned whether BIRC3 is an important component for NF-kB
signalling in beta cells. As this function of BIRC3 has never been examined in
primary mouse beta cells, the aim for this chapter is to elucidate a function for
BIRC proteins in pancreatic islets from BIRC-knockout mice and understand how

TNFa signals in this cell type.
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4.2 Results

4.2.1 BIRC3 is dispensable for gross beta cell function

Gain of BIRC3 expression positively regulated NF-kB signalling in beta cells. The
effect of BIRC3 loss-of-function on the beta cells has never been examined. Birc3-
/~mice were generated by targeting the Flippase Recognition Target (FRT) sites
that flanked exon 2 and exon 3 of Birc3 in the knock-in mice (WT) (Figure 4.1A) as
previously described (Gardam et al.). Flp recombinase acts by deleting Birc3 at the
region flanked by FRT sites through site-specific recombination (Schlake and Bode,
1994; Zhu and Sadowski, 1995). Whole body suppression of BIRC3 was achieved
by crossing WT mice with ACTIN-Flp transgenic mice (Figure 4.1B), leading to the

removal of Birc3’s transcription start site in exon 2.

To verify gene deletion, we examined Birc3 expression in Birc3/- islets. TNFa-
stimulated WT islets induced 9-fold increase of Birc3 (Figure 4.1C) while Birc3
mRNA was not detected in either non-stimulated or TNFa-stimulated Birc3+/- islets
(Figure 4.1C). Having established that Birc3 is not expressed in the islets of Birc3/-

mice, we next examined whether the loss of BIRC3 impacted on beta cell function.

Measurements of non-fasting blood glucose levels for 12-week old, male WT and
Birc37/- mice showed no significant differences. Both genotypes maintained non-
fasting blood sugar levels at an average of 6.7 mmol/L (Figure 4.1D). Thus, the
absence of BIRC3 in beta cells did not affect blood glucose homeostasis in mice.
Further analysis of beta cell function was examined by IP-GTT. This was performed
by IP-administration of 2 g/kg glucose on 12-week old, male mice, that were fasted
for 16 h. IP-GTT analysis on WT mice showed normal glucose homeostasis. At 15
mins after glucose challenge, blood glucose levels were raised to 16 mmol/L and
maintained at 30 min. By 60 min, blood glucose levels were decreased to 12
mmol/L and were further reduced to 6 mmol/L by 120 mins (Figure 4.1E). These

data suggested that Birc3/- mice did not reveal any abnormalities in beta cell
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homeostasis under resting conditions. We interpreted this to mean that Birc3 is

not necessary for gross beta cell function.

Figure 4.1. BIRC3 is dispensable for normal beta cell function. (A) The map of Birc3 on
mouse chromosome 9. Flp targets Birc3 transcription start codon within exon 2 (ex 2) for
gene deletion at the region flanked by FRT sites. (B) WT “knock-in” mice were bred with
ACTIN-Flp mice to generate Birc3~/- mice. (C) Analysis of Birc3 expression in WT and Birc3-
/- mice in the absence and presence of TNFa stimulation for 4 h by gRT-PCR. Data
represent mean * SEM of Birc3 expression compared to CPH from at least five
independent experiments. (D) Blood glucose levels of non-fasted, 12-week old, male, WT
and Birc3/- mice. Data represent mean * SEM from at least seven mice per group. (E)
Blood glucose levels during IP-GTT of 12-week old, male WT and Birc3~-mice fasted for 16
h. Data represent mean * SEM from four mice per group. Statistical comparisons were
made by unpaired t-test between two groups. All differences are significant.

(**%%<0.0001).
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4.2.2 BIRC3 may be required for NF-x B signalling in islets

In chapter 3, we showed that BIRC3 positively regulates TNFa-mediated NF-xB
signalling in beta cells. We next tested if the presence of BIRC3 is required for NF-
kB signal transduction in beta cells. To do this, TNFa-mediated NF-«kB signalling
was examined in Birc37/-islets. NF-kB activation is indicated by degradation of
IkBa (Beg et al., 1993). TNFa-induced NF-kB signalling in WT or Birc3+/- islets were
examined by Western blot analysis of IkBa levels. TNFa stimulation induced a
rapid and transient degradation of IkBa in WT islets where IkBa was degraded at
15 mins and restored to baseline levels by 60 min (Figure 4.2A). In TNFa
stimulated Birc3-/-islets IkBa degradation was delayed, but still functional (Figure
4.27). These findings indicated that BIRC3 may be essential for the occurence of

normal TNFa-mediated NF-kB signalling in islets.

4.2.3 BIRC3 fine-tunes NF-xB-regulated gene expression in islets

Next, the expression of NF-kB-regulated genes between WT and Birc37/- islets were
compared. To do this, the expression of A20, Cc2, Cxcl10 and Icam-1 were analysed
in WT and Birc3/- islets. These genes were previously established (Chapter3,
Figure 3.12) as examples of NF-kB-regulated genes in pancreatic islets and beta
cells. Compared to WT islets, TNFa-induced A20 expression remained unchanged
in the absence of BIRC3 (Figure 4.2B). However, the expression of TNFa-induced
Ccl2 and Cxcl10 were significantly reduced by 27% and 63% respectively (Figure
4.2B). Conversely, Birc3/- islets expressed 17% more TNFoa-induced Icam-1 than
WT islets (Figure 4.2B). Therefore, while NF-kB signalling was apparent in the
absence of BIRC3, the kinetics of NF-kB signal transduction and the expression of
some NF-kB-regulated genes were affected. We interpreted these findings to
suggest that BIRC3 may function to fine-tune TNF-induced gene expression in

islets.
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4.2.4 BIRC2 may compensate for the loss of BIRC3 in islets

A compensatory mechanism between BIRC proteins has been reported in
splenocytes and thymocytes. A study found BIRC3 levels can increase in the
absence of BIRC2 (Conze et al.,, 2005). In that study, BIRC2 is thought to modulate
BIRC3 levels, by targeting BIRC3 for ubiquitin-mediated degradation. Therefore
without BIRC2, BIRC3 levels were found to accumulate (Conze et al., 2005). This
phenomenon is however not universal to all cell types and the converse might not
be true. As an example, lung tissues from Birc37/- mice were found to express
normal levels of Birc2 (Conte et al., 2006). These reports prompted the analysis of
Birc2 mRNA levels in Birc3/- islets. We found Birc3/- islets expressed normal
endogenous levels of Birc2, thus suggesting that BIRC3 may not modulate BIRC2
levels in islet cells (Figure 4.2C). However, a difference was observed with TNFa
stimulation. TNFa-stimulated Birc3/- islets expressed ~50% more Birc2 than WT
islets (Figure 4.2C). These results indicated that BIRC2 might be compensating for
loss of BIRC3, thus allowing TNFa-mediated NF-kB activation in Birc37/- islets.
Collectively, our analysis showed that BIRC3 is dispensable for NF-kB activation in
islet cells, but may be required for fine-tuning the expression of some NF-kB-
regulated genes. The occurrence of TNFa-mediated NF-xB signalling in Birc3
islets may be attributed to the elevated BIRC2 levels as a compensatory

mechanism in islets.
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Figure 4.2. BIRC3 is redundant for NF-kB signalling in islet cells. (A) Western blot analysis
of NF-kB activation measured by IkBa degradation in WT and Birc3/- islets either left
untreated or stimulated with TNFa at the indicated times. 3-actin was used as a loading
control. IkBa (39 kDa) was quantified by densitometry and representated as relative to 3-
actin. Data represent mean + SEM from three independent experiments. (B-C) Analysis of
NF-kB-regulated genes and BircZ expression in WT and Birc37/- islets with or without
TNFa for 4h, by qRT-PCR. Values from individual experiment are shown (n = 4 per group).
Bar represents mean * SEM of gene expression relative to CPH. Statistical comparisons by
single unpaired t-test between two groups. All differences are significant. (¥p<0.05 and
*%p<0.01).
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4.2.5 Creating islet-specific deletion of BIRC2 and BIRC3 using HIP-Cre mice
NF-kB activation has been reported to remain functional in splenocytes,
thymocytes, and embryonic fibroblasts (MEFs) derived from Birc2/-mice, and in
macrophages from Birc37/- mice (Conte et al., 2006; Conze et al., 2005). Functional
redundancy between BIRC2 and BIRC3 may explain the lack of NF-kB dysfunction
in single deletion of BIRCZ or 3. Indeed, BIRC2 can compensate for the loss of
BIRC3 and modulate intracellular signalling pathways in a number of cell types
(Bertrand et al., 2009; Gardam et al.; Mahoney et al., 2008; Micheau and Tschopp,
2003; Vallabhapurapu et al.,, 2008; Varfolomeev et al., 2007; Varfolomeev et al,,
2008; Vince et al,, 2007; Zarnegar et al., 2008b). Hence, BIRC2 may be modulating
TNFa-mediated NF-kB signalling in Birc3+- islets.

To study the functional redundancy between BIRC2 and BIRC3, we generated
double knockout Birc3-/-Birc2ZAp-cell mice that are lacking of Birc3 in their whole
bodies and selectively lacking of BircZ in their beta cells (DKO). Analysis of TNFa-
mediated NF-kB signalling in DKO islets may provide a better understanding of
BIRC2 and BIRC3’s function in TNF-signalling. DKO mice were generated using the
Birc3-/-mice (showed in Figure 4.1) with lox-P sites within their Birc2 sequence
(Figure 4.3A). Birc3-/- mice were bred with HIP-Cre transgenic mice to obtain DKO-
HIP mice (Figure 4.3B). Gene deletion by HIP-Cre examined by qRT-PCR showed
that DKO-HIP islets expressed Birc2 at 0-40% of WT islets (Figure 4.3C), while
Birc3 expression was not detected (Figure 4.3D). These indicated that HIP-Cre

resulted in 60% reduction of Birc2 expression in DKO-HIP islets.
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Figure 4.3. Conditional deletion of Birc2 and Birc3 in islets using HIP-Cre mice. (A) Map of
Birc2 and Birc3 within chromosome 9 of Birc3/- mouse. (B) Breeding strategy for the
generation of Birc3/-BircZAB-cell (DKO-HIP) mice. First, WT “knock-in” mice were bred
with ACTIN-Flp. The resultant Birc3~-Birc2flex/flox (Birc3+/-) mice were then bred with HIP-
Cre mice. (C and D) Analysis of Birc2 and Birc3 expression in resting HIP-Cre, WT and
DKO-HIP islets by qRT-PCR. Values from individual experiment are shown (n = 5 per
group). Bar represents mean + SEM of gene expression relative to CPH.
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4.2.6 The effects of Hip-Cre on beta cell function

Reports have shown that some strains of RIP-Cre mice have reduced beta cell mass,
were less glucose tolerant and have impaired insulin secretion function compared
to WT mice (Pomplun et al., 2007; Zhang and Kim, 1995). This prompted us to
compare beta cell responses between HIP-Cre mice (Cre*) and their Cre-deficient
WT littermates (Cre-). Analyses of beta cell function were performed by IP-GTT
using 2 g/kg of glucose on 12-week old male mice, which were fasted for 16 h. Cre-
mice showed normal glucose homeostasis. At 15 mins after glucose challenge,
plasma glucose levels of Cre- mice increased to 17.9 mmol/L (Figure 4.4A). Plasma
glucose levels had decreased by 30 mins to 15.9 mmol/L and were further reduced
to 8.7 mmol/L by 120 mins (Figure 4.4A). The glucose response of Cre+ mice
completely matched that of Cre- mice, suggesting that HIP-Cre mice have good
glucose uptake response and beta cell function. We interpreted this to mean that

our HIP-Cre mice exhibited normal beta cell homeostasis.

4.2.7 BIRC2 and BIRC3 are not required for beta cell function in DKO-HIP
mice
Earlier in this chapter, we showed that the absence of BIRC3 did not impact on
beta cell function in mice. The normal beta cell function in Birc3/- mice may in fact
be contributed by the presence of BIRC2. To test if BIRC2 was responsible for
maintaining beta cell function in Birc3/- mice, IP-GTT analysis was performed on
DKO-HIP and compared to that of Cre+ and WT mice. Our analyses showed that
under resting conditions, DKO-HIP mice showed similar glucose response when
compared to Cre+ and WT (Figure 4.4B and Figure 4.4C respectively). Therefore,
these findings indicated that BIRCZ and BIRC3 are not essential for normal beta

cell function.
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Figure 4.4 BIRC2Z and BIRC3 are not required for beta cell function in DKO-HIP islets. (A)
Blood glucose levels during IP-GTT for 12-week old, male Cre- (black circle, blue solid line)
and Cre+ (white diamond, red dotted line) mice after fasting for 16 h. Data represent mean
+ SEM from at least six mice per group. (B) Blood glucose levels during IP-GTT for 12-
week old, male Cre+ (black circle, blue solid line) and DKO-HIP (white diamond, red
dotted line) mice after fasting for 16 h. Data represent mean + SEM from at least six mice
per group. (C) Blood glucose levels during IP-GTT for 12-week old, male WT (black circle,
blue solid line) and DKO-HIP (white diamond, red dotted line) mice, after fasting for 16 h.
Data represent mean * SEM from at least six mice per group.
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4.2.8 BIRC2 and BIRC3 may function to maintain NF-x B signalling Kinetics in
islets
The requirement for BIRC2 and BIRC3 in TNFa signalling was next studied. This
was examined by Western blot analysis of IkBa degradation in DKO-HIP islets.
TNFa induced a rapid and transient degradation of IkBa in WT islets. Following
TNFa stimulation, IkBa reaches maximum degradation at 15 min and was restored
to baseline levels by 60 min (Figure 4.5A). Interestingly, DKO-HIP islets showed
different kinetics of IkBo degradation compared to WT and Birc37/- islets.
Following TNFa stimulation, IkBa levels of DKO-HIP islets seemed to be reduced
at 15 min. However, this may be due to lesser loading of the cell lysate at this time
point, as less P-actin was observed in the 15 min lane compared to the others
(Figure 4.5A). Therefore it is difficult to conclude if IkBa is degraded at 15 min by
TNFo in DKO-HIP islets. Despite this, TNFa stimulation did not degrade IkBa at 30
mins in DKO-HIP islets, thus suggesting the kinetics of [kBa degradation may be
delayed for DKO-HIP compared to WT islets. It was only at 45 min that TNFa-
stimulated DKO-HIP islets started to show IkBa degradation, which did not
rebound at 60 min. These findings suggested that DKO-HIP islets have delayed and
prolonged kinetics of NF-kB activation compared to WT islets. We interpreted this
to mean that in the absence of BIRC2 and BIRC3, islets have impaired NF-kB

response to TNFa.

4.2.9 BIRC2 and BIRC3 fine-tune NF-kB-regulated gene expression in beta
cells
The expression of downstream NF-kB-regulated genes was next analysed. Despite
the impaired NF-kB activation kinetics in DKO-HIP islets at the protein level,
TNFa-induced NF-kB transcription could still occur. Our results showed that DKO-
HIP islets expressed TNFa-induced A20, Ccl2 and Cxcl10 levels to the same levels
as WT islets (Figure 4.5B). We interpreted this to indicate that BIRC2 and BIRC3
may be dispensable for NF-kB signalling in islets. This finding was unexpected
because TNFa-induced Ccl2 and Cxcl10 were reduced in Birc3-/-islets (Figure 4.2B).

The differences in gene expression exhibited by Birc3-/-islets compared to DKO-
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HIP islets indicated that BIRC2 and BIRC3 may play slightly different roles in fine-
tuning NF-kB-target gene expression. However, like Birc3-/-islets, DKO-HIP islets
showed 44% increased in TNFa-induced Icam-1 levels compared to WT islets
(Figure 4.5B), which indicated that BIRC2 and BIRC3 may play distinct and

overlapping roles in controlling NF-kB-regulated gene expression in islet cells.

4.2.10 DKO-HIP islets show dysregulated stimulus independent gene
expression
To our surprise, DKO-HIP islets also showed unexpected basal NF-kB-regulated
gene expression. Resting DKO-HIP islets exhibited significant increase in basal A20
(53%), Ccl2 (61%), Icam-1 (82%) and Cxcl10 (85%) levels compared to WT islets
(Figure 4.5B). These findings suggested that in addition to fine-tuning TNFa-
induced gene expression; BIRC2 and BIRC3 may be negative regulators of basal
gene expression in islets. Collectively, our data from DKO-HIP mice showed that
BIRC2 and BIRC3 may contribute to fine-tuning the TNF signalling responses in
islet cells. Such that in their absence, TNFa-mediated NF-kB signal transduction

kinetics is delayed and expression of some NF-kB genes are dysregulated.
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Figure 4.5. BIRC2 and BIRC3 are redundant for NF-kB signalling. (A) Western blot analysis
of NF-xB activation measured by IkBa degradation in WT and DKO-HIP-islets either left
untreated or stimulated with TNFa at the indicated times. B-actin was used as a loading
control. Representative blots are shown. Duplicate experiments in each case generated
similar results. (B) Analysis of NF-kB-regulated gene expression in WT and DKO-HIP islets
in the absence or presence of TNFa for 4h by qRT-PCR. Values from individual experiment
are shown (n = 6 per group). Bar represents mean + SEM of gene expression relative to
CPH. Statistical comparisons were made by single unpaired t-test between two groups. All
differences are significant. (*¥p<0.05 and **p<0.01).
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4.2.11 Generation of beta cell specific deletion of Birc2 and Birc3 using RIP-
Cre mice
Using DKO-HIP mice, our data showed that in contrast to the roles of BIRC2 and
BIRC3 in other cell types, NF-kB signal transduction could proceed in the absence
of BIRC3 and reduced BIRC2 in islets. Our analysis showed that DKO-HIP islets still
expressed ~40% of Birc2 compared to WT islets (Figure 4.3C). As BIRC2 and
BIRC3 have been shown to be functionally redundant and BIRC2 has been shown
to compensate in intracellular signalling pathways for the loss of BIRC3. Hence it is
possible that the residual BIRC2 may have contributed to the regulation of TNFa.-
mediated NF-kB gene transcription in DKO-HIP islets, where DKO-HIP islets were
found to expressed normal levels of TNFa-induced A20, Ccl2 and Cxcl10. As Birc2
expression was not efficiently suppressed in beta cells by HIP-Cre, DKO-HIP mice
may not have provided us with the right conditions to study functional redundancy

between BIRC2 and BIRC3 in islet cells.

Therefore, to fully appreciate the functional redundancy of BIRC2 and BIRC3 in
TNF signalling, a stronger deletion of Birc2 in beta cells was required. To achieve
this, we utilised a mouse line where Cre expression is driven by the rat insulin II
promoter (RIP) (Postic et al, 1999). It has been demonstrated by
immunohistochemistry that RIP-Cre resulted in 82% of beta cells expressing Cre
recombinase protein (Postic et al.,, 1999). Further, RIP-Cre mice have been shown
to generate up to 95% gene deletion in the beta cells (Cantley et al., 2009). To do
this, Birc3-/-Birc2flox/flox mice were bred with RIP-Cre to generate DKO-RIP mice,
that are lacking of Birc3 in their whole bodies and selectively lacking of BircZ in
their beta cells (Birc37/-Birc2AB-cell) as well as Birc2 deletion in a small population
of hypothalamic neurons (Choudhury et al., 2005) (Figure 4.6A). Our analysis
found that RIP-Cre transgenic mice resulted in better deletion of Birc2 compared to
HIP-Cre mice (Figure 4.3C). In our hands, the DKO-RIP islets showed low levels of
Birc2 with RIP-Cre deletion, e.g. 0-20% of WT levels compared to 0-40% of WT
with HIP-Cre mice; while Birc3 mRNA was undetected (Figure 4.6B).
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4.2.12 BIRC2 and BIRC3 are redundant for beta cell function in DKO-RIP
mice
The requirements for BIRC2 and BIRC3 for glucose homeostasis in beta cells were
examined in DKO-RIP mice. Comparison of blood glucose levels of non-fasting 12-
week old, male WT and DKO-RIP mice showed no differences between the two
genotypes (Figure 4.6C). Like DKO-HIP mice, DKO-RIP mice also showed normal
glucose homeostasis under resting conditions, indicating their dispensability for
physiological beta cell function (Figure 4.6D). Thus BIRC2 and BIRC3 are not

required for beta cell function.

Figure 4.6. Beta cell specific deletion of Birc2 and Birc3 using RIP-Cre mice. (A) Breeding
strategy to generate Birc3/-Birc3Ap-cell (DKO-RIP) mice. Birc3-/-Birc2flox/flox (Birc3/-) were
bred with RIP-Cre mice to generate DKO-RIP mice. (B) Analysis of BircZ and Birc3
expression in resting WT and DKO-RIP islets by qRT-PCR. Values from individual
experiment are shown (n 2 7 per group). Bar represents mean = SEM of gene expression
relative to CPH. (C) Blood glucose levels for non-fasted 12-week old, male WT and DKO-
HIP mice. Data represent mean * SEM from at least eight mice per group. (D) Blood
glucose levels during IP-GTT for 12-week old, male WT (black circle, blue solid line) and
DKO-RIP (white diamond, red dotted line) mice. Data represent mean + SEM from at least
seven mice per group.
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4.2.13 BIRC2 and BIRC3 fine-tune TNFa-mediated NF-x B signalling in beta
cells

Our analysis of NF-kB activation in WT islets found IkBa levels were rapidly
degraded by 15 mins of TNFa stimulation and restored to unstimulated levels by
60 mins (Figure 4.7A). Like DKO-HIP islets, TNFa-induced DKO-RIP islets
exhibited impaired kinetics of IkBa degradation. Within the time points we used
for TNFa stimulation, NF-kB signalling kinetics was significantly delayed in the
absence of both BIRC2 and BIRC3 (Figure 4.7A). We interpreted this to mean that
BIRC2 and BIRC3 are required to maintain the rapid and transient TNFa-induced

NF-kB activation in beta cells.

4.2.14 BIRC2 and BIRC3 are required to fine-tune NF-kB-regulated gene
expression
NF-kB-regulated gene expression was compared between WT and DKO-RIP islets.
Loss of BIRC2 and BIRC3 in DKO-RIP islets led to significant disturbances in the
regulation of TNF-target genes, a phenotype that was not seen in DKO-HIP islets.
Analysis of DKO islets showed significantly higher expression of TNFa-induced A20
(62%), Ccl2 (71%) and Icam-1 (95%) compared to WT islets, but Cxcl10 induction
was not more significant than WT (Figure 4.7B). These trends indicated that BIRC2
and BIRC3 may function to fine-tune TNF-induced genes in beta cells, by negatively

regulating their expression.

4.2.15 Dysregulated gene expression in the absence of BIRC2 and BIRC3

In addition to the higher TNFa-stimulated gene expression, DKO-RIP islets also
exhibited increased stimulus-independent expression of NF-kB-regulated genes.
Like DKO-HIP islets, resting DKO-RIP islets showed significantly higher basal
expression of A20 (73%), Ccl2 (87%), Icam-1 (95%) and Cxcl10 (94%) than WT
islets (Figure 4.7B). These findings highlight a role for BIRC2 and BIRC3 in the
regulation of NF-kB-driven genes even in the absence of TNFa stimulation. Our
data from DKO-RIP mice reinforced the idea that BIRC2 and BIRC3 are important

modulators that fine-tune the expression of NF-kB-regulated genes in beta cells
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Figure 4.7. BIRC2 and BIRC3 fine-tune TNFa-mediated NF-kB signalling in beta cells. (A)
Western blot analysis of NF-kB activation measured by IxkBa degradation in WT and DKO-
RIP islets either left untreated or stimulated with TNFa at the indicated times. -actin was
used as a loading control. IkBa (39 kDa) was quantified by densitometry and expressed as
relative to B-actin. Data represent mean + SEM from three independent experiments. (B)
Analysis of NF-kB-regulated gene expression in WT and DKO-RIP islets with or without
TNFa for 4h by qRT-PCR. Values from individual experiment are shown (n = 6 per group).
Bar represents mean * SEM of gene expression relative to CPH. Statistical comparisons by
single unpaired t-test between two groups. All differences are significant. (*p<0.05,
**%p<0.001 and **** p<0.0001).
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4.3 Discussion

4.3.1 BIRC3 fine-tunes the expression of selected TNF-induced genes

Evidence for the participation of BIRC3 in TNFa-mediated NF-kB activation
originated from studies demonstrating that BIRC3 can associate with TRAF2 and
bind to TNFR (Rothe et al,, 1995). BIRC2 and BIRC3 are thought to be requisite for
RIPK1 ubiquitination, for TNFa-induced NF-kB signalling to proceed and for
inhibition of TNFa-mediated apoptosis (Bertrand et al, 2011; Bertrand et al,,
2008; Mahoney et al.,, 2008; O'Donnell et al., 2007; Schoemaker et al., 2002; Zhao et
al., 2011a). This function stems from the RING domain of BIRC3, which acts as an
E3 ubiquitin ligase to help maintain constitutive ubiquitination of RIPK1 (Bertrand
et al,, 2011; Bertrand et al., 2008). Our results from chapter 3 implied that this
function of BIRC3 may be true for primary islets, as ectopic expression of Birc3 is
sufficient to activate NF-kB in beta cells. In this chapter, the requirement for BIRC3
in TNFa-mediated NF-kB signalling was analysed. Our study found that global
suppression of BIRC3 did not affect gross beta cell function in mice. To our
surprise, TNFa-induced NF-kB activation appeared to proceed with a mildly
delayed kinetic in the absence of BIRC3. Thus, BIRC3 may be required for

maintaining the kinetics of TNF-induced NF-kB activation in islet cells.

Furthermore, the expression of downstream TNFa-induced gene expression
appeared to be deregulated in the absence of BIRC3. Our results revealed the
complexities of the function of BIRC3 in beta cells. Compared to WT islets, Birc3+/-
islets appeared to express less Ccl2 and Cxcl10 with TNFa stimulation but Icam-1
levels were increased in the absence of BIRC3. The lowered expression of TNFa.-
induced Ccl2 and Cxcl10, agreed with the idea from chapter 3 that BIRC3 served as
a positive enhancer for TNFa-induced NF-xB signalling required for TNFa-induced
gene transcription to reach its full potential. However the trend of increased TNFa.-
induced Icam-1 levels in the absence of BIRC3 showed that it may also function as
a negative regulator for some TNF-induced genes. Thus, in beta cells BIRC3
functions to allow immediate activation of NF-kB with TNFa and differentially

fine-tune the expression of TNF-induced genes.
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4.3.2 Evidence of functional redundancy between BIRC2 and BIRC3

BIRC2 and BIRC3 can perform redundant functions for TNFa-mediated NF-kB
signalling in some cell types (Bertrand et al., 2009; Gardam et al.; Mahoney et al,,
2008; Micheau and Tschopp, 2003; Vallabhapurapu et al., 2008; Varfolomeev et al,,
2007; Varfolomeev et al., 2008; Vince et al., 2007; Zarnegar et al., 2008b). It has
been reported that both primary muscle and C2C12 skeletal myoblasts cells are
naturally occurring Birc3-deficient cells. This makes them a good model for the
study of functional redundancy between BIRC2Z and BIRC3. Expectedly,
suppression of BIRC2 in these BIRC3-deficient muscle cells completely ablated
TNFo-mediated NF-xB signalling (Mahoney et al., 2008). Further to this, BIRC2
deletion in C2C12 cells also prevented the expression of the NF-kB-regulated gene,
c-Flip (Chang et al., 2006; Micheau et al., 2001). The attenuated NF-kB signalling in
C2C12-Birc27/- cells was however restored by ectopic expression of Birc3 (Mahoney
et al., 2008). Hence, these experiments demonstrated the functional redundancy of
BIRC2 and BIRC3 in TNF signalling. Without BIRC3, BIRC2 is essential for TNFa.-

mediated NF-kB signalling to occur in muscle cells.

For other cell types such as primary hepatocytes and embryonic fibroblast (MEF)
cells that express both BIRC2 and BIRC3, NF-«kB activation remained impervious to
single Birc2- or Birc3- siRNA treatments (Mahoney et al., 2008). Nonetheless, co-
treatment of these cells with both Birc2- and Birc3-siRNA completely abolished
TNFa-stimulated NF-kB signalling and RIPK1 ubiquitination. These findings
further supported the idea that BIRC2Z is required for TNFa-mediated NF-xB
signalling, but BIRC3 can compensate for the loss of BIRCZ2. For beta cells, TNFa.-
induced NF-kB activation kinetics was slightly delayed but still apparent in the
absence of BIRC3. We predicted that the residual NF-kB activation in Birc37/-islets
is probably contributed by BIRC2. Particularly, since Birc37/-islets expressed twice
more TNFa-induced BircZ than WT islets, implicating that BIRC2 levels may

increase to compensate for the loss of BIRC3.
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4.3.3 BIRC3 may function as a negative regulator of BIRC2

Our data showed that in the absence of BIRC3, TNFa stimulated BIRC2 levels are
significantly increased, thus suggesting that BIRC3 may be a negative regulator of
BIRC2. In some cell types, BIRC2 is found to control the levels of the RING-bearing
BIRC proteins, BIRC3, BIRC4 and BIRC7, by targeting them for proteosome
degradation (Cheung et al., 2008). Therefore, it is likely that in beta cells, BIRC3
may control BIRC2 levels by targeting it for proteosomal degradation. However,
this conclusion cannot be made until further testing is performed. It has also been
demonstrated that the promoter region of BIRCZ is occupied by the NF-xB
p65/p50 homodimers. Additionally, blockade of NF-kB signalling with the
inhibitor, bortezemib, prevented BIRC2 expression in cutaneous T-cell lymphoma
Hut-78 cells (Juvekar et al, 2011), thus indicating that BIRC2 is an NF-kB-
regulated gene. Therefore, these findings also demonstrated the point that BIRC3

plays a role to fine-tuning NF-kB-regulated gene expression.

4.3.4 The challenge of studying functional redundancy in vivo

Few studies explored the functional redundancy of BIRC proteins in vivo. This is
because BIRC2 and BIRC3 are essential for the development and survival of mouse
embryos. Concurrent global suppression of BircZ and Birc3 in mice is
embryonically lethal. The embryonic lethality of Birc2/-Birc37/- mice can be rescued
to birth with the deletion of TNFR1 while the deletion of RIPK1 afforded longer
survival of embryos (Moulin et al., 2012). Therefore, the study shows BIRC2 and
BIRC3 contribute to embryonic development and survival by modulating the
TNFR1 pathway and RIPK1 activity, thus agreeing with the notion that BIRC2 and
BIRC3 are important for TNF signalling and perform redundant functions. Further
to the issue of embryonic lethality, generation of Birc2- and Birc3-double knockout
mice is deemed an intricate task, as the coding sequences of BircZ and Birc3 lie in
close proximity in mouse chromosome 9 (Green and Flavell, 1999). Hence, it is not
possible to generate double knockout mice by simply breeding single knockout
mice of each genotypes together (Gardam et al.). Fortunately, Professor David Vaux
and colleagues (Cell death and differentiation division, Walter and Eliza Hall

Institute, VIC, Australia) created mice that permit either independent or
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simultaneous suppression of BircZ and Birc3. These mice possessed lox-P and FRT
sites “knocked-in” to the region flanking the transcription start sites of the Birc2
and Birc3 sequence respectively. The generation of these mice enabled the use Cre
and flippase recombinase enzyme (Flp) to enable tissue specific deletion of Birc2
and Birc3 respectively, by site-directed recombination. Using this system, we were

able to generate Birc2- and Birc3- beta cell specific knockout mice.

4.3.5 The challenge of achieving efficient gene deletion by Cre recombinase

Another challenge in this study, was the use of Cre recombinase to target deletion
of BircZ in the beta cells of our Birc3 global knockout mice. The Birc3 knockout
mice had lox-P sites “knock-in” to it which can be targeted by Cre for site specific
recombination as described above. We found that deletion of Birc2 in beta cells
generated by HIP-Cre mice only led to ~60% knockdown of the gene. Although, the
60% deletion of BircZ in the beta cells resulted in dysregulated basal gene
expression and may have impaired TNFa-induced NF-«kB activation, the remaining
40% Birc2 was still able to compensate and allowed normal expression of some
TNFa-induced genes. Thus, this model was not ideal for us to study the functional
redundancy of BIRC2 and BIRC3 in beta cells. The use of RIP-Cre mice, however,
provided with efficient deletion of Birc2 (~80% deletion) and allowed us to better
understand the roles played by these BIRC proteins in primary beta cells. One may
wonder why the RIP-Cre mice were not utilised in the first place. This was because
while the RIP-Cre showed high expression of Cre specific for beta cells (Gannon et
al, 2000; Postic et al., 1999), low levels of Cre were also expressed in a small
population of hypothalamic neurons (Choudhury et al., 2005). Furthermore, some
strains of RIP-Cre were glucose intolerant (Lee et al., 2006; Pomplun et al., 2007;
Zhang and Kim, 1995), which led to our first choice of using the HIP-Cre line as a
Birc2-deletor. Despite controversial reports, the strain of RIP-Cre mice used in this
study (also known as RIP2-Cre or B6.Cg-Tg(Ins2-cre)25Mgn/]J) showed normal
beta cell function as demonstrated by our DKO-RIP mice. In support of our findings,
Fex et al. have shown that glucose intolerance in RIP-Cre can be avoided through

rigorous backcrossing onto the C57BL/6] background (Fex et al., 2007).
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RIP-Cre mice expressed bacterial Cre recombinase with a nuclear localization
sequence and a 2.1 kb fragment from the human growth hormone gene driven by a
668 bp fragment of the rat insulin II promoter (RIP2) (Jax mice, Bar Harbour, ME,
USA). On the other hand, HIP-Cre was made by joining the 1.9-kb 5’ region of the
human insulin promoter (HIP) to the 1.2-kb Cre-Mlul fragment excised from the
plasmid pMC-Cre (Gu et al., 1993; Hamilton-Williams et al., 2003; Sarvetnick et al.,
1988). Another reason for the less efficient gene deletion by HIP-Cre compared to
RIP-Cre could be due to the difference in their promoter elements. Not surprising,
Hay and Docherty showed that insulin gene promoters of rodents are significantly
different to that of human (Hay and Docherty, 2006). In particular, the human
insulin promoter lacked the CCAAT box, COUP-TFII binding element and
regulatory elements HNF-4a and STAT that are present in rodent promoters (Hay
and Docherty, 2006). Although these elements are yet to be associated with the
regulation of insulin expression, these findings point out the fundamental
differences between human and rodent promoters, which may explain why Cre
expressed by the human promoter in mouse is weaker than that expressed by the

rat promoter in mouse.

Another reason that may explain the incomplete phenotype in DKO-HIP islets
compared to DKO-RIP islets may be due to the loss of Cre-recombinase expression
in transgenic mouse strains over time. It has been reported that Cre recombinase
expression can be reduced with increasing number of breeding generations,
leading to eventual loss of Cre expression in the inserted Cre cDNA (Schulz et al,,
2007). When this happens, loss of Cre expression led to partial or complete loss of
disruption of the protein of interest. In this situation, Cre expression could still be
detected at the genomic level by tail-snips genotyping, misleading researchers into
thinking that the protein of interest is being suppressed. Therefore, this study
highlights the importance of screening for Cre expression within the beta cells.
Although this phenomenon has not been tested in our DKO-HIP mice, it may

explain the partial phenotype seen in our DKO-HIP islets.
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4.3.6 BIRC2 or BIRC3 are required for TNFa-induced NF-k B activation

Despite the challenges, the use of Birc3/, DKO-HIP and DKO-RIP mice enabled us
to fully appreciate the function of BIRC2 and BIRC3 in TNF-signalling in primary
beta cells. Furthermore, some phenotypes that were observed in DKO-HIP islets
were duplicated in DKO-RIP islets, thus providing a robust method of studying the
roles of BIRC2 and BIRC3 in beta cells. Our study found in primary beta cells, NF-
kB activation by TNFa was mildly delayed but functional in the absence of BIRC3.
However, when coupled with the absence of BIRC2, DKO-RIP islets showed
markedly delayed TNFa-induced NF-kB activation, indicating that BIRC2 can
compensate for the loss of BIRC3 in this pathway. Despite this, the presence of
BIRC3 is still required for the fast response of TNFa-induced NF-xB activation seen
in WT islets. Thus, the presence of either BIRC2 or BIRC3 is essential for TNFa.-
mediated NF-kB activation to proceed in beta cells. The effects of single Birc2

deficiency on beta cells will be presented in the next chapter.

4.3.7 The contribution of p38 and JNK pathways in TNFa-induced gene
transcription
Unexpectedly, downstream gene transcription was still able to proceed despite the
severely delayed NF-kB activation in TNFa-stimulated Birc2+/-Birc3+/- islets. In fact,
TNFa-induced NF-kB-regulated inflammatory genes were increased with both
BIRC2- and BIRC3- loss. This phenotype may have arisen from complex counter-
regulation of other TNFa-induced pathways. In addition to NF-kB activation, TNFa
also signals through the p38 and JNK pathways (Reinhard et al., 1997; Song et al,,
1997; Thiefes et al., 2005; Thompson and Van Eldik, 2009). Moreover, p38 and JNK
pathways have been reported to play a role in the regulation of some NF-kB-
induced genes. For example, the NF-kB, JNK and p38 pathways are found to
regulate TNFoa-induced Ccl2 expression (Chen et al, 2004; Ho et al, 2008).
Particularly, c-Jun binding sites within the Ccl2-promoter are required for its gene
induction in the presence of IL-1f (Wolter et al., 2008). Some data showed that c-
Jun regulates Ccl2 expression by participating in histone modifications and the

recruitment of HDACs, NF-kB subunits and RNA polymerase II (Wolter et al., 2008).
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These findings implicate a role for JNK and p38 signalling in regulating Ccl2?

expression in beta cells.

In addition, JNK was also reported to regulate Cxcl10 expression (Alrashdan et al,,
2012). In airway smooth muscle cells, both JNK and NF-kB are required to regulate
cytokine-mediated Cxcl10 expression (Alrashdan et al.,, 2012), implicating a role
for JNK in modulating Cxcl10 expression in beta cells. While NF-kB seems to play a
dominant role in TNFa-induced Icam-1 (Chen and Manning, 1995; Rajan et al,,
2008), there is evidence suggesting a role for p38 and JNK in regulation of TNFa-
induced Icam-1 expression (Yang et al.). Together, these studies implicate a role for
JNK and p38 signalling pathways in the regulation of the TNF-induced
inflammatory genes that we have screened in this study. Hence, in the absence of
BIRC2 and BIRC3, hyper-expression of Ccl2, Cxcl10 and Icam-1 may have occurred
via the p38 and/or the JNK pathways. The roles of p38 and JNK in the regulation of

these genes will be further explored in the next chapter.

4.3.8 BIRC2 and BIRC3 negatively fine-tune basal gene transcription

Further to the delayed TNFo-mediated NF-kB activation and accumulation of
downstream TNF-induced genes, another major phenotype we discovered is the
loss of fine-tuning of basal gene expression in beta cells without BIRC2 and BIRC3.
Our analysis showed DKO islets exhibited dysregulated basal NF-kB-target gene
expression. In line with our findings, a study found inhibition of BIRC2 and BIRC3
by BIRC antagonist resulted in increased basal levels of NF-kB-target genes
including TNFq, 1I-8 and Ccl2 (Varfolomeev et al., 2007). Further, it was reported
that Birc2 degradation induced by BIRC-antagonist in MEF cells also resulted in
increased RIPK1 binding to TNFR1 and constitutive activation of canonical NF-kB
signalling in the absence of a stimulus (Vince et al, 2007). Thus, these studies
implied that loss of BIRC2 and BIRC3 could result in increased basal activation of
NF-xB signalling in beta cells, manifested as increased basal NF-kB-target genes
expressed by DKO-RIP islets. Overall, these findings supported the idea that BIRC2
and BIRC3 may be negative regulators that fine-tune basal NF-kB-regulated gene

levels in beta cells.
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4.4 Conclusion

We showed for the first time the complex roles played by BIRC proteins in TNF-
signalling in islets and beta cells. Firstly, we found BIRC3 was not essential for
TNFa-mediated NF-kB signalling in islet cells, as NF-kB signalling in Birc37/-islets
can be compensated by BIRC2, due to functional redundancy between the two
proteins. Although, our study showed that BIRC3 is needed by primary beta cells to
maintain normal tempo of TNFa-induced NF-kB activation and to fine-tune the
expression of some TNFa-induced genes. Secondly, co-absence of BIRC2 and BIRC3
resulted in impaired TNFa-activated NF-kB kinetics suggesting that either BIRC2
or BIRC3 is required to regulate the kinetics of NF-kB activation. However, the
impaired NF-kB response did not prevent TNF-induced gene transcription. In fact,
basal NF-kB-target gene transcripts were accumulated in resting DKO islets and
TNF-inducible genes were also increased. These data suggest that BIRCZ and

BIRC3 function to fine-tune basal and TNFa-induced gene expression in beta cells.

Overall, our study shows a model whereby under resting conditions, BIRC2 and
BIRC3 act to prevent spontaneous basal induction of some NF-kB-regulated genes.
Under inflammatory conditions, beta cells require BIRCZ and BIRC3 for
immediate/transient NF-kB activation in response to TNFa. Together, BIRC
proteins function to fine-tune the expression of NF-kB-regulated genes and
balance the signals of cellular survival and apoptosis in beta cells. Thus, BIRC
proteins may be crucial in regulating the beta cell’s fate under conditions of

inflammatory stress.
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5 Examining the mechanism of dysregulated gene

expression in BIRC-knockout islets

5.1 Introduction

BIRC proteins are thought to be essential players for TNF signalling (Bertrand et al,,
2008; Mahoney et al., 2008; Santoro et al., 2007; Varfolomeev et al., 2008). BIRC2
and BIRC3 can contribute to TNF signalling by ubiquitinating and activating RIPK1
to allow TNFa-mediated NF-kB signalling to proceed. Studies on other cell types
suggest that BIRC2 and BIRC3 can function redundantly in TNFa-mediated NF-kB
signalling (Mahoney et al., 2008; Varfolomeev et al., 2008). It has been reported
that global suppression of BIRC2 or BIRC3 displayed no overt changes in TNF
signalling. Birc2- and Birc3-null mice were asymptomatic, indicating that BIRC2
can compensate and allow NF-kB signalling to still occur in the absence of BIRC3

and vice versa (Mahoney et al., 2008; Varfolomeev et al., 2008).

In chapter 4, analysis of DKO islets showed unexpected function of BIRC2 and
BIRC3. NF-kB activation kinetics determined by IkBa degradation was impaired in
the absence of BIRC2 and BIRC3. To our surprise, despite the impaired NF-kB
activation, the basal and TNFa-induced gene transcription in DKO islets were
highly upregulated. These findings indicated that BIRCZ and BIRC3 may function
as negative regulators of gene expression in primary beta cells. Therefore, one of
the aims for this chapter is to study the contribution of BIRC2 in TNFa-mediated
NF-kB signalling in beta cells with the use of Birc27/- mice. As TNFa is known to
signal through the NF-kB, JNK and p38 pathways (Reinhard et al., 1997; Song et al,,
1997; Thiefes et al., 2005; Thompson and Van Eldik, 2009), we aimed to determine
whether these pathways contribute to the regulation of basal and TNF-induced
A20, Ccl2, Icam-1 and Cxcl10 expression. The result of this study will give us an idea
of the pathways that BIRC proteins modulate to fine-tune the expression of these

genes in beta cells.
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5.2 Results

5.2.1 BIRC2 is not required for normal beta cell function

It has been shown in some cell types that BIRC2 can compensate for the loss of
BIRC3 to modulate intracellular signalling pathways. We have shown in chapter 4
that this redundancy between BIRC2 and BIRC3 also applies to islets in the context
of TNFa-mediated NF-kB signalling. In chapter 4, we showed that removing BIRC3
did not significantly impact on NF-kB signalling, while BIRC2/3-DKO islets
presented with impaired kinetics of TNFa-mediated NF-kB signalling, where NF-
kB activation was delayed and prolonged compared to WT islets. Based on these
findings, we wondered whether BIRC2 alone is sufficient to compensate for BIRC3-
loss in TNFa-induced NF-xB activation in islets. In addition, we also wanted to test
whether dysregulated NF-xB signalling in DKO-RIP islets was a result of combined
absence of BIRC2 and BIRC3 or of a single BIRC2-deficiency. To answer these

questions, NF-kB signalling was examined in islets isolated from Birc2-/- mice.

Birc2-/- mice were generated by Cre deletion of Birc2 via site-specific
recombination. The Cre recombinase targets the start codon of Birc2 within exon 1
of WT “knock-in” mice, in the region flanked by lox-P sites (Orban et al., 1992;
Sauer, 1987; Sauer and Henderson, 1988) (Figure 5.1A). To do this, ACTIN-Cre
transgenic mice were bred with WT “knock-in” mice to obtain Birc2-/-mice (Figure
5.1B). To verify gene deletion, Birc2-/-islets were screened for Birc2 expression by
qRT-PCR. Untreated and TNFa-stimulated WT islets expressed same levels of Birc2,
while no Birc2 was detected from TNFa-stimulated and unstimulated Birc2-/- islets

(Figure 5.1C).

Next, Birc2-/- mice were analysed for beta cell function. We found no significant
differences between the non-fasting, random blood glucose levels of 12-week old,
male WT and Birc27/- mice. Both strains of mice maintained non-fasting blood
glucose levels at an average of 6.7 mmol/L (Figure 5.1D). We interpreted this to
mean that BIRC2 does not have a role in blood glucose homeostasis in mice.

Analysis of beta cell function by IP-GTT found WT mice showed normal glucose
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homeostasis. Following glucose challenge, plasma glucose levels were raised to
15.4 mmol/L at 15 mins and continued to rise to 16.8 mmol/L at 30 mins before
decreasing to 12.8 mmol/L at 60min (Figure 5.1E). At 120 min, blood glucose
levels were at 6.3 mmol/L (Figure 5.1E). Although Birc2/- mice showed slightly
reduced blood glucose levels at 30 mins compared to WT, there was no significant
difference between the general glucose response between WT and Birc2”/- mice
(Figure 5.1E). Thus, Birc2-/-mice have normal glucose homeostasis, indicating that

BIRC2 is dispensable for gross beta cell function.
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Figure 5.1. BIRC2 is not required for normal beta cell function. (A) The map of BircZ from
mouse chromosome 9. The enzyme Cre targets the transcription start codon of BircZ at the
region denoted “ATG” within the exon (Ex) 1 region. (B) WT “knock-in” mice were bred
with ACTIN-Cre mice to generate Birc2+/-. (C) The expression of BircZ in WT and Birc2/-
islets in the absence and presence of TNFa stimulation determined by qRT-PCR. Data
represent mean = SEM from three independent experiments. Gene expression are shown
relative to housekeeping gene, CPH. (D) Random blood glucose levels for non-fasted 12-
week old, male WT and Birc2/-mice. Data represent mean * SEM from at least nine mice
per group. (E) Blood glucose levels during IP-GTT for WT (black circle, blue solid line) and
Birc2/- (white square, dotted red line) mice. Data represent mean + SEM from four mice
per group. Statistical comparisons were made by single unpaired t-test between two
groups.
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5.2.2 BIRC2 is redundant for NF-k B signalling in beta cells

To determine if BIRC2 is necessary for TNFa-mediated NF-kB signalling in islets,
we compared the TNFa-induced NF-kB activation kinetics of WT and Birc2-/-islets.
Regarding NF-kB signalling, IkBa was degraded following TNFa stimulation for 15
min, was replenished at 30 min and restored to baseline levels by 60 min in WT
islets (Figure 5.2A) (Beg et al.,, 1993). Similar to Birc3/- islets, Birc2-/- islets showed
delayed kinetics of TNFo stimulated IkBo degradation but was restored to
baseline levels at 60 min (Figure 5.2A). Therefore, NF-kB signalling was still
functional in the absence of BIRC2, suggesting that BIRC2 is redundant for TNFa.-
mediated NF-xB signalling in primary beta cells. Furthermore, these results also
suggested that BIRC3 may be contributing to TNFa-mediated NF-kB signalling in
the absence of BIRC2.

5.2.3 BIRC2 negatively fine-tunes TNF-induced genes.

The role of BIRC2 in the modulation of NF-kB-target genes was next examined. To
do this, TNFa-induced NF-kB-regulated genes expressed by WT and Birc2/- islets
were compared. Different to Birc37/- islets, Birc2-/- islets expressed normal TNFa-
induced A20 and Cxcl10 but showed significantly higher levels of TNFa-induced
Ccl2 (by 70%) and Icam-1 (by 64%) compared to WT (Figure 5.2B). Therefore,
BIRC2 may be required to dampen the expression of some TNFa-induced NF-kB-

driven genes in primary beta cells.

5.2.4 BIRC2 also functions to fine-tune basal gene expression

Noticeably, the basal levels of Ccl2 and Cxcl10 were increased by =86% in non-
stimulated Birc2-/-compared to WT islets (Figure 5.2B). These data suggested that
the function of BIRC2 expands beyond the negative regulation of TNFa-mediated
NF-kB transcription. BIRC2 may be required as a negative regulator of basal NF-

KkB-regulated gene expression in resting islets.
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5.2.5 Birc3 may compensate for loss of Birc2 in beta cells

As mentioned in chapter 4, some cell types exhibit compensatory mechanism
between BIRC2 and BIRC3, where BIRC3 levels were found to increase in the
absence of BIRC2 (Conze et al,, 2005). In these cells, BIRC2 was thought to control
the levels of BIRC3 by targeting it for degradation. Hence, BIRC3 proteins
accumulate in the absence of BIRC2 (Conze et al.,, 2005). These findings prompted
the analysis of Birc3 levels in Birc2-/-islets. Contrary to expectations, basal Birc3
levels remained unaffected in wunstimulated Birc2-/- islets (Figure 5.2C).
Interestingly, in the presence of TNFa, Birc3 levels were significantly reduced by
50% in the absence of BIRC2. These findings indicated that BIRC2 does not
regulate BIRC3 levels in islet cells but may be needed for full expression of TNFa.-
induced BIRC3. Furthermore, BIRC3 expressed only at 50% of WT levels was still

sufficient for TNFo-mediated NF-xB activation in Birc2-/-islets.
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Figure 5.2. BIRC2 provides negative control over TNF pathways in beta cells. (A) Western
blot analysis of NF-kB activation in WT and Birc2-/-islets with or without TNFa at times
indicated. B-actin was used as a loading control. IkBa (39 kDa) was quantified by
densitometry and expressed as relative to (3-actin. Data represent mean + SEM from three
independent experiments. (B and C) Analysis of NF-kB-regulated genes and Birc3
expression in WT and Birc2-/-islets with or without TNFa for 4h, determined by qRT-PCR.
Gene expression shown are relative to housekeeping gene, CPH. Values from individual
experiment are shown (n = 5 per group). Bar represents mean value. Statistical
comparisons were made by single unpaired t-test between two groups. All differences are

significant. (*¥p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).
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5.2.6 DKO-RIP islets expressed higher basal gene expression than DKO-HIP
islets
Overall, our Birc2-/-, Birc3/- and DKO islets showed different patterns of NF-kB-
target gene expression. To determine the relative contribution of the BIRC genes in
stimulus-independent gene expression, the basal levels of NF-kB-regulated gene
expressed by Birc27/-, Birc3/-, DKO-HIP and DKO-RIP islets were compared. Overall,
DKO-RIP islets exhibited the highest level of basal A20, Ccl2, Icam-1 and Cxcl10
amongst the four strains of mice (Figure 5.3). From our analysis, it was apparent
that DKO-RIP islets exhibited stronger phenotype of gene expression than DKO-
HIP islets. DKO-RIP islets expressed higher basal A20 (44%), Ccl2 (67%), Icam-1
(76%) and Cxcl10 (62%) compared to DKO-HIP islets. The differences resulted

from RIP-Cre being a more efficient deletor of Birc2 compared to HIP-Cre mice.

5.2.7 BIRC2 and BIRC3 differentially fine-tune basal gene expression

The relative contributions of BIRC2 and BIRC3 to the phenotypes observed for
DKO islets were also examined. In the absence of stimulus, both 420 and Icam-1
levels were increased for DKO-HIP and DKO-RIP, but not for Birc2-/- or Birc3-/-
islets. These indicated that either BIRC2 or BIRC3 could singly provide negative
control over basal A20 and Icam-1 expression in primary beta cells (Figure 5.3). In
contrast, BIRC2 strictly controlled the expression of basal Ccl2, as the phenotype of
Birc2-/- islets was identical to DKO-RIP islets (Figure 5.3). In addition, our data
suggested a dose-dependent effect of BIRC2 on Ccl2 expression. At 40% expression,
Birc2 could still provide control over basal Ccl2 levels but at 20%, BircZ could no
longer suppress basal Ccl2 expression. At 20% Birc2 expression, the Ccl2 levels of
DKO-RIP islets were increased to levels similar to Birc2/-islets, where no Birc2
was detected. Like Ccl2, the control of Cxcl10 appeared to be more strongly
suppressed by Birc2, but Birc3 also seemed to contribute to the negative regulation
of Cxcl10; as combined absence of BircZ and Birc3 further increased Cxcl10
expression. The increased Cxcl10 of DKO-RIP islets surpassed the levels expressed
by Birc2”/- and DKO-HIP islets (Figure 5.3). Together, these results demonstrated
that BIRC proteins play complex and differential roles in the fine-tuning of TNF-

target gene expression in primary beta cells.
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Figure 5.3. BIRC2 and BIRC3 differentially fine-tune inflammatory gene expression in islet
cells. Expression of NF-kB-target genes in resting unstimulated Birc2+-, Birc3/~DKO-HIP
and DKO-RIP islets (n = 5 per group) determined by qRT-PCR. Gene expression shown are
relative to housekeeping gene, CPH. Bar represents mean value. Statistical comparisons
were made by single unpaired t-test between two groups. Black lines represent significant
differences between Birc2/- or Birc3~/- with DKO-RIP and pink lines represent significant
differences between Birc2/- or Birc3/- with DKO-HIP. All differences are significant.
(*p=<0.05 and **p<0.01).
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5.2.8 BIRC2 and BIRC3 also differentially regulate TNFa-stimulated genes
As we have discovered that BIRC2Z and BIRC3 contributed differently to the
regulation of basal gene expression in beta cells, we wondered if the same rules
were applied on the regulation of TNFa-stimulated genes. To do this, the relative
contributions of BIRC2 and BIRC3 on TNFa-mediated genes were compared
between Birc2/-, Birc3/-, DKO-HIP and DKO-RIP islets. Due to the stronger Birc2
deletion by RIP-Cre, we found that with the exception of Cxcl10, DKO-RIP islets
expressed higher TNFa-stimulated A20 (63%), Ccl2 (51%) and Icam-1 (85%) than
DKO-HIP islets (Figure 5.4).

Overall, our analyses found BIRC2 and BIRC3 applied the same rules of basal gene
regulation on TNFa-induced gene expression in beta cells. BIRC2 or BIRC3 alone
was sufficient for the control of TNFa-induced A20 and Icam-1 expression (Figure
5.4). Further, BIRC2 was solely responsible for modulating TNFa-induced Ccl2
expression, while BIRC2 and BIRC3 are both required for TNFa-induced Cxcl10
expression (Figure 5.4). Collectively, our results indicated that BIRC2 and BIRC3

negatively regulate basal and TNFa-induced gene expression in beta cells.
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Figure 5.4. BIRCZ and BIRC3 also differentially regulate TNFa-stimulated genes.
Expression of NF-xB-target genes in Birc2/-, Birc37/~ DKO-HIP and DKO-RIP islets
stimulated with TNFa for 4 h (n = 5 per group) determined by qRT-PCR. Gene expression
shown are relative to housekeeping gene, CPH. Bar represents mean value. Statistical
comparisons were made by single unpaired t-test between two groups. All differences are
significant. (**p<0.01, ***p<0.001 and **** p<0.0001).
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5.2.9 Transcriptional control of TNFa-induced gene expression in WT islets

Increased gene expression could result from alterations in mRNA stability or
increased de novo transcription. TNFa can regulate gene expression via
transcription or through posttranscriptional modifications (Lentz et al., 1991). We
tested whether TNFa induction of A20, Cxcl10, Ccl2 and Icam-1 expression were
under transcriptional control. To do this, WT islets were pre-treated with the
transcriptional inhibitor, AcD, prior to TNFa stimulation for 4 h. In untreated WT
islets, TNFa led to the induction of A20 expression. However blockade of
transcription inhibited TNFa-induced A20 by 90% (Figure 5.5). Similarly, TNFa-
induced Ccl2, Cxcl10 and Icam-1 were inhibited by 64%, 92% and 83% respectively
by AcD treatment (Figure 5.5). These data implicated that TNFa induction of A20,

Ccl2, Cxcl10 and Icam-1 were regulated by de novo gene transcription.

Figure 5.5. Transcriptional control of TNFa-induced genes in WT islets. Expression of A20,
Cxcl10, Ccl2 and Icam-1 mRNA in WT islets either left untreated or treated with
Actinomycin D (AcD) for an hour, prior to TNFa stimulation for 4 h (n=3 per group). Gene
expression shown are relative to housekeeping gene, CPH. Bar represents mean value.
Statistical comparisons were made by single unpaired t-test between two groups. All
differences are significant. (*p<0.05, **p<0.01 and ****p<0.0001).
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5.2.10 BIRC-dependent control over the beta cell transcriptional responses

Having established that TNFa-induced A20, Cxcl10, Ccl2 and Icam-1 were under
the transcriptional control; we next determined if stimulus-independent basal
gene expression was also regulated by gene transcription in DKO-RIP islets. For
this experiment, we tested DKO-RIP islets because they were found to express the
highest level of basal gene expression as demonstrated in Figure 5.3. DKO-RIP
islets treated with AcD prevented stimulus-independent basal expression of A20
and Cxcl10 by 90%, but did not affect basal Ccl2 or Icam-1 levels (Figure 5.6).
These indicated that basal A20 and Cxcl10 mRNA levels were regulated by active
gene transcription in DKO-RIP islets. We interpreted these data to mean that
without BIRC2 and BIRC3, the stimulus-independent transcription rates of some

TNF-regulated genes are altered in primary beta cells.

Figure 5.6. BIRC-dependent control over the beta cell’s transcriptional response.
Expression of A20, Ccl2, Icam-1 and Cxcl10 mRNA in DKO-RIP islets treated with 1 pM
Actinomycin D (AcD) for 8 h (n=4 per group). Gene expression shown are relative to
housekeeping gene, CPH. Bar represents mean value. Statistical comparisons were made
by single unpaired t-test between two groups. All differences are significant. (**p<0.01).
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5.2.11 Regulation of TNFa-induced genes by NF-x B, JNK and p38 pathways

Beta cells respond to TNFa and activate the NF-kB, JNK and p38 pathways
(Carpentier et al., 1998; Liu et al.,, 1996b; Reinhard et al., 1997; Song et al., 1997).
There has been evidence that suggests that JNK and p38 can also contribute to the
regulation of TNFa-induced Ccl2 (Chen et al., 2004; Gao et al., 2009; Wolter et al,,
2008), Cxcl10 (Clarke et al.; Shen et al,, 2006; Yeruva et al., 2008) and Icam-1 (Chen
and Manning, 1995; Rajan et al., 2008; Yang et al.). To examine if JNK and p38
contributed to the regulation of TNFa-stimulated A20, Cxcl10, Ccl2 and Icam-1,
MING6 cells that we had previously treated with PDTC, SP600125 or SB203580 to
inhibit NF-xB, JNK or p38 respectively (in chapter 3) were screened for A20, Ccl2,

Cxcl10 and Icam-1 levels.

We found PDTC treatment resulted in 67% inhibition of TNFa-induced A20
expression, but were unaffected with SP600125 or SB203580 treatment (Figure
5.7). These results indicated that TNFa-induced A20 was specifically regulated by
NF-kB activation. Further, our analysis found TNFa-induced Ccl2 expression was
prevented by 98% and 82% by PDTC and SP600125 treatments respectively, but
not by SB203580 (Figure 5.7). These suggested that TNFa-induced Ccl2 is
regulated by the NF-kB and JNK pathways in beta cells. Similar to Ccl2, PDTC and
SP600125 treatment resulted in =75% blockade in TNFa-stimulated Icam-1 and
Cxcl10 but not with SB203580. Therefore in beta cells, TNFa-stimulated Icam-1

and Cxcl10 were also co-regulated by NF-kB and JNK activation (Figure 5.7).
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Figure 5.7. The regulation of TNFa-induced genes by the NF-kB, JNK and p38 pathways.
Expression of A20, Ccl2, Icam-1 and Cxcl10 mRNA in MIN6 cells either left untreated or
treated with PDTC, SP600125 or SB203580 for 1 h prior to stimulation with TNFa for 4h,
measured by qRT-PCR. (n = 3per group). Gene expression shown are relative to
housekeeping gene, CPH. Bar represents mean value. Statistical comparisons were made
by single unpaired t-test between two groups. All differences are significant. (*p<0.05 and

*% p<0.01).
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5.2.12 JNKinhibition reigned in the DKO-RIP phenotype

We next tested the idea that increased basal gene expression in DKO-RIP islets
might be due to hyper-activation of the same pathways involved in the regulation
of normal TNFa-induced gene expression. To test this, DKO-RIP islets were treated
with PDTC, SP600125 or SB203580 to inhibit NF-kB, JNK or p38 respectively, and
gene expression was analysed by qRT-PCR. These analyses revealed that the basal
expression of Ccl2 (50%), Icam-1 (67%) and Cxcl10 (56%) were sensitive to
SP600125, but not to SB203580 or PDTC treatment (Figure 5.8A). These findings
indicated that loss of both BIRC2 and BIRC3 disrupted negative control over the
JNK pathway. As a result, unstimulated Birc2/3-DKO beta cells spontaneously up-
regulated JNK-signalling. Importantly, examination of JNK activation by analysis of
c-Jun phosphorylation showed hyper-phosphorylation of c-Jun in DKO-RIP versus
WT islets (Figure 5.8B). We interpret these findings to indicate that loss of both
BIRC2 and BIRC3 impairs fine-control over the JNK pathway, such that beta cells

are hypersensitive to triggering JNK-signalling.
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Figure 5.8. JNK inhibition reigned in the DKO-RIP phenotype. (A) Expression of A20, CclZ,
Icam-1 and Cxcl10 mRNA in DKO-RIP islets either left untreated or treated with PDTC,
SP600125 or SB203580 for 8 h (n = 4 per group), determined by qRT-PCR. Gene
expression shown are relative to housekeeping gene, CPH. Bar represents mean value. (B)
Western blot analysis of JNK activation by c-Jun phosphorylation (48 kDa) in WT and DKO
islets left untreated. $-actin was used as a loading control. Representative blots are shown.
Triplicate experiments in each case generated similar results. Statistical comparisons were
made by single unpaired t-test between two groups. All differences are significant.

(*p<0.05).
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5.2.13 Proteosome inhibition mimicked the DKO beta cell phenotype

BIRC proteins function as ubiquitin modifying enzymes that target proteins for
proteosomal degradation (Hu and Yang, 2003; Huang et al., 2000; Li et al., 2002).
We tested the idea that in the absence of BIRC proteins, accumulation of signalling
components normally targeted for degradation, perhaps regulatory-kinases, could
be triggering activation of signalling pathways without appropriate external inputs.
To do this, we examined whether loss of proteosome activity could replicate the
DKO islet phenotype. MING6 cells were treated with the proteosome inhibitor, MG-
132. Compared to control MIN6 cells, MG-132-treated MIN6 cells exhibited
increased expression of Ccl2 (50%), Icam-1 (50%) and Cxcl10 expression (80%)
but not A20 (Figure 5.9A). Further, analysis of active c-Jun phosphorylation
showed MG132-treated MIN6 cells exhibited increased JNK pathway activation
(Figure 5.9B). Thus blocking the proteosome resulted in dysregulated JNK
pathway activation in a stimulus-independent manner, with hyper-expression of
Ccl2, Icam-1 and Cxcl10 inflammatory genes. This phenotype is reminiscent of

primary beta cells that lack both BIRC2 and BIRC3.
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Figure 5.9. BIRC2 and BIRC3 fine-tune the TNF-signalling in islet cells. (A) Expression of
A20, Ccl2, Icam-1 and Cxcl10 in MING6 either left untreated or treated with MG-132 for 8 h,
measured by qRT-PCR. Gene expression shown are relative to housekeeping gene, CPH.
Values from individual experiment are shown (n = 5 per group). Bar represent mean value.
(B) Western blot analysis of JNK activation by c-Jun phosphorylation (48 kDa) in MIN6
with or without MG-132 treatment. 3-actin was used as a loading control. Representative
blots are shown. Triplicate experiments in each case generated similar results. Statistical
comparisons were made by single unpaired t-test between two groups. All differences are

significant. (*p<0.05 and ***p<0.001).
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5.2.14 BIRC2 and BIRC3 are crucial for islet graft survival

During the process of isolation, JNK is acutely activated in islets (Fornoni et al,,
2008; Fukuda et al., 2008; Varona-Santos et al., 2008). Specifially, antagonizing [NK
signalling can improve islet survival post isolation (Noguchi et al., 2005). Thus, we
predicted that DKO islets are less tolerant to the stress of isolation, and exhibited
hyper-JNK signalling and increased expression of TNFa-induced inflammatory
genes. Further, we also wondered whether the increased levels of inflammatory
genes expressed by DKO-RIP islets were sufficient to affect physiological responses
of the islets. To test the role of BIRC2 and BIRC3 in an inflammatory setting, WT or
DKO-RIP islets were transplanted into diabetic, allogeneic recipients. We
hypothesised that DKO-RIP islets would fair worse in vivo following
transplantation. For this model, donor islets obtained from WT or DKO-RIP mice of
C57BL/6 background, which carried the MHC haplotype H-24, were transplanted
under the kidney capsule of CBA recipient mice of MHC haplotype H-2k. These
strain combinations represent a MHC-mismatched model. A ratio of three-donor
pancreata to one recipient was used and the recipient mice were administered

with 300 mg/kg of streptozotocin to induce diabetes.

Analysis of blood glucose levels showed that both WT and DKO-RIP islets provided
good metabolic control immediately after transplantation (Figure 5.10A). As early
graft function can be affected by loss of islet mass to cell death (Biarnes et al,,
2002; Grey et al, 2003), these data suggested that DKO-RIP islets were not
hypersensitive to death stimuli directly after isolation and transplantation
procedures. However, by post-operative day (POD) 6, DKO-RIP islets struggled to
restore euglycaemia, which exacerbated with time, while WT islets showed good
metabolic control till at least POD 18 (Figure 5.10A). Kaplan-Meier survival
analysis showed that mice with WT islets rejected their grafts with a mean survival
time (MST) of 26 days, while recipients of DKO-RIP islets rejected their grafts at a
faster rate of MST 17 days (Figure 5.10B). We interpreted the earlier loss of DKO-

RIP islet function to reflect loss of control of inflammatory signalling.
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Figure 5.10. BIRC2 and BIRC3 are crucial for islet graft survival. (A) Graphical illustration
of blood glucose values over time from diabetic CBA mice receiving allogeneic WT (black
line) or DKO-RIP islets (red line). (B) Kaplan-Meier analysis showing islet allograft
survival. Islets were isolated from either WT (black line, MST 26 days; n=7) or DKO-RIP
(green line, MST 17 days, n=8) mice. (Tx = Transplantation; *p<0.05 and **p<0.01)
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5.3 Discussion

5.3.1 BIRC2 and BIRC3 maintain the Kinetics of TNFa-mediated NF-xB
signalling.
Our present data from this chapter provided further findings on the role of BIRC2
and BIRC3 in TNF signalling in primary beta cells. As previously suggested, BIRC2
and BIRC3 were reported to function redundantly in various intracellular
signalling pathways (Bertrand et al., 2009; Gardam et al.; Mahoney et al., 2008;
Micheau and Tschopp, 2003; Vallabhapurapu et al., 2008; Varfolomeev et al., 2007;
Varfolomeev et al., 2008; Vince et al., 2007; Zarnegar et al., 2008b). In this chapter,
we showed that like Birc3-deficient islets, TNFa-induced NF-xB activation was
delayed but still functional in Birc27/- islets. We considered that residual NF-xB
signalling in the absence of BIRC2 was contributed by BIRC3. In chapter 4, we
showed that Birc2/-Birc3/- islets were significantly delayed in TNFa-induced NF-
kB activation kinetics. Together, these data supported the idea that in primary beta
cells, BIRC3 can compensate and allow TNFa-induced NF-«kB activation to occur in
the absence of BIRC2. However, both BIRC proteins are required to maintain
normal NF-kB activation kinetics in response to TNFa stimulation, such that in

their absence, NF-kB activation kinetics is markedly impaired.

BIRC2 has been reported to regulate BIRC3 levels by targeting the protein for
degradation. In the absence of BIRC2, BIRC3 levels are found to increase in some
cell types (Conze et al, 2005). Our analysis found BIRC2Z and BIRC3 levels
remained unaffected in untreated islets. Therefore, contrary to this report, BIRC2
does not play a role in controlling the levels of BIRC3 in beta cells. Of note, Birc2-
deficient islets expressed 50% less TNFa-induced Birc3 compared to WT islets,
indicating that BIRCZ may contribute to the regulation of Birc3 expression.
Previously, we showed in chapter 3 that NF-kB is responsible for the regulation of
TNFa-induced Birc3 expression. We therefore interpreted these findings to mean
that BIRC2 may participate in TNFa-mediated NF-kB signalling that is required to
control full expression of TNFa-induced BIRC3 in beta cells. Together, these

findings implicated a model whereby BIRC2 participates in TNFa activated NF-xB
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signalling, which induced an increase in Birc3 expression. BIRC3 then functions to
fine-tune TNFa-mediated NF-kB signalling to control proper expression of NF-kB-

target genes.

5.3.2 Increased JNK activation may arise from dysregulated NF-xB
activation
Analysis of the increased basal gene expression in DKO-RIP islets with the use of
specific pathway inhibitors showed that the increased gene expression was
controlled by the JNK but not NF-kB or p38 pathway. Notably, DKO-RIP islets
showed c-Jun hyper-phosphorylation, indicating that BIRC2 and BIRC3 function to
suppress basal JNK activation. Transient and modest JNK activation by TNFa has
been associated with cell survival and proliferation while prolonged JNK activation
is associated with TNFa-mediated cell death (Chen et al.,, 1996; Guo et al., 1998;
Tang et al.,, 2002). For example, transient activation of JNK has been reported to
induce genes required for T cell proliferation. However, prolonged JNK activation
results in aberrant gene expression and T cell apoptosis (Chen et al., 1996). Thus,
the function of BIRC2 and BIRC3 in islets may be to inhibit hyper-JNK
phosphorylation to prevent []NK-mediated beta cell apoptosis under conditions of

inflammatory stress.

Additionally, it has been demonstrated that inhibition of NF-kB activation can
result in extended JNK activation and eventually JNK-induced cell death (Liu et al.,
2002; Tang et al.,, 2002; Zhang et al.,, 2004). Conversely, cell death induced by
blocking NF-«kB signalling, can be reversed by inhibiting JNK activation (Zhang et
al., 2004), suggesting that NF-kB signalling can protect cells from JNK-mediated
apoptosis. This cytoprotective role of NF-kB is supported by reports showing that
it can suppress the secondary prolonged phase of JNK activation by inducing JNK-
inhibitory genes and by inhibiting ROS production (Bubici et al., 2006; Sakon et al.,
2003; Tang et al,, 2001). Collectively, these reports suggested that in primary beta
cells, BIRC2 and BIRC3 are required to provide proper NF-kB activation kinetics,
allowing NF-kB to control the duration of JNK activation and prevent JNK-induced

cytotoxicity in beta cells.
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5.3.3 DKO islets are more susceptible to external stress

Using the islet transplantation model, we showed that DKO-RIP islets were less
able to tolerate the inflammatory stress of an MHC mismatched transplant
conditions and rejected at a faster rate than WT islets. Therefore, consistent with
previous findings that implicated BIRC2 and BIRC3 as anti-apoptotic proteins, in
this setting, BIRC2 and BIRC3 seem to provide pro-survival support to islet cells
through their participation as regulators of the TNF- signalling pathway (Bertrand
et al., 2008; Csomos et al., 2009; Schoemaker et al., 2002). Our results showed that
BIRC2 and BIRC3 are required to protect islets from conditions of stress including
islet isolation stress, inflammatory stress during islet transplantation and T1D, by

dampening basal JNK and inflammatory responses.

5.3.4 Up-regulation of inflammatory genes impair beta cell function and
viability
Uncontrolled expression of inflammatory genes such as Ccl2, Cxcl10 and Icam-1
has adverse effects on islets. CXCL10 is implicated in the pathogenesis of both type
1 and type 2 diabetes. Elevated CXCL10 levels were found to impair beta cell
function and viability (Schulthess et al, 2009), while RIP-Cxcl10 mice showed
spontaneous islet infiltration by immune cells and impaired beta cell function,
although these mice do not proceed to diabetes (Rhode et al., 2005). The islets of
type 2 diabetic patients were reported to secrete 33.5-folds more CXCL10 than
normal islets (Schulthess et al., 2009), while serum CXCL10 levels were found to
heighten in NOD mice just before or at the onset of diabetes (Shigihara et al., 2006).
Conversely, in vivo treatment with CXCL10 DNA vaccine (pCAGGS-CXCL10) in
young NOD mice to induced anti-CXCL10 antibody production, alleviated disease
progression. Although anti-CXCL10 treatment did not prevent immune infiltration
and insulitis, it was able to suppress the incidence of spontaneous diabetes in
treated mice (Shigihara et al., 2005). Like CXCL10, the inflammatory genes Ccl2
and Icam-1 are also cytotoxic to beta cells. Low levels of Ccl2 expression were
sufficient to impair beta cell function (Martin et al, 2008). Transgenic mice
expressing high levels of intra-islet Ccl2 showed increased macrophage infiltration

into the islets and developed diabetes spontaneously (Martin et al.,, 2008). Like
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Ccl2 and Cxcl10, increased Icam-1 expression was also linked to impaired beta cell
viability. Icam-1 was found to promote beta cell destruction by cytotoxic T cells in
NOD mice (Yagi et al.,, 1995), while Icam-1-/-NOD mice are protected from diabetes
(Martin et al., 2001). These findings suggested the importance of BIRC2 and BIRC3
in islet cells, where BIRC proteins function to prevent spontaneous expression of

inflammatory genes that can be detrimental to beta cell viability and function.

5.4 Conclusion

In conclusion, a number of new functions of BIRC2 and BIRC3 in pancreatic beta
cells were presented in this chapter. Firstly, we confirmed that BIRC2 and BIRC3
are redundant for TNFa-mediated NF-kB signalling but are both required to
maintain the immediate early kinetics of NF-kB activation in beta cells. BIRC2 and
BIRC3 also provide distinct and overlapping functions in fine-tuning the
expression of basal and TNFa-induced genes. In addition, the role of BIRC2 and
BIRC3 extends beyond the regulation of NF-kB activation. This study found that
BIRC2 and BIRC3 are also required to negatively regulate JNK activation in the
absence of stimulus. The regulation of BIRC proteins on JNK signalling could be via
an unknown direct method, or indirectly through their participation in NF-xB
signalling. In their absence, islets may be more susceptible to external stress such
as inflammatory stress in a MHC-mismatched immune environment. Without these
BIRC proteins, islets exhibit increased inflammatory gene expression, which can
contribute to the failure and destruction of beta cells. Hence, our findings in this
chapter reinforced the idea that BIRC2 and BIRC3 are pro-survival genes, which
are crucial for controlling NF-kB activation, fine-tuning of basal and TNF-induced
gene expression and dampening the activation of JNK pathway in pancreatic islets.
The balance of these pathways may be crucial in the survival of islets under

inflammatory conditions such as T1D.
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6 Discussion and implications for future work

6.1.1 BIRC2 and BIRC3 fine-tune NF-kB responses in islets

It is now established that T1D is a consequence of lymphocytic invasion to the
pancreatic islets, resulting in eventual beta cell failure and destruction (Amano and
Yoon, 1990; Hanenberg et al., 1989; Jansen et al., 1994; Voorbij et al., 1989). Final
beta cell destruction involves the participation of cytokines and T lymphocytes
(Nerup et al.,, 1988). Of interest, the pro-inflammatory cytokine TNFa, secreted by
invading T cells, macrophages and dendritic cells into the islets during insulitis
(Arnush et al.,, 1998; Cantor and Haskins, 2005; Dahlen et al., 1998; Uno et al,,
2007), has been found to directly impair beta cell function (Zhang and Kim, 1995)
and cause beta cell death (Liuwantara et al., 2006; Stephens et al., 1999). TNFa
also contributes to insulin resistance and T2D pathology by impairing lipid
metabolism (Dandona et al., 1998; Hotamisligil, 1999). Despite the importance of
TNFa in the pathogenesis of diabetes, its effect on beta cells is not fully understood.
Previous data from our laboratory and others have shown that Birc3 is
upregulated in beta cells following cytokine stimulation (Liuwantara et al., 2006;
Sarkar et al,, 2009). Of interest, BIRC3 plays a role in TNF signalling and regulation
of apoptosis and its function has not been elucidated in beta cells. Furthermore,
the role of its binding partner, BIRC2, has never been examined in beta cells. This

inspired us to examine the role of BIRC proteins in beta cells in this thesis.

Our study have provided better understanding of TNFa signalling in primary beta
cells and beta cell lines by examining the role of BIRC proteins in this pathway.
Firstly, beta cells specifically induced Birc3 but not other BIRC family members
with TNFa stimulation. Further to this, we found Birc3 was also induced in the
presence of other cytokines such as IL-1p and IFNy that also contribute to the
pathology of T1D (Baquerizo and Rabinovitch, 1990; Mori et al., 2008; Thomas et
al,, 2004; Wachlin et al,, 2003). When added together, the cytokines TNFo + IL-1p +
IFNy synergized and significantly induced high levels of Birc3.

This prompted us to study the regulation of BIRC3 and determine the function of

BIRC3 in pancreatic beta cells. We identified a number of putative transcription
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factor binding sites within the proximal promoter of Birc3 and that the Birc3-
proximal promoter was inducible by the same cytokines and combination that
induced the Birc3 transcript. It has been reported that TNFa-induced BIRC3 is
modulated by p38 but not by NF-xB signalling in ECV304 endothelial cells (Furusu
et al.,, 2007), while TNFa-stimulated BIRC3 was regulated primarily by NF-xB in
Jurkat and primary T cells (Chu et al., 1997; Hong et al., 2000). Our study found
that TNFa-induced Birc3 was regulated by NF-kB but not by p38 or JNK signalling,
which correspond to the phenotype observed in T cells but not that of ECV304
cells. Exactly why beta cells choose to up-regulate only BIRC3 in the presence of
TNFa is not known. Our preliminary findings implied that HDACs may play a role
in inhibiting the up-regulation of Birc1 and Birc4 but further experimentation is

required to confirm this.

Noticeably, our study found an important function of BIRC3 in beta cells.
Overexpression of BIRC3 positively enhanced NF-kB signalling and led to subtle
up-regulation of the NF-kB-regulated inflammatory genes, Cxcl10 and Ccl2. This
function of BIRC3 has been deemed important in the context of oncogenesis.
Mucosa-associated lymphoid tissue (MALT) lymphoma is an inflammation-induced
cancer of the mucosa (primarily in gut and lung) (Zhou et al., 2005). Occurrence of
MALT lymphoma is thought to occur from reciprocal translocation of BIRC3 and
MALT]I resulting in a chimeric protein, BIRC3-MALT1, that is made up of the three
BIRs and one UBA domains of BIRC3, as well as the paracaspase domain of MALT1
(Zhou et al., 2005). BIRC3-MALT1 positively feeds back on NF-kB signalling,
resulting in further expression of BIRC3-MALT1. The UBA domain of BIRC3-
MALT1 is responsible for stimulating constitutive NF-kB activation by binding to
NEMO, which increases cell survival and the oncogenic potential of MALT
lymphoma (Gyrd-Hansen et al.,, 2008). Thus, increased BIRC3-dependent NF-xB
activation is associated with increased cell survival, which may be important for
protecting beta cells from cytokine-induced apoptosis in T1D. However, this
function of BIRC3 remains to be examined. The BIRC members, BIRC3, Survivin,
ML-IAP and XIAP are found to be highly upregulated in pancreatic cancer and

BIRC3, in particular, is associated with its resistance to chemotherapeutic agents
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(Lopes et al., 2007). Hence, furthering our understanding of BIRC3’s function in

beta cells may also provide treatment for pancreatic cancer.

To determine whether BIRC3 is essential for beta cell function, BIRC3 loss-of-
function was studied in islets. Without BIRC3, TNFa-mediated NF-kB signalling
was delayed, but still functional. Further, BIRC3 was required to fine-tune the
expression of some TNF-regulated genes. The loss of BIRC3 was compensated by
BIRC2 and this redundancy has been reported in diverse cell types (Bertrand et al,,
2008; Mahoney et al., 2008; Varfolomeev et al., 2008). Like BIRC3, loss of BIRC2
also led to delayed but apparent NF-kB signalling. Interestingly, in addition to
maintaining the normal expression of TNF-induced genes, BIRC2 was also required
to negatively regulate basal expression of TNF-induced genes. Furthermore, the
loss of fine-tuning of basal gene expression in the absence of BIRC2 was further

exacerbated when combined with the loss of BIRC3.

The kinetics of NF-kB signalling was impaired in the absence of BIRC2 and BIRC3.
This demonstrated their importance in maintaining the kinetics of TNFa-induced
NF-xB activation in beta cells. The function of BIRC2 and BIRC3 in beta cells
reflected their roles described in the literature where the combined absence of
BIRC2 plus BIRC3 strongly impaired the activation of TNFa-mediated NF-kB
signalling (Bertrand et al., 2008; Mahoney et al., 2008; Varfolomeev et al., 2008).
During conditions of inflammatory stress, such as in T1D, BIRC2- and BIRC3-
deficient beta cells may fail to respond to cytokines quickly. This may have
detrimental effects on the beta cells, as they may not be able to activate NF-kB to
drive the expression of pro-survival genes such as c-Flip and A20 that are known to
exert protective functions under conditions of external stress (Cottet et al., 2002;
Daniel et al., 2004; Grey et al., 1999; Liuwantara et al., 2006; Micheau et al., 2001).
However, our cells did not show reduction in A20 expression. Instead A20 levels
were increased in the absence of BIRC2 and BIRC3, and despite the delayed
kinetics of NF-kB activation, IkBa. levels remained phosphorylated at 60 mins with
TNFa, which suggests a prolonged NF-kB activation. The extended duration of NF-

kB activation may explain the accumulation of TNFa-induced gene expression.
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6.1.2 Arole for BIRC2 and BIRC3 in non-canonical NF-k B signalling

In addition to the canonical NF-kB pathway, emerging data implicate a role for
BIRC2 and BIRC3 in the non-canonical NF-kB pathway (Vallabhapurapu et al,,
2008; Varfolomeev et al., 2007; Vince et al., 2007). Birc2/- MEFs and Birc2/-Birc37/-
cancer cells accumulate NIK to high levels. Subsequently, NIK accumulation results
in IKKa phosphorylation and induces activation of the non-canonical NF-xB
pathway (Varfolomeev et al., 2007; Vince et al, 2007). BIRC2 and BIRC3 are
implicated as negative regulators of the non-canonical NF-kB pathway. Moreover,
both the canonical and non-canonical NF-kB pathways have been reported to
modulate ICAM-1 expression in HUVEC cells stimulated with LIGHT and LTalf2
(Madge et al., 2008). These findings suggested that the increased basal Icam-1 that
was observed in Birc2/-Birc37/- islets may relate to dysregulated non-canonical NF-
kB signalling in islet cells. The non-canonical NF-kB subunit, RelB, is thought to
resolve inflammation in fibroblasts by regulating chemokine expression. Our study
found that TNFa-induced chemokine expression in Birc2/-Birc3+/- islets resembled
that of RelB/- fibroblasts where TNFoa-induced Cxcl10 and Ccl2 levels were
elevated (Xia et al.,, 1997). Although this hypothesis remains to be examined, BIRC2
and BIRC3 may control islet inflammation by suppressing basal non-canonical NF-
kB activation to prevent constitutive chemokine expression. Thus, it would be

interesting to assess p100 processing and NIK levels in Birc2/-Birc3/- islets.

6.1.3 A possible role for TRAF2 in regulating basal IKK activity.

BIRC2 and BIRC3 are involved in TNFR1 signalling through their interaction with
TRAF2 (Rothe et al., 1995; Shu et al,, 1996). TRAF proteins upstream of BIRC2 and
BIRC3 in the TNF signalling pathway are also important for driving TNFa-
mediated NF-kB signalling (Sakurai et al., 2003; Tada et al., 2001). Hence, it is
possible that TRAF2 and TRAF5 may contribute to the residual NF-kB signalling in
our Birc2/-Birc37/- islets. In particular, TRAF2 has been reported to suppress basal
IKK activity in resting cells (Zhang et al,, 2009). Furthermore, the importance of
TRAF2 and TRAFS5 in the regulation basal gene expression has been demonstrated
in MEF cells (Zhang et al., 2009). Traf2/-Traf57/- MEF cells were found to express

higher basal levels of NF-kB-target genes such as Cxcl10, Rantes and Ikba, a
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phenotype that is reminiscent to our Birc2/-Birc37/- islets. Additionally, increased
gene expression in TRAF-deficient MEF cells was associated with increased basal
IKK activity (Zhang et al., 2009). Since it has been demonstrated that recruitment
of BIRC2 and BIRC3 by TRAF2 to the TNFR1 is required to maintain normal NF-kB
signalling (Vince et al., 2009), therefore one possibility is that TRAF2 is not able to
recruit BIRC2 and BIRC3 in Birc2/-Birc3islets and initiate proper suppression of

basal IKK activity to prevent basal NF-kB-target gene expression.

6.1.4 A possible role for TRAF2 in suppressing NIK activation

Of interest, the addition of TNFa to Traf2/-Traf5/- MEFs led to further increase in
IKK activity and increase in NF-kB-regulated gene expression (Zhang et al., 2009).
As a result of impaired recruitment of anti-apoptotic genes to the TNFR1, these
cells were sensitive to TNFa-mediated apoptosis, thus suggesting that TRAF2 and
TRAFS5 are required to protect cells from TNFa-mediated apoptosis. In resting cells,
TRAF2 forms part of an inhibitory complex with TRAF3-BIRC2/3 to suppress NIK
degradation and activation, thus preventing unwanted constitutive activation of
the non-canonical NF-kB pathway (Vallabhapurapu et al., 2008; Zarnegar et al,,
2008b). When the pathway is induced, NIK degradation activates downstream IKK
and result in the activation of the non-canonical NF-kB pathway. Expectedly,
inhibition of NIK activity in Traf2/-Traf5/- MEFs restored basal IKK activity and
downstream gene expression to WT levels (Zhang et al, 2009). These findings
indicated that increased expression of TNFa-induced NF-kB-dependent genes seen
in Birc2/-Birc3/ islets could be attributed to the lost of TRAF2’s suppressive

function on NIK-activation (Bonizzi and Karin, 2004; Zarnegar et al., 2008a).

6.1.5 BIRC2 may provide control over TRAF2 and ASK1 for JNK signalling

Our study found that the increase in basal gene expression in our DKO islets,
involved a mechanism of increase in JNK activation. Some studies demonstrate
that TRAF2 is important for TNFa-mediated JNK signalling but is redundant for the
NF-kB or p-38-MAPK pathways (Habelhah et al., 2004; Lee et al., 1997; Lee et al,,
2003; Yeh et al,, 1997). Others suggest that TRAF2 phosphorylation is required to
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mediate full activation of TNFa-induced JNK signalling and for efficient expression
of the NF-kB-target genes such as Icam-1 (Blackwell et al., 2009). Further, it has
also been reported that BIRC2 can modulate the duration of TNFa-induced p38
and JNK signalling by targeting TRAF2 and the MAPKKK protein, ASK1, for
proteosomal degradation (Dupoux et al., 2009; Samuel et al., 2006; Zhao et al,,
2007). In B lymphocytes, loss of BIRC2 leads to prolonged TNFa-mediated JNK and
p38 signalling (Zhao et al., 2007). Hence, it is also possible that without BIRC2 and
BIRC3, islets cannot provide normal control over TRAF2 and ASK1 levels or their
activity. As a result the JNK pathway becomes hyper-activated in the absence of an
overt signal. Further, it has also been shown that BIRC proteins can function as
ubiquitin ligases that target proteins for proteosomal degradation (Hu and Yang,
2003; Huang et al, 2000; Li et al., 2002). Our data showed that proteosomal
inhibition on MING6 cells led to the same increased basal gene expression and c-Jun
hyper-phosphorylation seen in DKO-RIP islets in the absence of stimulus. Thus, it
is possible that the increased basal JNK hyper-activation in DKO beta cells
occurred as a result of loss of regulation on TRAF2 and ASK1. Thus, one of the
outcomes of this study would be to better understand the role of TRAF2 in beta

cells to further improve our knowledge on how beta cells respond to TNFa.
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6.2 Future work

Our present study provided the platform to further investigate the function of BIRC
proteins and TNF signalling in beta cells. Firstly, we have shown that Birc3
expression can also be induced by pathogenic cytokines implicated in T1D such as
IL-18 and IFNy. As these cytokines can activate signalling pathways different to
TNFao, determining the role of BIRC proteins in IL-13- and TNFa+IL-18+IFNy-
stimulated beta cells, may help identify novel roles of these proteins and also
contribute to better understanding of these pathways in beta cells. In addition,
BIRC2 and BIRC3 are generally regarded as weak caspase inhibitors. However,
several evidences have point towards the role of BIRC2 and BIRC3 as anti-
apoptotic genes. This study did not directly determine the anti-apoptotic function
of BIRC2 and BIRC3 in beta cells. It will be interesting to test whether
overexpression of BIRC2Z or BIRC3 can protect beta cells cytokine-mediated

apoptosis.

This thesis is the first to report the role of BIRC2 and BIRC3 as negative regulators
of basal JNK activation. Although immediate TNFa-induced JNK activation is
associated with cell survival and proliferation, extended JNK activation results in
TNFa-induced apoptosis (Chen et al., 1996; Guo et al,, 1998; Tang et al., 2002). It
has been shown that suppression of JNK activation prior to islet transplantation is
found to be beneficial in preserving islet function and lead to enhanced graft
survival. For this study, we have performed islet transplantation of Birc2/-Birc3/-
islets under the kidney capsule of allogeneic and streptozotocin-induced diabetic
recipients. We found islets without BIRC2 and BIRC3 were still able to restore
early graft function as WT islets, suggesting that the islets were not sensitive to
islet isolation and transplantation procedure stress without BIRC2 and BIRC3.
However, when subjected to prolonged immune attack, Birc2/-Birc3/- islets do
worse and rejected faster than WT islets in vivo. These findings presented an
interesting aspect to examine whether JNK-hyperactivation and increased
inflammatory gene expression in our Birc2/-Birc37/- islets directly affects beta cell

function and viability. Conversely, we can aslo examine whether the gain-of-
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function of BIRCZ or BIRC3 respectively, can provide suppression on JNK

activation and improve islet transplantation outcomes as part of the further work.

Another area of investigation is the regulation of NF-kB on JNK activation. It has
been demonstrated that NF-kB can prevent JNK-mediated apoptosis by modulating
the duration of JNK activation (Liu et al., 2002; Tang et al., 2002; Zhang et al., 2004).
NF-kB prevents the cytotoxic effects of JNK activation by inducing JNK-inhibitory
genes and controlling ROS production (Bubici et al., 2006; Sakon et al., 2003; Tang
et al., 2001). Our study suggested that BIRC2 and BIRC3 are required to provide
proper NF-kB activation kinetics, which may be needed to control the duration of
JNK activation and prevent JNK-induced apoptosis. The possibility of NF-kB'’s
control on JNK activation can be examined by analysing the TNFa-induced JNK
activation kinetics in our DKO-RIP islets, to determine whether the delayed NF-xB
activation can result in prolonged JNK activation. These findings may provide
further explanation for the increased TNF-regulated genes expression seen in our

DKO-islets.

Last but not least, this study provided a platform to further explore the roles of
BIRC2 and BIRC3 in animal models of T1D and T2D. To study the effects of BIRC on
T1D, subjecting the DKO and BIRC-transgenic mice to streptozotocin-induced
diabetes and creating BIRC-transgenic NOD or BIRC-deleted NOD mice would help
determine: firstly, the direct function of BIRCs on the beta cell’s fate in T1D and
secondly, whether BIRC proteins may be a suitable therapeutic target for T1D. In
the context of T2D, this can be studied by subjecting DKO mice to prolonged high
fat diet. As JNK is found to be hyper-activated under conditions of ER stress and
the induction of BIRC proteins have been implicated to delay the occurrence of ER
stress-induced caspase activation and apoptosis in MEFs in vitro (Hamanaka et al.,
2009), thus BIRC-deletion may render islets susceptible to stress-induced by high
fat diet. Conversely, overexpression of BIRC proteins in this case may provide
protection against diet-induced islet stress and could be an avenue of target for

T2D treatment.
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6.3 Concluding remarks

In conclusion, this present study provided the first molecular insights into the
complex roles played by BIRC proteins in TNF-signalling in primary pancreatic
islets and beta cells (Figure 6.1). Analysis of four TNF-target genes showed that
BIRC2 and BIRC3 perform different and overlapping functions in these cells. TNFa
stimulation induces NF-kB activation (Figure 6.1A), which drives the early-
immediate expression of Birc3 (Figure 6.1B). The increased levels of BIRC3 may be
required to fine-tune TNF-induced inflammatory signalling for full expression of
select TNF-a-induced NF-kB-target genes (Figure 6.1A). Additionally, increased
BIRC3, in combination with BIRC2, provided regulatory control over the JNK
signalling axis - preventing activation of this pathway in the absence of an overt
extra-cellular signal normally provided by TNFa (Figure 6.1D). This is the first
time such a role for BIRC proteins has been demonstrated. Dysregulated control of
the Cxcl10, Ccl2 and Icam-1 has been associated with beta cell failure and
destruction in diabetes (Figure 6.1F) (Martin et al., 2008; Martin et al.,, 2001;
Schulthess et al., 2009; Yagi et al., 1995), demonstrating the importance of this
regulatory control loop in beta cells - expression of these genes were exacerbated
with combined BIRC2 and BIRC3 loss. Thus, under inflammatory conditions,
pancreatic islets rapidly induce BIRC3 to fine-tune NF-kB and JNK signalling
pathways to ensure the beta cell’s transcriptional responses are appropriately
matched to extra-cellular inputs. The balance of these pathways may be critical for

regulating beta cell function under conditions of cellular stress.

Importantly, we showed that antagonizing TNF signalling (with neutralizing
antibodies) or targeting BIRC proteins (with BIRC antagonist) for cancer, diabetes
or other autoimmune diseases need to be used with caution. Contrary to believe,
targeting BIRC deletion may not just result in impaired TNFa-mediated NF-xB
signalling but may also lift the suppression of BIRCs on basal JNK activation
mediated under conditions of stress. While targeting BIRC proteins may serve as a
possibility for eradicating cancers where high levels of BIRC proteins have been
detected, especially since BIRC antagonist have shown to induce apoptosis on a
variety of cancer cells, we recommend further testing before taking these drugs

into clinical trials.
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Figure 6.1. Schematic of complex roles played by BIRC proteins in TNF-signalling in
primary beta cells proposed in this thesis. (A) Upon TNFa stimulation, a complex
signalling cascade involving the sequential recruitment and activation of signalling
proteins occurs at the cytoplasmic domain of TNFR1. TRADD recruits TRAF2. TRAF2
recruits BIRC2 and BIRC3 thought to ubiquitinate RIPK1. RIPK1 ubiquitinates and
activates TAK1 resulting in IKK phosphorylation and activation. These events lead to the
activation of NF-xB signalling which drives the expression of inflammatory genes
including Ccl2, Icam-1 and Cxcl10 and anti-apoptotic genes such as A20 and c-flip, as well
as (B) Birc3, which participates in (C) a positive feedback loop in TNFa-induced NF-xB
activation required to fine-tune the expression of down-stream NF-kB-regulated genes.
(D) BIRC2 and BIRC3 were found to negatively regulate basal JNK activation. However the
direct mechanism of BIRC2's suppression of JNK in beta cells remains to be studied. We
propose that downstream JNK activation may be modulated in a process involving TRAF2
and BIRC2. BIRC2 is suggested to prevent prolonged JNK activation by targeting TRAF2
and the MAPKKK protein, ASK1, for proteosomal degradation. (E) Further, NF-xB is
thought to prevent JNK-mediated apoptosis by suppressing the prolonged phase of JNK
activation. This mechanism remains to be elucidated in beta cells. Overall, BIRC2 and
BIRC3 are thought fine-tune NF-kB signalling and negatively regulate the JNK pathway to
protect beta cells from JNK-mediated apoptosis and (F) to prevent over-production of
inflammatory cytokines.
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Abstract

Aims/hypothesis For beta cells, contact with TNF-« triggers
signalling cascades that converge on pathways important for
cell survival and inflammation, specifically nuclear factor kB
(NF-kB), c-Jun N-terminal kinase (JNK) and p38 mitogen-
activated protein kinase pathways. Here, we investigated the
function of baculoviral inhibitors of apoptosis repeat contain-
ing (BIRC) proteins in regulating TNF signalling cascades.
Methods TNF regulation of Birc genes was studied by
mRNA expression and promoter analysis. Birc gene control
of cell signalling was studied in beta cell lines, and in islets
from Birc2” and Birc3™~ mice, and from Birc3 " Birc2A
beta cell mice that selectively lack Birc2 and Birc3 (double
knockout [DKOY]). Islet function was tested by intraperitoneal
glucose tolerance test and transplantation.

Results TNF-« selectively induced Birc3 in beta cells,
which in turn was sufficient to drive and potentiate NF-xB
reporter activity. Conversely, Birc3~'~ islets exhibited
delayed TNF-x-induced IkBo degradation with reduced
expression of Ccl2 and Cxcl10. DKO islets showed a further
delay in IkBo degradation kinetics. Surprisingly, DKO
islets exhibited stimulus-independent and TNF-dependent
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hyperexpression of TNF target genes 420 (also known as
Tnfaip3), Icaml, Ccl2 and Cxcli0. DKO islets showed
hyperphosphorylation of the JNK-substrate, c-Jun, while a
JNK-antagonist prevented increases of Icaml, Ccl2 and
Cxcll0 expression. Proteosome blockade of MING6 cells
phenocopied DKO islets. DKO islets showed more rapid
loss of glucose homeostasis when challenged with the in-
flammatory insult of transplantation.
Conclusions/interpretation BIRC3 provides a feed-forward
loop, which, with BIRC2, is required to moderate the nor-
mal speed of NF-kB activation. Paradoxically, BIRC2 and
BIRC3 act as a molecular brake to rein in activation of the
JNK signalling pathway. Thus BIRC2 and BIRC3 fine-tune
NF-kB and JNK signalling to ensure transcriptional
responses are appropriately matched to extracellular inputs.
This control is critical for the beta cell’s stress response.

Keywords Beta cell - BIRC - Diabetes - Gene -
Inflammation - Islet - JNK - NF-kB - TNF

Abbreviations
ASK1 Apoptosis signal-regulating kinase 1

BIRC Baculoviral inhibitors of apoptosis repeat
containing proteins

DKO Bire3”"Birc2\ beta cell mice that
selectively lack Birc2 and Birc3

eGFP Enhanced green fluorescent protein

eGFP-Birc3 pIRES2-eGFP-Birc3

IAP Inhibitors of apoptosis

IkBa Nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha

INK c-Jun N-terminal kinase

NF-«xB Nuclear factor of kappa light polypeptide
gene enhancer in B cells

NIK NF-kB-inducing kinase

p38 p38 mitogen-activated protein kinases
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PDTC Pyrrolidine dithiocarbamate

pIRES2 Plasmid containing an internal ribosome
entry site two

RIPK1 Receptor-interacting protein kinase 1

TNFR TNF receptor

TRAF TNFR-associated factor

XIAP X-linked inhibitor of apoptosis protein

Introduction

TNF-a is a pleiotropic cytokine that is involved in the patho-
genesis of autoimmune type 1 diabetes and influences cell
proliferation, inflammation and cell death. TNF-« mediates its
actions through two distinct receptors, TNF receptor (TNFR)
1/p55 and TNFR2/p75, both of which are expressed on virtu-
ally all cell types [1]. TNFR1 is predominantly responsible for
TNF signalling in most cell types [1], mediated by the sequen-
tial formation of two complexes upon TNFR1 ligation [2].
Complex I forms with the recruitment of TNFR1-associated
death domain protein, which subsequently recruits TNFR-
associated factor (TRAF) 2, TRAFS5 and receptor-interacting
protein kinase 1 (RIPK1) [2]. Within complex I, RIPK1 is
essential for activating the nuclear factor of kappa light poly-
peptide gene enhancer in B cells (NF-kB) pathway [3], while
TRAF2 is required for activation of the c-Jun N-terminal
kinase (JNK) pathway [4]. These signalling cascades are
imperative for the control of genes involved in immune re-
sponse, inflammation and cell survival [1]. In addition, a
secondary complex, spatially and temporally distinct from
complex I, comprises Fas-associated death domain protein
and caspase 8, which triggers a pro-apoptotic cascade [2].
Normally, TNF-a-stimulated cells are protected from the
pro-apoptotic force of complex I by the expression of NF-
kB-induced genes, including 420 (also known as Tnfaip3)
and Cflip (also known as Cflar), both of which are regulated
via complex I. 420 and Cflip prevent activation of caspase-8,
possibly at the level of complex I1[5, 6]. Thus, TNF-« triggers
a co-ordinated and complex cellular program regulating cell
proliferation, inflammation and cell death.

The contribution of TNF-« to type 1 diabetes pathogenesis is
multifaceted. A characteristic feature of diabetes is the infiltra-
tion of the pancreatic islets with T cells, with TNFRI-null islets
being protected from destruction by T lymphocytes [7]. TNF-«
is an early cytokine detected within the immune infiltrate sur-
rounding islets [8]. In the context of type 1 diabetes, TNF-o
exerts detrimental effects, including heightened expression of
inflammatory genes in pancreatic beta cells [9], the impairment
of insulin secretion [10] and the triggering of beta cell apoptosis
[5]. TNF-o’s ability to induce and perpetuate diabetes has been
clearly demonstrated in 3-week-old NOD mice, which upon
administration of exogenous TNF-o had accelerated onset of

@ Springer

diabetes and increased disease frequency [11]. In contrast, dia-
betes progression can be ameliorated by anti-TNF-o« monoclo-
nal antibody treatment [ 11]. Despite the importance of TNF-o¢ in
the pathogenesis of type 1 diabetes, the exact molecular ma-
chinery governing the TNF signalling cascade in islets and
pancreatic beta cells remains poorly understood. An improved
understanding of TNF signalling could lead to novel diagnostics
or therapies for patients with type 1 diabetes.

Inhibitors of apoptosis (IAP) or baculoviral IAP repeat con-
taining proteins (BIRC) are implicated in the regulation of
downstream TNF signalling networks [12]. A total of eight
BIRC proteins has been identified, namely: neuronal AIP
(BIRC1), cellular IAP1 (BIRC2), cellular IAP2 (BIRC3),
X-linked inhibitor of apoptosis protein (XIAP/BIRC4), survivin
(TIAP/BIRCS), baculoviral IAP repeat-containing ubiquitin-
conjugating enzyme (BRUCE/Apollon/BIRC6), Melanoma-
IAP (ML-IAP/Livin/kidney-IAP/BIRC7) and ILP-2 (Testis
Specific-IAP)/BIRCS). A key cellular function of BIRC pro-
teins is the regulation of apoptosis [12]. Indeed, XIAP can
prevent apoptosis in a number of cell types, including islets
[13-16] by preventing direct IAP binding protein with low pl
(DIABLO)-mediated cleavage of caspase 9 [17]. While BIRC
proteins were thought to primarily act as regulators of apoptosis,
this function has not been established for all its members; it is
now recognised that BIRC proteins are also involved in the
regulation of diverse cellular functions, including the regulation
of signalling and inflammation [12]. Further to this, BIRC2 and
BIRC3, together with TRAF2, have been identified as key
components of the TNF signalling pathway that are necessary
for TNF-mediated NF-«kB activation [18]. With reference to beta
cells, some studies have shown that beta cells express Birc3, and
that Birc3 expression is regulated by the TNF-o-mediated NF-
kB pathway [5, 19]; however, its binding partner, Birc2, has not
been examined. This suggested to us that in beta cells, BIRC3
may participate in a TNF signalling feedback loop, an idea that
has not been tested to date. Here we examined the requirements
for BIRC3 and BIRC2 in TNF signalling in beta cells.

Methods

Mouse strains BALB/c and C57BL/6 mice were from Aus-
tralian BioResource (Mossvale, NSW, Australia). Birc2™~
and Birc3~ mice were a kind gift of D. Vaux (Cell Signal-
ling and Cell Death division, Walter and Eliza Hall Institute,
Parkville, VIC, Australia). Birc3~'~ mice containing Bir-
c2'XPoxP were crossed with RIP-Cre mice (Cre driven by
the rat insulin promoter) (Jax Mice, Bar Harbour, ME, USA)
to generate beta cell-specific double knockout Birc3 ™ Birc2/A
beta cell mice that selectively lack Birc2 and Birc3 (double
knockout [DKOY). Procedures complied with the Australian
Code of Practice for Care and Use of Animals for Scientific
Purposes.
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Cytokines Mouse islets were isolated as described [20].
Either 70-100 islets or 1x10° MIN6 beta cells [21] were
stimulated with 200 U/ml of TNF-« for 4 h (RNA analysis)
and 8 h (promoter analysis) (R&D Systems, Minneapolis,
MN, USA). B-TC; cells were used for some transfection
studies [22]. In some cases, cells were pretreated for 1 h with
1 umol/1 actinomycin D, 50 pmol/l SP600125, 1 pumol/l MG-
132 and 50 pumol/l pyrrolidine dithiocarbamate (PDTC)
(all from Sigma-Aldrich, St Louis, MO, USA), and with
20 pmol/l SB203580 (Cell Signalling Technology, Beverly,
MA, USA), prior to cytokine stimulation. Western blotting
was performed using standard protocols with IkBx antibody
(9242L), phospho-c-Jun (Ser73, 9164S) (Cell Signalling
Technology), (-actin (Clone AC-15; A5441; Sigma-
Aldrich) and horseradish peroxidase-conjugated antibodies
(Pierce, Rockford, IL, USA), and chemiluminescence (GE
Healthcare, Uppsala, Sweden).

Quantitative RT-PCR Total RNA and cDNA were generated
from beta cell lines and mouse islets using standard techni-
ques previously described by this research group [5]. Rela-
tive gene expression is the ratio to the housekeeping gene,
Cyclophilin A (Ppia); fold-changes were analysed using the

Fig. 1 Birc3 is an early

2744 method. Primers used for PCR are provided in
electronic supplementary material (ESM) Table 1.

Cloning of Birc3 and promoter The Birc3 coding region was
cloned from cytokine-stimulated mouse islets, using the pri-
mers shown in ESM Table 2, with a PCR system (Expand
High Fidelity PCR; Roche, Indianapolis, IN, USA), and
subcloned into a pIRES2-eGFP vector (Clontech Laborato-
ries, Mountain View, CA, USA). Putative transcription factor
binding sites in the Birc3 proximal promoter were identified
using PROMO3.0 [23]. The mouse Birc3 5’ untranslated
region was amplified from genomic DNA using the primers
shown in ESM Table 3 with KOD Hot Start DNA Polymerase
(Merck, Darmstadt, Germany) and subcloned into a pGL3
basic vector (Promega, Sydney, NSW, Australia).

Transient transfections Transfection of MIN6 and (3-TC;
cells was performed using techniques and expression plasmids
encoding NF-kB.Luc (Promega), Reld/p65, A20.Luc, and
plasmid containing beta galactosidase under the control of
the Rous Sarcoma virus (pRSV-[3-galactosidase) as previously
described by us [5]. Luciferase values (Luciferase Assay Sys-
tem; Promega) were normalised to (3-galactosidase activity
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Fig. 2 Birc3 is regulated by de novo transcription. Birc3 expression in
primary islets (a) or MING cells (b) that were left untreated or were
pretreated for 1 h with actinomycin D (AcD), with or without TNF-o
stimulation for 4 h. (¢) Diagram of putative transcription elements in
the Birc3 proximal promoter ~500 bp upstream of the transcription
start site (START), identified using PROMO 3.0 software. AP-1,
activator protein 1; STAT, signal transducer and activator of transcrip-
tion. (d) Induction of the Birc3 reporter in MIN6 cells by TNF-o
exposure for 8 h. RLA, relative luciferase activity. (e) Expression of
Birc3 in MING cells that were treated with or without TNF-« for 4 h,
and were either left untreated or had been pretreated for 1 h with
SB203580, (f) SP600125 or (g) PDTC. (h) Expression of Birc3 in
primary islets that were left untreated or were pretreated for 1 h with
PDTC, with or without TNF-« stimulation for 4 h. (i) Induction of the
Birc3 reporter in MING6 cells by Reld/p65. EV, control vector.

B
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(j) Induction by Reld/p65 of endogenous Birc genes mRNA, as indi-
cated, in 3-TC; cells. Bircla, also known as Naipl; Birclb, also
known as Naip2; Bircle, also known as Naip5; Birclf, also known as
Naip6; Birc4, also known as Xiap. (k) Western blot analysis of IkBx
levels in MING cells transduced with rAD.GFP or rAD.IkB«x. (3-Actin
was used as a loading control. Representative blots are shown. IkBo
(39 kDa) was quantified by densitometry and expressed relative to
[3-actin. (1) Induction of Birc3 by MING cells left non-infected (NI), or
transduced with rAD.GFP or rAD.IkBa prior to TNF-a stimulation for
4 h. (a, b, e-h, j, 1) Data represent mean + SEM of gene expression
relative to Ppia from three independent experiments or (d, k) mean +
SEM from three independent experiments. Statistical comparisons
were made by single unpaired ¢ test between two groups. *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001
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(Galacto-Star; Applied Biosystems, Bedford, MA, USA) for
relative luciferase activity.

Adenovirus transduction MING cells (1x 10°) were infected
for 1.5 h with recombinant adenovirus expressing GFP
(rAd.GFP) or rAd.IkBx [24] at a multiplicity of infection
of 100:1 in serum-free medium before adding FCS-enriched
medium to achieve a 10% (vol./vol.) FCS concentration.
Cells were incubated overnight and the medium was
replaced prior to stimulation with TNF-x for 4 h.

In vivo studies Intraperitoneal glucose tolerance tests were
performed on 12-week-old male mice administered 2 g/kg
glucose following a 16 h fast. For islet transplantation, islets
from donor (H-2°) mice were transplanted into recipient mice
(H-2") that had been rendered diabetic with 200 mg/kg strep-
tozotocin (Sigma-Aldrich) as previously described [25].

Statistics Statistical analyses were performed using GraphPad
Prism 5 software (GraphPad Software, San Diego, CA, USA).

Results

Birc3 is an early immediate-response gene regulated by de
novo transcription In the steady state, Birc3 was highly
expressed (Fig. 1a) and was selectively increased by TNF-«
in primary islets (p<0.0001) (Fig. 1b) and MIN6 cells
(Fig. 1c, d). Once induced, high levels of Birc3 mRNA were
maintained in primary islets (p<0.01 and p<0.0001) (Fig. le)
and MING cells (p<0.01 and p<0.001) (Fig. 11).

To determine the mechanism of Birc3 induction, primary
islets and MING cells were pretreated with the transcription
inhibitor, actinomycin D, prior to TNF-« stimulation. Pre-
treatment with an optimal dose of actinomycin D (1 wmol/l)
resulted in >70% suppression of TNF-«-induced Birc3

expression in islets (»p<0.0001) (Fig. 2a) and MIN6 cells
(p<0.001) (Fig. 2b). Thus Birc3 is an inflammation-
regulated, early immediate-response gene regulated via de
novo gene transcription.

NF-kB controls TNF-induced Birc3 expression The 5' un-
translated region of the Birc3 proximal promoter contained
three putative consensus NF-kB binding sites and a TATA-
like box with the sequence TTTAAA’ (Fig. 2c). Potential
putative activator protein 1, signal transducers and activators
of transcription 1 and protein 53 (p53) binding sites were also
identified. This region was cloned to generate the Birc3 re-
porter, which showed an approximately twofold increase upon
TNF-« stimulation (p<0.01) (Fig. 2d). These results indicate
that the Birc3 proximal promoter contains cytokine responsive
elements that direct Birc3 gene expression.

To determine the molecular mechanisms driving Birc3 tran-
scription, MING cells were left untreated, or were pretreated
with SP600125, SB203580 or PDTC to selectively target the
INK, p38 mitogen-activated protein kinases (p38) or NF-«xB
pathways respectively, prior to TNF-o stimulation. Birc3
mRNA levels were measured by quantitative RT-PCR. Neither
SB203580 (Fig. 2e) nor SP600125 (Fig. 2f), but only PDTC
pre-treatment inhibited TNF-o-induced Bire3 expression, e.g.
by ~90% for MING cells (p<0.05) (Fig. 2g) and ~75% for islets
(p<0.05) (Fig. 2h). These data show that NF-kB is necessary
for TNF-«-induced Birc3 expression.

NF-KB is sufficient to drive de novo Birc3 expression When
MING cells were co-transfected with Birc3 reporter and a RelA/
65 expression vector, Birc3 reporter activity was increased by
twofold (»p<0.001) (Fig. 2i). To determine whether Rel4/p65
was sufficient to drive endogenous Birc3 gene expression, [3-
TC; cells were transfected with the RelA/p65 expression vector
and Birc family gene expression determined by quantitative
RT-PCR. In this case, Birc3 was selectively induced (~sixfold,
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Fig. 3 Increased Birc3 regulates NF-kB signalling. (a) Endogenous
expression of Birc3 in MING6 cells transfected either with 0.6 pg
control vector (EV) for 24 h, in the presence or absence of TNF-«
for 4 h, or with 0.3 ug—0.6 ug eGFP-Birc3. Data represent mean =+
SEM of gene expression relative to Ppia from six independent experi-
ments. (b) Induction of the NF-kB reporter in MIN6 cells transfected
with either 0.6 ug EVor 0.1 to 0.6 pg eGFP-Birc3, in the absence or
presence of TNF-« for 8 h. Data represent mean £ SEM from three

eGFP-Birc3 (ug) EV 0.1 0.3 0.6

EV 0.1 0.3 0.6  eGFP-Birc3 (ug) EV 0.3 EV 03

independent experiments. (¢) Induction of 420 reporter in 3-TC; cells
transfected with either 0.3 pg EVor 0.3 pg eGFP-Birc3, in the absence
or presence of TNF-« for 8 h. Data represent mean = SEM from four
independent experiments. Statistical comparisons were made by
single unpaired ¢ test between two groups or by ANOVA with pair-
wise multiple comparisons made using an unpaired ¢ test. ¥p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001
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p=<0.05) (Fig. 2j). Moreover, overabundance of IkBx in MIN6
cells (Fig. 2k) resulted in a 77% suppression of TNF-x-induced
Birc3 expression (p<0.01) (Fig. 21). Thus, NF-«kB is necessary
and sufficient to drive de novo transcription of Birc3 mRNA.

Increased Birc3 regulates NF-xB signalling Our results im-
ply a model whereby TNF-« activates NF-kB, which
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4 Fig. 4 A redundant role for Birc3 in NF-kB signalling. (a) Expression
of Birc3 in wild type (WT) primary islets in the absence (black circles)
or presence (white circles) of TNF-« for 4 h, and in Bire3™ islets
under the same conditions (absence, black triangles; presence, white
triangles). Values from individual experiments are shown (n>5 per
group). Bars represent mean + SEM of gene expression relative to
Ppia. (b) Blood glucose concentrations during intraperitoneal glucose
tolerance tests on 12-week-old male wild-type (black circles, solid line)
and Birc3™"~ (white triangles, dotted line) mice. Data represent mean +
SEM from four mice per group. (¢) Western blot analysis of NF-kB
activation measured by IkBo degradation in wild-type (WT) and
Bire3™" islets that were either left untreated or were stimulated with
TNF-« at the indicated times. (3-Actin was used as a loading control.
Representative blots are shown. IkBx (39 kDa) was quantified by den-
sitometry and expressed relative to (3-actin. Data represent mean + SEM
from three independent experiments. (d) Expression of 420, (e) Ccl2,
(f) Icam1 and (g) Cxcl10 in wild-type islets in the absence (black circles)
or presence (white circles) of TNF-« for 4 h, and in Bire3™ islets under
the same conditions (absence, black triangles; presence, white triangles).
Values from individual experiments are shown (n>11 per group). Bars
represent mean = SEM of gene expression relative to Ppia. Statistical
comparisons were made by single unpaired # test between two groups.
*p<0.05, **p<0.01 and ****p<0.0001

subsequently induces increased Birc3 expression. To elucidate
the function of increased Birc3 in pancreatic beta cells, MIN6
cells were transfected with the pIRES2-eGFP control vector or
0.3 to 0.6 ug pIRES2-eGFP-Birc3 (eGFP-Birc3). eGFP-Birc3-
transfected MING6 cells expressed Birc3 in a range similar to
TNF-o-stimulated MING cells (i.e. 12-fold, p<0.001) (Fig. 3a).
Subsequently, MING6 cells were transfected with a luciferase
reporter containing two tandem NF-kB responsive elements
(NF-kB.Luc), plus either 0.1 to 0.6 g eGFP-Birc3, or 0.6 ug
control vector. In MING6 cells, eGFP-Birc3-expressing cells
showed a dose-dependent increase in NF-kB reporter activity
(Fig. 3b), while a combination of TNF-o stimulation and 0.6 pg
eGFP-Birc3 showed a further increase of NF-«B reporter activ-
ity, from 3.4-fold (p<0.05) with TNF-« alone to sevenfold with
eGFP-Birc3 (p<0.01).

To elucidate how Birc3 modulates a native NF-kB pro-
moter, the effect of Birc3 activity on the NF-kB-driven 420
reporter [5] was examined. [3-TC; cells were transfected
with 2 ug 420.Luc and either 0.25 pg pIRES2-¢GFP control
vector or eGFP-Birc3. A20 reporter activity increased from
sevenfold (»<0.001) for TNF-« alone to 9.5-fold for TNF-o
and eGFP-Birc3 (Fig. 3c). These data demonstrate that
increased Birc3 expression is sufficient to drive NF-«xB
activity and enhance TNF-x-induced NF-«B signalling.

A redundant role for Birc3 in NF-xB signalling The effect
of Birc3 loss-of-function on beta cell TNF-x-mediated NF-
kB signalling was examined in Bire3” mice (Fig. 4a).
Birc3 is not necessary for beta cell function as indicated
by the normal glucose tolerance of Birc3~~ mice (Fig. 4b).
We analysed TNF-x-induced NF-kB signalling in wild-type
or Bire3”" islets via western blot analysis of IkBo levels
[26]. Compared with wild-type islets, TNF-«-stimulated
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Fig. 5 Birc2 provides negative control of TNF-pathways in beta cells. p
(a) Expression of Birc2 in wild-type islets in the absence (black circles)
or presence (white circles) of TNF-« for 4 h, and in Bire2™ islets
under the same conditions (absence, black squares; presence, white
squares). Values from each experiment are shown (n>6 per group).
Bars represent mean + SEM of gene expression relative to Ppia. (b)
Blood glucose concentrations during intraperitoneal glucose tolerance
tests on 12-week-old male wild-type (black circles, solid line) and
Bire2™"~ (white squares, dotted line) mice. Data represent mean +
SEM from four mice per group. (¢) Western blot analysis of NF-kB
activation measured by IkBoa degradation in wild-type (WT) and
Birc2™" islets that were left untreated or were stimulated with TNF-oc
at the indicated times. 3-Actin was used as a loading control. Repre-
sentative blots are shown. IkBx (39 kDa) was quantified by densitom-
etry and expressed relative to (3-actin. Data represent mean = SEM
from three independent experiments. (d) Expression of 420, (e) Ccl2,
(f) Icaml and (g) Cxcl10 in wild-type islets in the absence (black
circles) or presence (white circles) of TNF-« for 4 h, and in Birc2”~
islets under the same conditions (absence, black squares; presence,
white squares). Values from individual experiments are shown (n>5
per group). Bars represent mean £ SEM of gene expression relative to
Ppia. Statistical comparisons were made by single unpaired ¢ test
between two groups. *p<0.05, **p<0.01, ***p<0.001 and ****p<
0.0001

Bire3™ islets showed delayed IkBx degradation, but a normal
return to baseline levels at 60 min (Fig. 4c). Analysis of NF-«kB-
regulated and TNF-a-induced genes in Birc3 ™' islets revealed
an abnormal expression pattern. While normal 420 induction
(Fig. 4d) was observed, expression of Ccl2 (p<0.01) (Fig. 4e)
and Cxcl10 (p<0.01) (Fig. 4g) was reduced, with Icaml levels
being modestly increased (»p<0.01) (Fig. 4f). These data indi-
cate that BIRC3 is necessary to fine-tune cellular responses to
TNF-«.

Birc2 provides negative control of TNF pathways in beta
cells BIRC2 can compensate for BIRC3 [3, 27], therefore
we examined NF-kB signalling in single Birc2” islets
(Fig. 5a). Birc2”"~ mice had normal glucose homeostasis
(Fig. 5b). Regarding NF-kB signalling, Birc2” islets had
delayed kinetics of TNF-«-stimulated IkBoc degradation
(Fig. 5¢). Noticeably, in the absence of a pro-inflammatory
stimulus, Birc2”~ islets expressed high levels of Ccl2 (nine-
fold greater, p<0.01) (Fig. 5¢) and Cxc/10 (sevenfold great-
er, p<0.05) (Fig. 5g) compared with wild-type islets.
Furthermore, while TNF-«-stimulated Birc2™~ islets
expressed normal induced levels of 420 (Fig. 5d), induction
of Ccl2 (threefold, p<0.001) and Icam! (threefold, p<
0.0001) mRNA was significantly higher than for wild-type
islets (Fig. Se, f). These findings suggest that Birc2 func-
tions as a negative control factor, dampening expression of
TNF target genes in islet cells.

Dysregulated gene expression in the absence of Birc2 and
Birc3 As BIRC2 and BIRC3 can compensate for each other
to allow NF-kB signalling [3, 27], we generated DKO mice.
DKO islets exhibited loss of BIRC2 and BIRC3 (Fig. 6a, b),
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but normal glucose homeostasis, indicating that these two
proteins are dispensable for physiological beta cell function
(Fig. 6¢). Analysis of TNF-a-induced IkBoa degradation
revealed that NF-«kB signalling kinetics were significantly
delayed in the absence of BIRC2 and BIRC3 (Fig. 6d).
Moreover, DKO islets showed significant disturbances in
the regulation of TNF target genes, expressing significantly
higher stimulus-independent levels of 420 (fourfold, p<0.0001),
Ccl2 (eightfold, p<0.001), Icaml (22-fold, p<0.0001)
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and Cxcl10 (17-fold, p<0.05) compared with resting wild-
type islets (Fig. 6e—h). Analysis of TNF-«a-induced
responses showed hyperinduction of 420 (threefold, p<
0.0001), Ccl2 (fourfold, p<0.0001) and Icaml (18-fold,
p<0.001), but not of Cxc//0 mRNA compared with wild-
type islets (Fig. 6e—h). Therefore, Birc2” - and Bire3™-
deficient beta cells show aberrant NF-kB signalling and
dysregulated control of TNF target genes.

Birc2 and Birc3 fine-tune inflammatory gene expression in
islet cells We examined the relative contribution of BIRC2
and BIRC3 to the phenotypes observed for DKO islets. We
found that in the absence of a TNF-stimulus, 420 (p<0.0001)
(Fig. 7a) and Icam! (p<0.0001) (Fig. 7c) expression was
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4 Fig. 6 Dysregulated gene expression in the absence of Birc2 and Birc3.

(a) Expression of Birc2 and (b) Birc3 in wild-type islets (black circles)
and DKO islets (black diamonds). Values from individual experiment are
shown (n>7 per group). Bars represent mean + SEM of gene expression
relative to Ppia. (¢) Blood glucose concentrations during intraperitoneal
glucose tolerance tests on 12-week-old male wild-type (black circles,
solid line) and DKO (white diamonds, dotted line) mice. Data represent
mean + SEM from at least seven mice per group. (d) Western blot analysis
of NF-kB activation measured by IkBa degradation in wild-type (WT)
and DKO islets that were left untreated or were stimulated with TNF-« at
the indicated times. 3-Actin was used as a loading control. Representative
blots are shown. IkBx (39 kDa) was quantified by densitometry and
expressed relative to (3-actin. Data represent mean + SEM from three
independent experiments. (e) Expression of 420, (f) Ccl2, (g) Icam1 and
(h) Cxcl10 in wild-type islets in the absence (black circles) or presence
(white circles) of TNF-« for 4 h, and in DKO islets under the same
conditions (absence, black diamonds; presence, white diamonds). Values
from individual experiments are shown (n>6 per group). Bars represent
mean + SEM of gene expression relative to Ppia. Statistical comparisons
were made by single unpaired ¢ test between two groups. *p<0.05, ***p<
0.001 and ****p<0.0001

increased in DKO islets, but not in Birc2”~ or Birc3™ islets,
indicating that neither BIRC2 nor BIRC3 alone can exert
molecular control over 420 and Icam1 expression. In contrast,
molecular control of Ccl2 expression was strictly controlled
by BIRC2, as the phenotype of Birc2 ™'~ islets was identical to
DKO islets (p<0.001 and p<0.05) (Fig. 7b). Like Ccl2,
control of Cxcll0 expression appears to be more strongly
dependent on the presence of BIRC2 (p<0.05 and p<0.05)
(Fig. 7d).

BIRC proteins regulate gene transcription through JNK When
DKO islets were treated with actinomycin D, the stimulus-
independent expression of 420 (13-fold, p<0.0001) and
Cxcll10 (tenfold, p<0.01), but not of Ccl2 or Icaml, was
suppressed (Fig. 7e-h), indicating that basal 420 and Cxcl10
mRNA levels are regulated by active transcription in DKO
islets.

We hypothesised that the increased stimulus-independent
transcription rates of 420 and Cxcl//0 in DKO islets might
be due to loss of control of the normal regulatory paths that
control TNF-a-induced gene expression. We first sought to
identify the possible pathways involved in normal TNF-o-
induced gene expression. To do this, MING6 cells were left
untreated, or were pretreated with PDTC, SP600125 or
SB203580 to inhibit NF-kB, JNK or p38 respectively,
prior to TNF-o stimulation for 4 h. Our findings show
that, in MING6 cells, TNF-x-stimulated 420 was regulat-
ed by NF-kB, but not by the JNK or p38 pathways
(Fig. 8a), whereas TNF-a-induced Ccl/2, Icaml and
Cxcll0 expression was regulated by the NF-«kB and
the JNK pathways (Fig. 8b—d).

We next tested the idea that the increased stimulus-
independent gene expression in DKO islets might be
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Fig. 7 Birc2 and Birc3 fine-tune inflammatory gene expression in islet
cells. (a) Basal levels of 420, (b) Ccl2, (¢) Icaml and (d) Cxcll0
mRNA from wild-type (WT) (white circles), Birc2”~ (white squares),
Bire3™'” (white triangles) or DKO (white diamonds) islets. Data
sourced from Figs. 4, 5 and 6. Values from individual experiments
are shown (n>5 per group). (e) Basal levels of 420, (f) Ccl2, (g) Icaml

due to hyperactivation of those same pathways involved
in the regulation of normal TNF-a-induced gene expres-
sion. To test this, DKO islets were treated with inhib-
itors and gene expression was analysed by quantitative
RT-PCR. Notably, the stimulus-independent expression
of Ccl2, Icaml and Cxcll0 was sensitive to SP600125,
but not to SB203580 or PDTC treatment (Fig. 8e-h).
Moreover, examination of JNK activation by analysis of
c-Jun phosphorylation showed hyperphosphorylation of
c-Jun in DKO islets compared with wild-type islets
(Fig. 8i). These findings indicate that loss of Birc2
and Birc3 dysregulates fine control over the JNK path-
way, such that beta cells are hypersensitive to the trig-
gering of JNK signalling, resulting in the loss of fine
control over gene transcription.

Proteosome inhibition mimics BIRC2 and BIRC3 defi-
ciency BIRC proteins function as ubiquitin modifying
enzymes that target proteins for proteosomal degradation
[12]. We tested the idea that, in the absence of BIRC
proteins, the accumulation of signalling components nor-
mally targeted for degradation, perhaps regulatory kinases,
could trigger activation of signalling pathways without
appropriate external inputs. To do this, we treated MIN6
cells with the proteosome inhibitor, MG-132, to exam-
ine whether loss of proteosome activity could replicate
the DKO islet phenotype. Compared with control MIN6

and (h) Cxcl10 from DKO islets either left untreated (NT) (white
diamonds) or treated for 8 h with actinomycin D (AcD) (black dia-
monds). Values from individual experiments are shown (n=4 per
group). Statistical comparisons were made by single unpaired ¢ test
between two groups. Bars represent mean + SEM of gene expression
relative to Ppia. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001

cells, MG-132-treated cells exhibited increased expres-
sion of Ccl2 (50%, p<0.05), Icaml (50%, p<0.001) and
Cxcll0 (80%, p<0.05), but not of 420 (Fig. 9a—d).
Moreover, based on analysis of c-Jun phosphorylation,
MG-132-treated MING6 cells also showed increased JNK
pathway activation (Fig. 9¢). Thus blockade of the
proteosome resulted in dysregulated JNK pathway acti-
vation in a stimulus-independent manner, with hyper-
expression of Ccl2, Icaml and Cxcll0 inflammatory
genes.

DKO islets have impaired function after transplantation JNK
is acutely activated in islet cells during the process of islet
isolation [28] and antagonisation of JNK signalling is ben-
eficial for islet survival after isolation [29]. Therefore, we
predicted that DKO islets would fair worse in vivo follow-
ing transplantation. To test this idea, wild-type or DKO
islets were transplanted into diabetic allogeneic recipients.
Analysis of blood glucose levels showed that wild-type and
DKO islets provided good metabolic control immediately
after transplantation (Fig. 10). As early graft function can be
affected by loss of islet mass due to cell death [30, 31], this
suggests that DKO islets were not hypersensitive to death
stimuli. However, by post-operative day 6, the function of
DKO islets began to deteriorate, a process that worsened
with time. In contrast, wild-type islets showed good meta-
bolic control until at least post-operative day 18. The earlier
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Fig. 8 Birc2 and Birc3 fine-tune TNF signalling in islet cells.
(a) Expression of 420, (b) Ccl2, (¢) Icaml and (d) Cxcll0 in
MING cells left untreated (black circles) or pretreated for 1 h with
PDTC (white inverted triangles), SP600125 (white squares) or
SB203580 (white diamonds) prior to TNF-« stimulation for 4 h.
Values from individual experiments are shown (n>3 per group).
(e) Expression of 420, (f) Ccl2, (g) Icaml and (h) Cxc/10 in DKO
islets left untreated (black circles) or treated for 8 h with PDTC
(white inverted triangles), SP600125 (white squares) or SB203580

loss of DKO islet function could reflect loss of control of
inflammatory signalling.

Discussion

Our studies present novel insights into the molecular control

of TNF signalling in primary pancreatic beta cells and the
role of BIRC proteins in this process. Surprisingly, both
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Fig. 9 Proteosome inhibition mimics BIRC2 and BIRC3 deficiency.
Expression of 420 (a), Ccl2 (b), Icaml (¢) and Cxcll10 (d) in MIN6
cells left untreated (white diamonds) or treated for 8 h with MG-132
(black diamonds). Values from individual experiments are shown
(n=5 per group). Bars represent mean = SEM of gene expression
relative to Ppia. (e) Western blot analysis of JNK activation by c-Jun
phosphorylation in MIN6 cells with or without MG-132 treatment
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(white diamonds). Values from individual experiments are shown
(n=4 per group). a—h Bars represent mean + SEM of gene expres-
sion relative to Ppia. (i) Western blot analysis of JNK activation by
c-Jun phosphorylation in resting wild-type (WT) and DKO islets. 3-
Actin was used as a loading control. Representative blots are shown.
Phosphorylated c-Jun (48 kDa) was quantified by densitometry and
expressed relative to 3-actin. Data represent mean + SEM from three
independent experiments. Statistical comparisons were made by
single unpaired ¢ test between two groups. *p<0.05 and **p<0.01

single Birc2”~ and DKO islets, as well as MIN6 cells
treated with proteosome inhibitors, exhibited dysregulated
expression of select TNF target genes. The augmented
stimulus-independent expression of Ccl2, Cxcl10 and Icam 1
mRNA observed for DKO islets was substantially reduced
by antagonising JNK signalling. Also, DKO islets showed
stimulus-independent hyperphosphorylation of c-Jun. We
were also able to demonstrate a role for the JNK pathway
in the normal de novo regulation of these same genes in
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tometry and expressed relative to [3-actin. Data represent mean +
SEM from three independent experiments. Statistical comparisons
were made by single unpaired ¢ test between two groups. *p<0.05,
**p<0.01 and ***p<0.001
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Fig. 10 DKO islets have impaired function after transplantation.
Blood glucose values over time of diabetic CBA mice receiving
allogeneic wild-type (solid line) or DKO islets (dotted line); tx, trans-
plant day. Values are mean + SEM (n>7 per group). Statistical com-
parisons were made by single unpaired ¢ test between two groups. *p<
0.05 and **p<0.01

islets and beta cells. These data could indicate that BIRC2
and BIRC3 negatively regulate the JNK pathway and sub-
sequent JNK/activator protein-1-regulated gene expression
in islet cells.

Interestingly, for B lymphocytes, loss of BIRC2 also leads
to prolonged TNF-mediated JNK signalling [32]. BIRC2 and
BIRC3 are recruited to the TNFR1 complex via interaction
with TRAF2 [18, 33]. TRAF2 is necessary for TNF-«x-
mediated JNK signalling, but is redundant in the NF-kB or
p38 pathways [4, 34, 35]. BIRC2 modulates the duration of
TNF-a-induced JNK signalling by targeting TRAF2 and the
mitogen-activated protein kinase kinase kinase protein, apo-
ptosis signal-regulating kinase 1 (ASK1), for proteosomal
degradation [32, 36]. Our data indicate that this pathway
may operate in beta cells. Indeed, treatment of MING6 cells
with the proteosome inhibitor, MG-132, phenocopied DKO
islets, lending support to this concept. Hence, one possibility
is that, in the absence of BIRC2 and/or BIRC3, TRAF2 and
ASK1 accumulate, subsequently triggering hyperactivation of
c-Jun, with dysregulated expression of downstream target
genes. Hyperactivation of c-Jun might also affect the duration
of signalling, contributing to the enhanced gene expression
observed for DKO islets following TNF-ligation.

The stimulus-independent expression of Cxcl//0 and 420
observed in DKO islets showed different sensitivities to
JNK inhibition; hyperexpression of 420 was not sensitive
to JNK inhibition. In islets, 420 is an NF-kB-regulated gene
[5] that forms a feedback loop to modulate NF-«kB activation
[20, 37] and control inflammation [38]. Some data show that
BIRC antagonists promote degradation of BIRC proteins,
which can subsequently trigger stimulus-independent NF-
kB signalling. This may be mediated by increased availabil-
ity of RIPK1, allowing RIPK1-TNFR1 interactions to trig-
ger NF-kB activation [39], subsequently driving expression
of NF-kB target genes [40]. Another possibility is regulation
of the non-canonical NF-kB component, v-rel reticuloendo-
theliosis viral oncogene homolog B (RelB). Indeed, Relb '~

fibroblasts exhibit increased NF-«kB activity with stimulus-
independent expression of NF-kB target genes [41]. More-
over, the non-canonical pathway is regulated at the level of
NF-kB-inducing kinase (NIK) [42]. Birc2”~ mouse embry-
onic fibroblasts cells (MEFs) and Birc2™ Birc3~~ cancer
cells accumulate high NIK levels, and NIK in turn phos-
phorylates IkB kinase (IKK)«, inducing activation of the
non-canonical NF-kB pathway [39, 40]. Hence BIRC2 and
BIRC3 provide negative regulatory control over non-
canonical NF-kB signalling.

With regard to NF-kB, DKO islets, interestingly, exhibit
altered kinetics of IkBox degradation, which presumably reflects
a necessary role for BIRC proteins in controlling the speed of
NF-kB signalling in beta cells. NF-kB activation is sensitive to
proteosome inhibition [43, 44], and BIRC proteins, via their
Really Interesting New Gene (RING) domains, can target sub-
strates for proteosomal degradation through ubiquitin editing
[3]- One BIRC substrate is RIPK1, which recruits the trans-
forming growth factor (TGF)-beta activated kinase 1 (TAK1)—
TGF-beta activated kinase 1/mitogen-activated protein kinase
kinase kinase 7 (MAP3K7) binding protein 2 (TAB2)-TAB3
and IKKa—IKK3-NF-«kB essential modulator (NEMO) com-
plexes, triggering TAK1-dependent phosphorylation of IKKf3
[45]. The activated NF-kB signalosome [46] subsequently
phosphorylates IkBg, initiating the necessary steps for NF-kB
translocation [47]. Thus, by controlling the availability of
RIPK1 through ubiquitin editing [39], BIRC proteins have the
capacity to fine-tune the speed of NF-kB signalling.

Our data provide new insights into the mechanisms by
which BIRC proteins control TNF signalling. TNF-« stim-
ulation induces NF-kB activation, which drives early imme-
diate expression of Birc3 in beta cells. The increased levels
of BIRC3 may be required to fine-tune TNF-induced in-
flammatory signalling for full expression of TNF-a-induced
genes like Ccl2 and Cxcll0, while suppressing others, in-
cluding Icaml. Thus, increased BIRC3, in combination with
BIRC?2, acts simultaneously as a positive factor for NF-kB
signalling, but also as a molecular brake that provides mod-
ulatory control over the JNK signalling axis. BIRC proteins
prevent activation of this pathway in the absence of an overt
extracellular signal normally provided by TNF. Thus under
inflammatory conditions, pancreatic islets rapidly induce
Birc3 to fine-tune NF-kB and JNK signalling pathways to
ensure beta cell transcriptional responses are appropriately
matched to extracellular inputs. Maintaining a balanced
response may be critical for beta cell function under con-
ditions of cellular stress. Thus, for example, beta cell failure
in the context of type 2 diabetes is associated with exacer-
bated CXCL10 expression [48], while activation of the JNK
pathway impairs islet survival and function [49, 50]. More-
over, as shown here in the context of islet transplantation,
the absence of BIRC proteins impairs islet grafts, resulting
in a more rapid loss of glucose homeostasis.
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