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Abstract

Loss of insulin-producing B-cells is central to the development of Type 1 diabetes (T1D).

Currently, we lack diagnostic tools to quantitate this B-cell loss.

Non-protein coding RNAs called microRNAs (miRNAs/miRs) play an important role in islet
development and function. Recent detection of miRNAs in peripheral circulation, has renewed
interest in microRNA biomarkers of diabetes. Comparably, circulating insulin cell-free (cf)DNA
has been proposed as a direct biomarker of B-cell death. DNA methylation studies have
identified specific sites within DNA that are unmethylated in B-cells but methylated in other

cell types, thus providing a handle to discriminate between cfDNA from B-/non-B-cells.

Previous research carried out in the Hardikar lab identified a signature of 20 miRNAs (the
‘RAPID’ signature) with potential as a biomarker of B-cell death. The RAPID signature was
revised to accommodate other microRNAs finally constituting a panel of 50 microRNAs
(PREDICT T1D panel). An analysis of these 50 miRNAs, as well as insulin cfDNA in

serum/plasma from individuals before, during and after clinical diagnosis of T1D is presented.

Human islet cell death assays using sodium nitroprusside exposure identified a subset of 27
miRNAs and insulin cfDNA associated with islet cell stress/death. Non-obese diabetic mice
(N=32) were found to have elevated candidate miRNAs prior to immune infiltration and
glycaemic dysfunction. This trend was also noted in the human progression to T1D; 26 miRNAs
were elevated in (N=19) high-risk individuals and those at diagnosis (N=199) but decreased
within 6-weeks after diagnosis. Furthermore, candidate miRNAs exhibited differential
abundance with disease duration, residual C-peptide, and microvascular complications in 180

subjects with prolonged T1D. At diagnosis, miRNAs and cfDNA associated with GAD



autoantibody titres (N=167 P-values range from 0.044 to <0.0001) and HbA1c levels (N=187,

P-values range from 0.047 to 0.00095).

Such biomarkers may inform medical researchers as to how to predict the development of
T1D, monitor response to interventions such as islet transplantation, vaccines & drugs aiming
to retard B-cell loss. In basic research, such an assay may help to select treatments to block -

cell death and guide the development of new treatments to lessen the burden of diabetes.
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Chapter 1 Introduction

1. Introduction

1.1. History of Type 1 Diabetes Mellitus (T1D)

Type 1 diabetes mellitus (T1D) has captured the attention of physicians for more than three
millennia. This condition presented with frequent urination, weight loss, and excessive thirst,
and was invariably fatal until the early 1920s. The earliest records of T1D can be traced back
to 1500 B.C.E in ancient Egypt, where it is described in the Ebers Papyrus as a rare disorder
that resulted in “too great emptying of the urine”. Indian physicians around the same time
noted that the urine had a sweet taste that attracted flies and ants, and so they named the
condition “madhumeha” or “honey urine”. The term diabetes has been used since 230 B.C.E.
and was derived from the Greek “diabainein”, which means “to pass through”, a reference to
the excessive urination of those afflicted. Aretaeus of Cappadocia, a Greek physician who lived
between 80 and 130 B.C.E. distinguished diabetes mellitus (mellitus being Latin for “honeyed”
or “sweet”) and the unrelated disorder diabetes insipidus, which also results in excessive

urination, but not hyperglycaemia. He wrote:

“Diabetes is a dreadful affliction, not very frequent among men, being a
melting down of flesh and limbs to urine. The patients never stop making
water and the flow is incessant, like the opening of the aqueducts. Life is
short, unpleasant and painful, thirst unquenchable, drinking excessive and
disproportionate to the large quantity of urine, for yet more urine is passed
... If for a while they abstain from drinking their mouths become parched
and their bodies dry; the viscera seem scorched up, the patients are
affected by nausea, restlessness and a burning thirst, and within a short

time they expire.” (1)
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Sushruta and Charaka, two Indian physicians, were the first to note the differences between
what is now considered Type 1 and 2 diabetes (fifth century C.E.). They observed that thinner
individuals with diabetes developed the disorder at a younger age and subsequently survived
for a shorter amount of time than heavier individuals with diabetes. It wasn’t until 1776 that
British physiologist Matthew Dobson identified that the sweetness of diabetic urine was
caused by elevations in sugar content. He further described the ‘sweetness of serum’ in

patients with diabetes and thus identified hyperglycaemia (2).

Despite the centuries of interest in T1D, the prognosis for individuals was universally bleak
until the discovery of insulin in the early 20" century. Numerous important advances were
made in the 19% century that subsequently led to this discovery. In 1889 Minkowski and von
Mering found that complete pancreatectomy in dogs resulted in diabetes, while ligation of the
pancreatic duct caused digestive issues in dogs but did not culminate in diabetes.
Furthermore, in 1893 French scientist Edouard Hedon identified that grafting a small piece of
the pancreas under the skin after pancreatectomy protected animals from developing
diabetes. Upon the removal of the graft, symptomatic diabetes began immediately; a finding
mirrored by Minkowski (1). This supported the idea that the pancreatic secretion within the
body were central to the pathogenesis of T1D. A young Canadian surgeon, Frederick Banting,
had the idea to isolate the internal pancreatic secretions by ligating the pancreatic ducts in
dogs, and then waiting until the exocrine pancreas degenerated to minimise the
contamination of digestive secretions. He approached John J.R. Mcleod, a professor at the
University of Toronto, who gave him limited laboratory space, dogs, and a medical student
research assistant (Charles Best) to conduct his investigations. In July 1921, Banting and Best
were successful in harvesting the atrophied canine pancreases, grinding them up, and

straining out the subsequent solution. They injected this extract into the vein of a

2
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pancreatectomised dog and found that its condition greatly improved. Subsequent
experiments yielded similar dramatic improvements in diabetic dogs, and so the pair then
repeated these using different pancreatic extractions and administration routes (3). By
January 1922, Banting and Best, with collaboration from biochemist Collip, were ready to
inject this extract into patients with T1D. The first patient, Leonard Thompson, was a 14-year
old then being treated at Toronto General Hospital. After injection, the patient’s blood glucose
dropped from 520 to 120 mg/dl during the following 24 hours. Thompson continued to receive
subcutaneous insulin treatment that enabled him to live until succumbing to pneumonia at
age 27. The discovery of insulin, and the subsequent large-scale manufacture of the substance
by the Eli Lilly Company, finally removed the death-sentence that had always come with the
diagnosis of T1D. Ted Ryder, one of the first children to receive the treatment after Thompson,

was the greatest example of this; he lived until 76 years of age, dying in 1993.

Banting and McLeod were awarded the 1923 Nobel Prize for Medicine for the discovery of
insulin and shared their prize with Best and Collip. Today, because of the availability of
exogenous insulin therapy there are children and adults with T1D in every country, an
estimated 40 million people. With access to insulin and related diabetes care a long and full
life is possible for many, albeit with daily challenges of balancing exogenous insulin doses,
meals and exercise, monitoring glucose levels and the challenges of avoiding (or dealing with)

the chronic complications of diabetes related to eye, renal, nerve and cardiovasculature (4).

There is much recent and ongoing research to prevent or at least delay the onset of T1D (5)
and to preserve as much B-cell function as possible. Even low level residual C-peptide levels

are associated with better glucose control, lower risk of diabetic ketoacidosis and severe
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hypoglycaemia and lower risk of chronic complications (6). This thesis explores and provides

tools that can facilitate such research.
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1.2. Current Impact of T1D

Type 1 diabetes is a multi-faceted disorder characterised by immune-mediated destruction of
insulin producing pancreatic B-cells thought to arise in genetically susceptible individuals
following an ‘environmental’ trigger. Patients typically present acutely with days to weeks of
hyperglycaemia, polyuria, polyphagia, and polydipsia, and require immediate intervention
with exogenous insulin to maintain normal blood glucose levels and reverse or prevent life-
threatening diabetic ketoacidosis (DKA). This B-cell destruction culminates from a complex
interplay between host genetics, immunity and environmental factors. Although T1D is often
seen as a pancreas-specific disorder, the dysregulation of glucose homeostasis impacts upon
a wide range of tissues. Individuals with T1D can develop numerous complications that stem
from poor glucose control, including retinopathy, nephropathy, neuropathy and micro- and
macrovascular events (4). Indeed, studies have concluded that people with T1D are at least
two-fold more likely to have a cardiovascular event (7), and experience less favourable

outcomes following an acute coronary event (8).

Type 1 diabetes is one of the most common chronic diseases in children, with a mean age of
onset of approximately 12 years, although diabetes onset can occur at any age. In Australia,
the incidence of T1D equates to 11 cases per 100,000, with slightly more males diagnosed
than females (12 versus 9 per 100,000 respectively) (9). As of the 315t of March 2016, there
were 117,319 people with T1D registered with the National Diabetes Services Scheme (NDSS),
representing approximately 10% of Australian people with diabetes (10). Globally, both the
incidence and prevalence of T1D is rising, although there is a large degree of heterogeneity in
the incidence and prevalence of this currently incurable disease between countries (4).

Regardless, T1D places an enormous physical, social and financial burden on the individual,
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their family, the healthcare system and society. The T1D-associated costs amount to 14.4-
14.9 billion annually in the U.S.A. alone (11; 12). In Australia, the annual cost of T1D to the
healthcare system is 570 million dollars (13)., whilst that of the more common Type 2 diabetes

(T2D) which affects over 1 million Australians is 6 billion dollars (14).
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1.3. Progression of T1D

Once T1D is clinically diagnosed, individuals have lost a substantial proportion of their insulin
producing B-cells. It is often cited that 80-95% of B-cells are destroyed prior to clinical
diagnosis; however, some studies have reported that this figure may be highly variable and
dependent on other factors, such as age of onset (4; 15-17). Post-mortem studies of people
with Type 1 diabetes have demonstrated residual insulin producing cells (16; 17) even after
many years of diabetes. This B-cell death occurs gradually, over months to years, with no
overt symptoms and apparent normoglycaemia (Figure 1-1). Research continues towards
identifying a plethora of endogenous and exogenous factors that may affect the incidence of
T1D (see 1.3.1and 1.3.2). The natural history of T1D, first proposed by Eisenbarth in 1986 (18),
has had several iterations to reflect this continuous increase in knowledge. Although the loss
of B-cells, which may be due to cell death or to dormancy, appears to occur in a generally
linear fashion, there is evidence that the pancreas is capable of regeneration and so an
individual’s functional B-cell mass may show fluctuations over time (Figure 1-1). Although
pancreatic regeneration has been demonstrated in diabetic mouse models (19), we are yet to
understand mechanisms that will enable/facilitate us to reverse the B-cell loss seen in humans

after T1D diagnosis.
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Precipitating event

Progressive loss of
insulin release

Overt Immunological
abnormalities

Genetic predisposition

/

Glucose normal

Overt diabetes

Beta Cell Mass

C-peptide present

Age (Years)

Figure 1-1. Natural history of Type 1 diabetes
Schematic representation of B-cell loss during the progression to T1D. A precipitating event causes the gradual, and
potentially fluctuating, loss of B-cell mass. The individual presents with no overt clinical symptoms, including normal glucose

control, until the majority of the B-cell mass is lost. After the clinical diagnosis of T1D, C-peptide is often still detected.

Atkinson et al (2014) (20).

Recent studies have further shown that although individuals diagnosed with T1D have a
marked reduction in insulin, they are not always completely devoid of the hormone. C-peptide
is cleaved from the proinsulin molecule and secreted in equimolar amounts with mature
insulin, and hence can be used as a marker of endogenously produced insulin (as C-peptide is
absent in pharmacologically produced insulin). Indeed, Davis and colleagues identified that
almost one in three patients demonstrated detectable circulating C-peptide (21). This
correlated with a subsequent finding that pancreatic tissue from people with T1D had residual

insulin-containing islets, irrespective of disease duration (16).



Chapter 1 Introduction

1.3.1. Genetic Risk Factors

As stated earlier, T1D is a complex disorder, and this is reflected in its polygenic and
multifactorial nature. With reference to the genetic component, there are over 40 loci that
have been associated with either susceptibility or resistance to the condition (22). The human
leukocyte antigen (HLA) region, located on chromosome 6, stands out as having the greatest
influence on T1D. This region spans approximately 4 megabases, contains over 200 genes, and
is subject to extreme polymorphism (23). This association was initially identified in 1973 by
Singal and Blajchman (24), with many subsequent studies attempting to tease out loci or
haplotypes that exhibit the strongest association for progression to T1D (25). Intriguingly, not
all haplotypes pose a high T1D risk, some are even seen to be protective (26), with reported
odds ratios ranging from 0.02 to >11 (27). The principle of linkage disequilibrium (alleles that
are inherited together more often than would be expected by random chance) underlies the
observation that a given HLA allele is often found in a limited number of haplotype
combinations (23). As the name suggests, the classical HLA genes encode for cell-surface
proteins that are involved in the capture and presentation of antigens to the T-cell receptor.
These proteins are also known as the major histocompatibility complexes (MHC).
Furthermore, these molecules (especially MHC Class ) have an important involvement in the

immune-mediated destruction of B-cells.

Many of the other genes that have been identified with T1D risk also interact with various
aspects of the immune system, including some that lie within the HLA region (these are often
referred to as HLA class lll, although they do not code for the classical HLA proteins). Tumour
necrosis factor-a (TFN-a) — in particular single nucleotide polymorphisms (SNPs) found in the
promoter region — has been the subject of numerous investigations, often with conflicting

conclusions (28; 29). TNF-a also demonstrates linkage disequilibrium with the HLA DR3
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haplotype, which may explain the genetic association with T1D (28). Furthermore, MHC class
| chain-related gene A (MIC-A), cytotoxic T-lymphocyte-associated protein 4 (CTLA), protein
tyrosine phosphatase non-receptor type 22 (PTPN22), and genes involved in the complement

system have been investigated for T1D association (30-33).

Early investigations also highlighted an association between T1D and polymorphisms in
regions flanking the insulin gene (34). Three different classes were described, depending on
the number of tandem repeats in the allele. Class | (associated with T1D susceptibility) was
shown to result in a reduction of insulin transcription and translation within the thymus, which
may lead to a reduction in central immune tolerance to insulin (35; 36). This hypothesis
correlates with subsequent studies that highlighted insulin as the major autoantigen in

precipitating T1D (37; 38).

Genetic susceptibility is still seen as a predisposing factor for the development of T1D,
however, it is no longer seen as the central pathogenic cause of the disease. This is due, in
part, to the realisation that genetic influences, or even an increase of progeny from T1D
mothers, cannot fully explain the global rise in T1D incidence (39). Intriguingly, the rise in T1D
prevalence has been associated with greatest increases in people with low to moderate risk

genotypes, not high risk genotypes (40).

1.3.2. Environmental Risk Factors

There are numerous environmental factors that have been linked with the incidence of T1D,
with viruses, bacteria, diets (particularly during early childhood), and vitamin D deficiency /its
associated pathways, receiving the most attention (41-43). A lower incidence of T1D in babies
born by normal vaginal delivery (vs caesarean section) (44) and the hygiene hypothesis, which

implicates a cleaner environment early in life and a less challenged immune system and
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greater risk of autoimmune diseases (45), suggest important roles of body’s microbiome,
which may modulate immune system development, in the first couple of years of life. So far
these associations have been unsuccessful in confirming the underlying cause or precipitating
events in the progression into T1D. As we currently lack tools needed to accurately quantify
B-cell death, it is difficult to monitor the death of insulin-producing cells in response to any of
the potential risk factors listed above. The characterisation of a biomarker signature of B-cell
death would aid in the identification of factor(s) that could precipitate the loss of an
individual’s B-cell mass and thus progress into clinical T1D. It would also help monitor the
efficacy of potential therapeutic agents, such as in the many current (and likely future) trials,

to prevent or retard T1D (as outlined at www.trialnet.org).

1.3.3. Autoimmunity and T1D

Type 1 diabetes results from the selective destruction of the insulin-producing B-cells by the
host immune system. CD8+ T cells are the main immune cells involved in directly killing B-cells
via exocytosis of granules containing perforin and granzymes (46) as well as in a death
receptor-dependent manner (47). Although T-cells are responsible for the majority of the
immune-mediated cell death seen in the progression to T1D, additional leukocytes, such as

CD20+ B-cells and antigen-presenting cells, also play a role (48).

A recent study conducted by Leete and colleagues has highlighted the role of CD20+ B-cells in
the development of insulitis (infiltration of immune cells into the pancreatic islets) in T1D
patients (16). The investigators identified profound heterogeneity in the numbers of B-cells
that infiltrated T1D islets. When they stratified the patients into CD20"8" and CD20'°" groups,
they found that individuals diagnosed before the age of 7 years were uniformly CD20"&", while

those diagnosed after 13 years of age were always CD20"" (16). This corresponded to an
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increase in residual insulin containing islets (determined through insulin staining), and points

to CD20+ B-cells as an indicator of differentially aggressive immune infiltration in T1D (16).

A common characteristic of T1D is the presence of auto-antibodies against islet specific
antigens. Greater than 90% of individuals with T1D are positive for one or more antibodies
targeting insulin (insulin autoantibody, IAA), glutamic acid decarboxylase (GADA), islet
autoantigen-2 (lA-2), or zinc transporter 8 (ZnT8A). These antibodies can appear during
infancy (peaking between 9 months and 2 years of age) and are often present prior to clinical
diagnosis of T1D (49).Heterogeneity of autoantibodies in people with T1D from different

ethnic groups (50) is well known as well as the possible decline in their levels after T1D onset.

1.3.4. Prediction of T1D Progression

Currently, we lack the tools to accurately predict the progression into T1D. The lack of overt
clinical symptoms prior to glycaemic dysfunction means that measurement of an individual’s
blood glucose is the main tool used to identify and diagnose T1D. While this tool is incredibly
important in the confirmation of T1D diagnosis and application of exogenous insulin, it only
detects individuals at the tail end of T1D progression (Figure 1-1). Many potential therapies
for T1D, such as immune suppression (51; 52), are unable to make a meaningful impact once
clinical symptoms are present, reflecting the loss of more than 70 to 80% of functional islet -
cell mass. Identification and monitoring of individuals currently undergoing non-symptomatic
B-cell death is of utmost importance, as early interventions may delay the onset of clinical T1D

and the often life-threatening complications that arise from it.

There has been significant interest in other markers of T1D risk, however many other

approaches have been unsuccessful in easily identifying and monitoring those individuals that
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will progress into clinical T1D. Several approaches have estimated an individual’s risk for

developing T1D, usually based upon genetic or immunological parameters.

Genetic links based on family history. Previous studies have found that a child with a first
degree relative affected by T1D has a higher risk of developing it themselves (~5% versus 0.4%
in the normal population). Further stratification is possible depending on the relationship of
the affected family member (3, 7 or 8% risk is their mother, father or sibling had T1D
respectively). If the child has two affected first-degree relatives their risk increases
significantly to 20%, and it increases even further to 36% if they have an identical twin with
T1D (53; 54). Furthermore, an individual’s risk may be further affected by their underlying HLA

genotype (55).

Islet autoantibodies have also been scrutinised for their predictive value. The presence of a
single antibody only confers a marginal increase in T1D risk, regardless of family T1D history.
Indeed, only 5% of individuals positive for one islet autoantibody progress to clinical T1D (56).
This may be a symptom of non-specific antibody binding, and so affinity testing may be
required to increase the sensitivity of this test. The associated risk increases significantly if the
individual undergoes seroconversion for two or more islet autoantibodies, but varies widely
depending on the antibodies present (57). IAA and |IA-2 are associated with the highest risk of
T1D (57). Interestingly, the age of seroconversion seems to associate with the rate of
progression to T1D (58; 59). Both age of seroconversion and IAA antibody titres, but not GADA
or IA-2 titres, have been shown to be determinants of the age of T1D diagnosis (59).
Unfortunately, antibody positivity can be transient in individuals without a genetic risk, and

this may obfuscate the findings interpreted from a single islet autoantibody result (60).

13



Chapter 1 Introduction

Glucose and insulin kinetics. Other approaches, mainly used in a research setting, include the
monitoring of glucose and insulin responses to an oral or IV glucose tolerance test as the
normal phases of insulin release alter and subtle hyperglycaemia occurs prior to clinical T1D

onset (61). These changes are likely later in the progression to T1D.

Currently, we lack the tools to accurately quantify the B-cell death that occurs after these
precipitating factors. The development of a refined biomarker signature of B-cell death would
allow us to 1) estimate the risk and timeframe of a child or adult progressing to T1D, 2) stratify
individuals at risk of developing T1D, 3) monitor the rejection of islet transplants, which are
now available for clinical use in a subset of T1D adults (62) and 4) monitor responses to
interventions in trials, such as related to vaccines, immunomodulatory therapy and

diet/lifestyle interventions.
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1.4. MicroRNAs (miRNAS)

It was once thought that as organisms became increasingly complex, the number of protein-
coding genes increase accordingly. People theorised that if yeast had genomes containing
approximately 6,000 protein-coding genes, then humans must have significantly more, with
estimates as high as 2 million (63). In recent years, due largely to the Human Genome Project,
this figure has identified to just over 20,000 protein-coding genes, intriguingly around half the
number of genes in the rice plant genome. Conversely, it has been demonstrated that the
amount of non-coding DNA increases with an organism’s complexity (64), indicating that
regulatory agents produced from the non-coding part of the genome contribute largely to an

organisms developmental and functional processes.

Non-coding (nc)RNAs were first found to regulate gene expression in 1993 by Lee and
colleagues (65); since then varying classes of these molecules have been characterised, with
many found to be highly conserved among different species. MicroRNAs (miRNAs/miRs) are
one such subset of ncRNAs and are the most abundant small RNAs in animals, with 2588
mature sequences described in humans (miRBase release 21, June 2014) (66). These 18-22
nucleotide molecules post-transcriptionally regulate endogenous gene expression, and as
each miRNA is predicted to have multiple potential target messenger RNAs (mRNAs), they
could potentially regulate up to 30% of the protein-coding genes within the human genome
(67). The expression of a single gene can be modulated by multiple miRNAs and a single
microRNA can target multiple genes (68) thereby increasing the complexity in understanding

the mechanisms through which microRNAs can fine-tune gene expression.
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1.4.1. Biogenesis and Function

The biogenesis of miRNAs involves multistage post-transcriptional processing of primary
miRNA (pri-miRNA) transcripts, which are large polycistronic precursor molecules with
multiple stem-loop structures connected via single stranded RNA segments (69). Pri-miRNAs
are transcribed by RNA polymerase Il or Ill and contain poly(A) tails and cap structures (70).
Within the nucleus, these molecules are processed by the Microprocessor complex, which
includes the RNAse Ill enzyme Drosha and the RNA binding protein Pasha (or DiGeorge
syndrome critical region gene 8, DGCR8), to produce stem-loop precursor miRNAs
(pre-miRNAs) approximately 70 nucleotides in length (71). Pasha first interacts with the ssRNA
segments of the pri-miRNA and guides Drosha to a stem-loop structure. Drosha then cleaves
the dsRNA ~11bp from the ssRNA-dsRNA junction, leaving a short 3’ overhang (72). Additional
proteins, such as the helicases p68 and p72, have also been shown assist the Microprocessor

complex cleave pri-miRNAs (73).

The subsequent pre-miRNA molecule is exported out of the nucleus by exportin 5, which
recognises the dsRNA stem (minihelix structure) and the 3’ overhang (74). Once in the
cytoplasm, Dicer, another RNAse Il enzyme, cleaves the pre-miRNA near the terminal hairpin
loop, generating mature dsRNA miRNAs (75). Dicer is a highly conserved protein, found in
almost all eukaryotes; indeed, many organisms contain more than one Dicer homologue that
each perform distinct roles. Dicer also associates with additional proteins, including Trbp (TAR
RNA binding protein), PRKRA (protein activator of interferon induced protein kinase EIF2AK2)
and Hsp90 (heat shock protein 90), which aid in forming the RNA-induced Silencing Complex
(RISC) (76). RISC is a ribonucleoprotein complex that carries out the post-transcriptional
silencing of the mRNA identified by the miRNA (76). Hsp90 is particularly important for RISC

formation as it is predicted to mediate the conformation change required to allow entry of

16



Chapter 1 Introduction

the miRNA into RISC (76). Once incorporated into RISC, one strand of the miRNA is retained
(active strand), while the other is removed (passenger strand). This strand selection is thought
to be based on the thermodynamic characteristics of the miRNA; the strand with the weakest
binding at the 5’ terminal often becomes the active strand (76). It was initially thought that
the passenger strand was degraded and did not participate in mRNA silencing; however,
recent reports have confirmed that both of the strands are often detected at comparable
levels and that the passenger strand may also be incorporated into a different RISC with
distinct or overlapping targets (77). Therefore, the nomenclature has been changed from
miR/miR*, where * designated the passenger strand, to -3p/-5p, reflecting which arm of the

pre-miRNA contains the sequence (3’or 5’) (66).

After strand selection, RISC uses the active miRNA strand to identify the target mRNA, usually
through complementarity to the 3’ untranslated region (UTR) of the mRNA. Although the first
miRNA described, lin-4, demonstrated extensive complementarity with its target mRNA (78),
many of the subsequent metazoan miRNA targets only show clear complementarity with the
miRNA seed sequence (79). The seed sequence is comprised of 6-8 nucleotides on the 5’ end
of the miRNA (usually nucleotides 2-7 of the miRNA sequence) and is thought to guide the
miRNA-mRNA interaction (79). However, some of these canonical sites (regions
complementary to the miRNA seed site) have no apparent effect on mRNA abundance,
increasing the difficulty in predicting miRNA target sites. Non-canonical sites (sites effective in
downregulating gene expression but with non-perfect complementarity to the seed sequence)
have been described but are considered relatively rare (79). If the target mRNA has perfect
complementarity to the miRNA seed region, the slicer activity of Ago2 cleaves the target
between nucleotides 10 and 11 (relative to the active strand) and initiates rapid degradation

of the transcript (80). If the target is only partially complementary, as the majority of animal
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miRNA targets seem to be, then RISC can either induce translational repression or guide the
target to the 5’-to-3" mRNA decay pathway, where the transcript is deadenylated, decapped,
and then ultimately degraded by the endogenous 5’-to-3’ exonuclease 1 (Xrnl, reviewed in

(81)).

Y0000 0.0

miRNA gene

RISC RS
/\ Some miRNA
Ribosome
. 6 Target mRNA E Target mRNA
ORF RISC B S

Imperfect

Perfect complimentarity = mRNA cleavage

Figure 1-2. Biogenesis and function of microRNAs

A schematic depicting synthesis and function of miRNA. Mature miRNAs are synthesized in the nucleus as primary miRNAs
and processed to precursor miRNAs by Drosha. These precursors are then transported outside the nucleus, where they are
further truncated by Dicer into double stranded mature miRNAs. Single strands of mature miRs are incorporated into RISC,
which then targets the gene transcripts. Based on the complementarity of the mRNA:miRNA, the target mRNA is either

destroyed or translationally repressed.

Farr et al 2013 (82).
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1.5.

Introduction

Role of MicroRNAS in Glucose Homeostasis and T1D

MicroRNAs are essential for normal cellular development and function. A plethora of studies

(83-109) have identified numerous miRNAs that regulate several aspects of glucose

homeostasis, including the development of the pancreas, insulin production and secretion, as

well as insulin utilisation in peripheral tissues. The following sections discuss the currently

known miRNAs that are critically involved in these processes. Table 1-A summarises the

important miRNAs and their site specific roles.

Table 1-A. Important miRNAs involved in glucose homeostasis and T1D

MicroRNA

miR-375

miR-7

miR-9

miR-376

miR-1

miR-133a

miR-206

miR-222, -27a, -195,
-103

miR-106b

miR-143

Site

Pancreatic islets

Pancreatic islets

Pancreas
Pancreas
Skeletal muscle

Skeletal and

cardiac muscle
Skeletal muscle

Skeletal muscle

Myotubes

Adipocytes

Role
Pancreatic development, insulin

secretion, glucose homeostasis

Pancreatic development, [-cell

mass, insulin production

Pancreatic development
Pancreatic development
Glucose homeostasis

Glucose homeostasis

Glucose homeostasis

T2D (Goto Kakizaki rats)

Insulin resistance

Adipocyte differentiation, obesity,

insulin resistance

Reference/s

(96; 101; 102)

(83; 84; 96;
100)

(96)
(96)
(86; 89; 108)

(89;
106)

93; 95;

(89)

(91; 92; 94)

(109)

(88; 97; 107)
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miR-103 Adipocytes Obesity, insulin resistance (107)

miR-29a/b/c Skeletal muscle, Insulin resistance, T2D (Goto (91;98)

adipocytes, liver Kakizaki rats), gluconeogenesis

miR-122 Liver Hepatic glucose homeostasis, (87; 105)

fatty acid and cholesterol

synthesis
miR-148a Liver Hepatic glucose homeostasis (105)
miR-192 Liver Hepatic glucose homeostasis (105)
miR-194 Liver Hepatic glucose homeostasis (105)
miR-33a/b Liver Insulin signaling (85)
miR-126 Liver Insulin signaling (104)
miR-223 Cardiac muscle Glucose homeostasis (99)
miR-208a Cardiac muscle Insulin sensitivity, glucose (90)
tolerance
miR-21 Pancreatic islets Inflammation (103)
miR-34a Pancreatic islets Inflammation, cytokine-mediated (103)
cell death
miR-146a Pancreatic islets Inflammation, cytokine-mediated (103)
cell death

1.5.1. Pancreas Development and Function
1.5.1.1. MicroRNA Regulation of Pancreas Development

Early studies attempted to investigate the role of miRNA-induced gene regulation upon
embryonic development by creating Dicer-deficient mice models. As Dicer is crucial for the

maturation of miRNAs, its removal caused an ablation of all miRNA functions. Unfortunately,
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the results were inconclusive, as this loss of function appears to be lethal at e7.5 (110),
however it underscored the importance of miRNAs in embryonic development. Lynn et al then
conditionally deleted Dicerl from the developing mouse pancreas via pancreatic and
duodenal homeobox 1:Cre-recombinase (Pdx1:Cre)-mediated ablation, demonstrating that
knockout mice suffered severe pancreatic agenesis and neonatal death (111). The authors
noted that the gross endocrine defect was associated with increased levels of hairy enhancer
of split 1 (Hes1) and a reduction is Hes1’s target gene neurogenin3 (Ngn3). This association
suggests that Hes1, and possibly other notch signalling genes could be actively targeted by
miRNAs during early pancreatic development. A more recent study, utilising a Ngn3:Cre
knockdown of Dicer, found morphological defects within the islets and noted a loss of
hormone production (112). Once the mutant mice were born they quickly (within 2 weeks)

developed diabetes.

Intriguingly, when Dicer is conditionally knocked out of B-cells, using a Cre-lox system under
the control of the rat insulin promoter (RIP:Cre), no disruption of foetal or neonatal B-cell
development was observed (113). The Dicer knockout mice did, however, demonstrate
impaired insulin secretion, progressive hyperglycaemia and spontaneous development of
diabetes later in life (113). Although the removal of Dicer indicates a general role for miRNAs
in pancreatic development, several studies have implicated individual miRNAs in the
regulation of important transcription factors (for a comprehensive review, please see (114)).
As yet there are no known clinical case reports of defects in human pancreas development

caused as a result of mutations/deletion in specific microRNAs
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1.5.1.2. MicroRNA-375

MicroRNA-375 is central to the development and function of the endocrine pancreas. It was
one of the first islet-specific miRNAs to be characterised (101) and has been the subject of
numerous subsequent investigations. Initial experiments in zebrafish confirmed the central
role of this miRNA in pancreatic development. Knockdown of miR-375 during embryological
development, using morpholino oligonucleotides, caused abnormal migration and
morphology of pancreatic islets (115). Interestingly, the zebrafish islets are intact for 24 hours
post-fertilisation before developing overt abnormalities. This observation may indicate that
miR-375 helps to maintain cellular identity. A subsequent study by Joglekar and colleagues
found miR-375 to be robustly expressed during the development of human islets (96). The
expression of pri-miR-375 was found to be within both B-cells and non-B-cells in the islet, and
coincided with augmented insulin production and B-cell proliferation. Interestingly, using
immune-FISH and single cell PCR technologies, Joglekar et al demonstrated that the
expression of mature miR-375 was more restrictive to non-B-islet cells indicating that

microRNA processing may be differentially regulated in B-cells versus non-B-cells.

A miR-375 knockout (375K0) mouse model has also been described (102). This deletion was
shown to decrease the B-cell fraction, while increasing a-cells, circulating glucagon and
gluconeogenesis. Indeed, the 375K0 resulted in a 38% and 31% decrease in B-cell area at 3
and 10 weeks of age, respectively. Further investigation demonstrated that a number of genes
involved in cellular proliferation were increased in the 375KO model (102). A luciferase
plasmid construct containing the partial or complete 3’ UTR of some of the cell proliferation
genes found that apoptosis-inducing factor, mitochondrion-associated 1 (Aifm1), RAS,

dexamethasone-induced 1 (Rasdl), eukaryotic translation elongation factor 1 epsilon 1
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(Eeflel), Hu Antigen D (HuD) and cell adhesion molecule 1 (Cadm1) demonstrate reduced
reporter expression in the presence of miR-375, indicating direct targeting of these transcripts
(102). All of these targets are involved in the negative regulation of cellular growth, and so
post-transcriptional regulation via miR-375 may help to increase proliferation both during
foetal development and during metabolic stress. Intriguingly, the expression of two other
genes, tyrosine hydroxylase (Th) and neuronatin (Nnat), was up-regulated despite the lack of
a miR-375 motif within their 3" UTR (102). This suggests that miR-375 can indirectly regulate

gene expression, widening its area of influence within the endocrine pancreas.

A recent study used human embryonic stem cells to analyse the dynamic expression of
miRNAs during differentiation into insulin-producing cells (116). It identified some prominent
pancreatic transcription factors, such as hepatic nuclear factor 1 B (Hnf1B), SRY-box 17
(Sox17), Gata binding protein 6 (Gata6) and paired box 6 (Pax6), had an inverse relationship
with miR-375 expression, suggesting regulation by this miRNA. MicroRNA-375 overexpression
experiments demonstrated a decrease in the pancreatic progenitor markers Hnf1B and Sox9
(116). Additionally, a recent study has linked miR-375 with the regulation of yes-associated
protein 1 (Yapl), a transcriptional co-activator of the Hippo signalling pathway involved in the

proliferation of pancreatic progenitor cells (117).

Another validated target of miR-375 is the protein kinase Pdk1 (118). Pdk1 is part of the PI
3-kinase signalling cascade (119), a pathway that can phosphorylate Pdx1, a major pancreatic
transcription factor (120). Exposure of INS-1E cells or isolated rat islets to high glucose reduced
the transcript abundance of miR-375 (and increased Pdk1). MicroRNA-375 is also increased

(and Pdk1 decreased) in the islets of neonatal rats from mothers on a low protein diet, which
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also show reduced B-cell mass and function (121). Together, this highlights that nutritional

stimuli may affect miRNA expression, which is particularly relevant for pancreatic islets.

Islet specific expression of miR-375 is transcriptionally regulated by conserved promoter
regions, cis-elements and enhancer boxes. The miR-375 gene is driven by an upstream TATA-
box containing promoter in both a- (122) and B-cells (123). This promoter region contains
potential binding sites for several pancreatic transcription factors, including Hnf1, Hnf6, Ap1,
Insm1, Xfd3 and Ptfl (123). Additionally, the enhancer boxes are required for complete
transcriptional activity of pre-miR-375, indicating that this miRNA may be regulated by basic
helix-loop-helix transcription factors, such as Ngn3 and NeuroD1 (123). Chromatin
immunoprecipitation experiments have also shown that Pdx1, along with NeuroD1, interact
with conserved regions (labelled proximal promoter and distal enhancer binding regions)
surrounding the miR-375 gene (124). Together, this data suggests that miR-375 is involved in
a complex regulatory network throughout the development and function of the endocrine

pancreas.

1.5.1.3. MicroRNA-7

MicroRNA-7, like miR-375 discussed above, has been identified as a major islet miRNA (83),
and increases in expression during the development of the endocrine pancreas in humans (84;
96). In situ hybridisation experiments identified that miR-7 expression during development
was predominantly within the epithelial region of the pancreas (84). Moreover, the maximum
expression of miR-7 seen during development (14-18 weeks of gestational age) coincides with
the rapid increase of pancreatic endocrine hormones (84). Knockdown of miR-7 in early mouse
embryos (e10.5) using an ultrasound-guided intrauterine injection of antisense miR-7

morpholino oligonucleotides directly into the foetal heart reduced the number of B-cells,
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down-regulated insulin production and caused glucose intolerance in the progeny (100). In
vitro inhibition of miR-7 in isolated pancreatic buds causes the death of developing insulin
producing cells, reinforcing the crucial role of this miRNA in the development of the endocrine

pancreas (100).

MicroRNA target prediction has identified that the pancreatic transcription factor Pax6 has
three potential miR-7 target sites, two of which have been functionally validated (125). One
of these is conserved among humans, pigs, rodents, frogs and fish, while the other is restricted
to primates (125). Luciferase reporter assays containing the 3’ UTR of Pax6 have confirmed
thatitis indeed a target of miR-7 (125; 126). The interaction of miR-7 and Pax6 seems to affect
the differentiation of 