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Abstract

Genome-wide Association Studies (GWAS) have identified several SNPs in human
chromosome 15 at the C2CD4A/C2CD4B/VPS13C locus associated with increased
proinsulin levels and type 2 diabetes (T2D) risk. A recent in vivo study has shown
that murine Vpc13c has a minor role in glucose homeostasis. Therefore, in this study,
| sought to investigate the roles of C2CD4A and C2CD4B in glucose homeostasis

and insulin secretion.

C2CD4A and C2CD4B have been predicted to encode nucleus-localised calcium-
binding proteins in endothelial cells. To investigate the role of these genes in
pancreatic B-cells, we first addressed their subcellular localisation. Our results
suggested a novel role for these genes products since they showed localisation at
the plasma membrane in addition to the nucleus as shown previously in endothelial
cells. We also found that C2CD4A translocates from the cytoplasm to the plasma
membrane in response to an elevation in intracellular free calcium. This suggests

that the C2 domain of this protein binds to calcium and membrane phospholipids.

We also studied the role of C2cd4b in vivo. Our data showed that a lack of C2cd4b
in female mice leads to impaired glucose tolerance, caused by a significantly
decreased plasma insulin level. In these mice, we also observed a significant
reduction of follicle-stimulating hormone (FSH). In contrast to the latter data, C2cd4a
null mice did not present any glucose intolerance phenotype, suggesting a minor role
for this gene in glucose homeostasis. However, in humans, deletion of this gene from

human pancreas-derived B-cells caused an impairment in insulin secretion.

Taken together, our data demonstrate a novel role for these genes in the control of
insulin secretion and glucose homeostasis. Further studies investigating the
structures, their specific functions and interacting partners may demonstrate the
mechanisms of action of the nearby T2D variants and open new avenues for the
treatment of T2D.
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Chapter 1: Introduction

1.1.1.Pancreatic Islets, 3-Cells and Glucose Metabolism

1.1.2. Pancreas

The pancreas is an organ which specialises in nutrient metabolism. It is derived from
the epithelial bud during early development and consists of two distinct cell
populations; the exocrine and the endocrine cells (Slack, 1995; Gittes, 2009; Shih,
Wang & Sander, 2013). The exocrine pancreas consists of acinar and ductal cells,
whose main role is to aid the digestion of nutrients by the gut. The acinar cells
produce pancreatic juice which is transported through the ductal system to the
duodenum to catalyse the breakdown of proteins, carbohydrates, and lipids (Slack,
1995; Gittes, 2009; Shih, Wang & Sander, 2013). Most of the enzymes in the
pancreatic juices are secreted as inactive precursors and become activated after
they enter the duodenum (Williams, 2010). The endocrine pancreas, on the other
hand, is involved in the regulation of glucose homeostasis by releasing hormones
into the bloodstream. The endocrine cells are grouped into islets of Langerhans,
which are compact spherical clusters embedded in the exocrine tissue (Williams,
2010).

1.1.3. Islets of Langerhans

The islets of Langerhans play a central role in the systemic regulation of metabolism.
They consist of at least five distinct cell types. In humans and other mammals, B-
cells are the most common, which form 50-70% of islets in humans and 60-80% in
mice (Slack, 1995). These cells secrete insulin and amylin (Quianzon & Cheikh,
2012; Gittes, 2009; Merino, 2004). Amylin has a role in gastric emptying and satiety
after food intake (Pillay & Govender, 2013). Insulin is a peptide hormone which
regulates the metabolism of carbohydrates, fats and proteins. It promotes the
absorption of carbohydrates, specifically glucose from the blood into liver, skeletal
muscles and fat tissues. a-cells form around 20-40% and 10-20% of the cells in the
islets in humans and mice, respectively, and secrete glucagon. Glucagon is a peptide
hormone which increases the concentration of glucose and fatty acids in the blood.
Other cell types in the islets include 6-cells and pancreatic polypeptide (PP) cells.
Representing less than 5-10% of the cells in islets from humans and mice, PP and

O-cells produce pancreatic polypeptides and somatostatin, respectively.
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Somatostatin, also known as Growth Hormone Inhibiting Hormone (GHIH), is a
peptide hormone which affects neurotransmission and cell proliferation. In addition
to the above, ¢-cells comprise less than 1% of cells, and produce ghrelin (Dolensek
et al., 2015; Shih, Wang & Sander, 2013). Ghrelin, which is also secreted by the
small intestine and brain, has numerous roles including in appetite stimulation,

control of food intake and storage of fat (Brissova et al., 2005).

The spatial organisation of the endocrine cells within the islets differs between
humans and mice. In mice, non-B-cells are positioned towards the periphery, while
B-cells are positioned in the core of the islets. In humans, on the other hand, these
different cells types are positioned in a more unorganised manner (Dolensek et al.,
2015; Williams, 2010). It is not yet clear why this difference exists in the architecture

of islets in the two species.

The hormones secreted from different cell types in the islets are released directly into
the bloodstream. Therefore, islets are highly vascularised and receive approximately
10 times more blood than the exocrine pancreas per unit of weight (Dolen3ek et al.,
2015).

1.1.4. Pancreas Development

The development of the pancreas is the result of the spatiotemporal dynamics of
gene expression in the developing embryo. Expression of certain transcription
factors and morphogen secretion at specific time points during the development and
at a specific location determine the fate of the pancreatic progenitors as well as many
other progenitors (Shih, Wang & Sander, 2013). In mouse, the first sign of a pancreas
appears at embryonic day (E) 8.5 (Gittes & Rutter, 1992). It initiates from the distal
part of the endodermal foregut and proximal part of the midgut, based on the initial
expression of pancreas-specific genes (pancreatic and duodenal homeobox 1 and
pancreas associated transcription factor 1a are among these genes). By E9, the first
morphological sign of pancreatic development appears, with the emergence of
epithelial buds on opposing sides of the foregut endoderm. In humans, this occurs
just prior to 26 days of gestation (Kallman & Grobstein, 1964). In mouse, the two
pancreatic buds subsequently elongate alongside the presumptive duodenum and
stomach and, as a result of the gut rotation, eventually fuse into a single organ by
E12.5. During this time cell proliferation leads to a rapid increase in the size of the

pancreatic buds, and the developing gland begins to form a branched tubular

15



structure. From E12.5 this branching expands to form a complex and highly
organised tubular network. During this period, differentiation of pancreatic
progenitors leads to the appearance of endocrine, acinar, and ductal cells (Shih,
Wang & Sander, 2013) (Figure 1. 1 and 1. 2).

Interestingly, it appears that the specific region in the gut where the pancreatic
progenitors originate from has the multipotency to develop either into pancreas or
liver based on the signals and morphogens to which it is exposed (Gilbert, 2014).
While the presence of heart and the absence of notochord induces liver formation,
the presence of notochord and the absence of heart causes the pancreas to form.
Signals from the notochord suppress Shh protein signals from the endoderm
specifically in the region in which pancreas develops (Hebrok, Kim & Melton, 1998).
Three specific regions from foregut which are surrounded by notochord, and an aorta
and two vitelline veins start the development towards a pancreatic endoderm fate.
Interestingly, if the blood vessels are removed from these regions, the early pancreas
progenitors, which are known for the expression of pancreatic and duodenal
homeobox 1 (PDX1) and pancreas associated transcription factor 1a (PTF1A)

transcription factors, will fail to form (Lammert, Cleaver & Melton, 2001).

One of the first studies using lineage-tracing to provide direct evidence to show the
origins of the pancreatic cells was published in 2002 by Gu et al. (Gu, Dubauskaite
& Melton, 2002). This study showed that both the endocrine and exocrine parts of
pancreas are derived from the same progenitors. It appears that the level of Ptf1
regulates the proportion of cells in these lineages (Dong et al., 2008). While the

exocrine cells have a higher level of Ptf1, in endocrine progenitors, PDX1 acts in
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Figure 1.1. Early development of pancreas. A. At the embryonic 15 somite-stage,
the notochord is adjacent to the neural tube and the gut. B. At the 20 somite-stage the
dorsal aorta locates between the gut and the notochord. C. By the 28 somite-stage
mesenchyme surrounds the whole gut and the dorsal pancreatic bud is formed. Image
created using PowerPoint.
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concert with other transcription factors to derive endocrine cells (Burlison et al.,
2008). The endocrine progenitors can form two populations. They can either
differentiate into the progenitors of 3- and &- cells (which express Paired box protein
4, Pax4) or to the progenitors of a- and PP cells (which express aristaless related
homeobox, Arx). If the progenitors that express Pax4 also express MafA, they
become B-cells and if they do not co-express MafA, they develop into &-cells (Figure

1. 1 shows early stages of pancreatic development).

There are several differences in the development of pancreas in human and mouse.
These include spatiotemporal aspects of the expression of key transcription factors
as reviewed by (Jennings et al., 2013). For instance, NKX2.2 is present in mouse
islet multipotent progenitors before endocrine commitment, while in human islet
progenitors, this transcription factor is not detected before endocrine commitment
(Prado et al., 2004; Sussel et al., 1998; Jgrgensen et al., 2007). Another difference
is the appearance of NEUROG3 during embryogenesis. In mouse NEUROG3
appears in two phases. The initial wave is between E8 to 11, and the second wave
starts from E12 to E18, with the peak at E15.5 (Villasenor, Chong & Cleaver, 2008).
In humans, however, NEUROG3 appears only in one phase which is at the end of
embryogenesis and is followed by (B-cell differentiation (Jennings et al., 2013;
Villasenor, Chong & Cleaver, 2008). These differences could potentially be the
reason for the anatomical and functional differences in pancreas of these two species

which were briefly mentioned in Chapter 1.1.3.
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Figure 1.2. Pancreatic cell lineage differentiation during development. Different
cell populations with the specific transcription factors expressed throughout the
differentiation of pancreatic progenitors towards differentiated cells. Image created
using PowerPoint.

1.1.5. B-cell Heterogeneity

Recent advances in single cell technologies have greatly facilitated studies of cell
subpopulations (Gutierrez, Gromada & Sussel, 2017). This has created a new area
in B-cell biology. Evidence from many studies has raised the possibility of the
existence of different subpopulation in B-cells. It has been shown that during
pancreas development, some endocrine cells express multiple combinations of the
endocrine hormones, and they are termed polyhormonal (Bocian-Sobkowska et al.,
1999). When islets develop further, these polyhormonal cells become functionally
mature and become specialised to produce only a single hormone. This raises the
question of whether all B-cells are generated from a single lineage of multihormonal
cells. Heterogeneity also occurs during the maturation of B-cells. It has been shown
that the B-cells located at the periphery in islets, tend to mature first compared to the
B-cells located in the core (Bocian-Sobkowska et al., 1999). Further studies in rodent
also supported the existence of a heterogeneous population of insulin-producing

cells (Bocian-Sobkowska et al., 1999). Deletion of the gene encoding the homeobox
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protein Nkx6.1 transcription factor from endocrine progenitor cells resulted in a
reduction of insulin-positive cell number by almost half, and changes in the
transcriptional identity of the remaining cells. Similar experiments, deleting different
transcription factor-coding genes involved in p-cell development and function, such
as Mafb or Motor Neuron and Pancreas Homeobox Protein 1 (Mnx1) led to a partial,
but not complete, loss of B-cells (Schaffer et al., 2013; Bocian-Sobkowska et al.,
1999). These, and similar experiments (reviewed in Gutierrez et al. (Gutierrez,
Gromada & Sussel, 2017)) suggest that there are different subpopulations of 3-cells

that exist within islets, and they do not all share the same origin.

In addition, heterogeneity in the morphology and function of B-cells has been
observed. Several studies revealed differences in the size and the composition of
sub-cellular organelles as well as differences the number of Gap junctions between
B-cells (Gutierrez, Gromada & Sussel, 2017).

B-cells also respond differently to physiological challenges such as those in glucose
levels. While there are some B-cells that are responsive to an elevation in glucose
concentration, some cells are not responsive to it (Giordano et al., 1991). It has been
shown that within islets not all B-cells are secreting insulin in response to an elevation
in glucose levels. Interestingly, among B-cells, 75% stay within their responsive or
unresponsive state with different stimulations, while 25% of cells switch between
these two states (Giordano et al., 1991). Further studies also confirmed differences
in B-cells in response to an elevation of glucose concentration (Ling et al., 1998; Van
Schravendijk, Kiekens & Pipeleers, 1992).

In addition, heterogeneity in Ca®*" dynamics has been observed in B-cells. Thus, it
has been shown that the elevation of intracellular Ca** in response to glucose
stimulation starts earlier is some B-cells which are also known as ‘hub cells’ or ‘leader
cells’ (Johnston et al., 2016a). Thus, ‘hub cells’ were originally discovered as those
hosting the majority of connections between individual B-cells (Johnston et al.,
2016b). This was assessed by examining the correlated activity of individual 3-cells
in a single plane within the islet, based on Ca?* dynamics (Johnston et al., 2016b).
Interestingly, when these ‘hub’ cells were reversibly inactivated by optogenetic
intervention, the overall intercellular Ca?* dynamics of islets were massively
disturbed. The existence of highly connected ‘hubs’ as well as ‘leader cells’ and
‘follower cells’ was also recently demonstrated in vivo, in the islets from zebrafish,

mice and humans (Salem et al., 2019).
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Many studies have shown that B-cells are heterogeneous in many ways. The
development of novel technologies has allowed us to further understand the
molecular footprint of these diverse subpopulations of B-cells. Several studies
investigated differences in 3-cells based on mRNA or protein expression (Bader et
al., 2016; Johnson et al., 2006; Li et al., 2016; Dorrell et al., 2016; Muraro et al.,
2016).

The above studies have led to the separation of B-cells into groups that differ in their
protein expression, and the discovery of several molecular markers, from cell-surface
proteins to intracellular molecules. Some of these are involved in metabolism, and
their differential expression in a given B-cell subpopulation suggests a role in
establishing a particular metabolic state. A study categorising p-cells based on their
cell surface antigen markers CD9 and ST8SA1 identified four distinct groups (Dorrell
et al., 2016). Another study categorising B-cells based on the expression of factors
involved in proliferation, signalling pathways, maturation, and previously-identified
heterogeneity factors, has identified three subpopulations of cells (Wang et al.,
2016). Many more studies also categorised islet subpopulations according to other
parameters such as proliferation or pathophysiology (reviewed by Gutierrez et al.,
2017) (Gutierrez, Gromada & Sussel, 2017).

Other studies have aimed to address the differences between the B-cells in healthy
individuals or people with T2D. Understanding the differences between these two
groups could lead to improved therapies for people with T2D. For instance, Dorrell
et al. (Dorrell et al., 2016) identified B-cell subpopulations based on cell surface
marker expression. When comparing samples from 17 healthy individuals to
individuals with T2D, the proportions of the subpopulations were shifted. Although,
in a later study, Wang et al. (Wang et al., 2016) did not detect the existence of
different populations in healthy and T2D donors, when individual sample populations
were compared, correlations to body mass, age and diabetes were observed. Further
studies using larger sample sizes are therefore warrantied to investigate in-depth the

differences in B-cell identities between healthy and T2D populations.

1.1.6. B-Cells and Insulin Secretion

The main role of B-cells is the secretion of an appropriate amount of insulin in
response to an increase of nutrients in the bloodstream. Insulin reduces blood

glucose levels and leads to the storage of the sugar as glycogen or after more
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extensive metabolism, triglyceride in peripheral tissues, liver, muscles and adipose
tissue. Located on the membrane of B-cells, high capacity glucose transporters are
responsible for the rapid transport of glucose into the cell. As discussed in more detalil
below (section 1.1.6), intracellular glucose metabolism activates several signalling
pathways which ultimately lead to insulin secretion (Rutter, 2001; Maechler &
Wollheim, 2000; Henquin, 2000).

1.1.7. Insulin

Purification and utilisation of insulin as a treatment for diabetes was a joint effort of
J.B Collip, F. Banting, C. Best and R. Macleod at the University of Toronto. In 1923,
Banting and Macleod were awarded the Nobel Prize for this discovery (Quianzon &
Cheikh, 2012). The human insulin gene consists of two intronic and three exonic
regions. Exon 2 encodes a signal peptide, a portion of connecting (C)-peptide and
B-chain. Exon 3 encodes the A-chain and the remaining amino acids of the C-peptide
(Steiner & Oyer, 1967). Pre-proinsulin mRNA is transcribed from the insulin gene
and contains a signal peptide, C-peptide, chain A and chain B peptides (Chance,
Ellis & Bromer, 1968). In the endoplasmic reticulum (ER) the N-terminal signal is
removed, and proinsulin is produced. Proinsulin is then transferred to the Golgi
apparatus and is packaged into dense core secretory granules. In the maturing
granules, proinsulin is digested to C-peptide and insulin (Goodge & Hutton, 2000)
(Figure 1. 3). Interestingly, while insulin in humans is encoded from a single gene, in
mouse and rats two insulin genes (/ns7 and Ins2) encode this hormone (Lomedico
et al., 1979). Several transcription factors bind to the regulatory region in enhancer
regions of these and the human orthologue to control gene expression. These
transcription factors include pancreatic duodenal homeobox-1 (Pdx1), neurogenic
differentiator 1 (NeuroD1) and V-maf musculoaponeurotic fibrosarcoma oncogene
homologue A (MafA) (Hay & Docherty, 2006; Sharma & Stein, 1994).
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Figure 1.3. Insulin biosynthesis. Pre-proinsulin is transcribed from the insulin gene
which consists of a signal peptide, B chain, C-peptide and A chain. In the endoplasmic
reticulum, proinsulin is generated by removing the signal peptide. Proinsulin is then
transferred to the Golgi apparatus and packaged into immature secretory granules.
Before insulin release, the C-peptide is also removed and, upon secretion, both C-
peptide and insulin are released from the cell. Image created using PowerPoint.
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1.1.8. Glucose-Stimulated Insulin Secretion

Insulin secretion from B-cells is under the control of blood glucose concentrations,
several hormones and neurotransmitters. The consensus model of glucose-
stimulated insulin secretion (GSIS) consists of a sequence of events. Initially,
glucose enters the B-cells by facilitated diffusion, and is metabolised by oxidative
glycolysis which leads to increased ATP production. The increase in cytosolic
ATP/ADP ratio leads to a decrease of K conductance by closing ATP-sensitive K*
(Katp) channels. This is followed by membrane depolarisation and intracellular Ca®*
influx via voltage-gated Ca?* channels, triggering insulin secretion (Rutter, 2001;
Maechler & Wollheim, 2000; Henquin, 2000) (Figure 1. 4).
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Figure 1.4. Glucose-stimulated insulin secretion (GSIS): triggering
mechanisms. 1. GSIS is initiated by the entrance of glucose into (-cells by facilitated
diffusion. 2. Metabolism of glucose by oxidative glycolysis subsequently leads to a
rise in the cytosolic ATP/ADP ratio. 3. Increased ATP/ADP levels leads to the closure
of Kate channels which then leads to membrane depolarisation (4) and an elevation
in intracellular Ca?* levels (5) to trigger insulin secretion (6). Image created using
PowerPoint.
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1.1.9. Glucose Transport into -Cells

As introduced above, glucose entry into (3-cells is catalysed by a family of facilitated
diffusion glucose transporters (GLUTs, encoded by the SLC2A genes). The GLUT
family includes 14 members. These have distinct amino acid sequences, substrate
specificities, kinetic properties, tissue and subcellular localisations (Mueckler &
Thorens, 2013). In rodents, GLUT2 transports glucose into B-cells (Cells, Thorens &
Sarkar, 1988). In humans, on the other hand, GLUT1 (Mueckler & Thorens, 2013)
(SLC2A1) and GLUT3 (SLC2A3) (McCulloch et al., 2011) also plays an important
role alongside GLUT2 (Schuit, 1997). Confirming a role for the latter in man,
mutations in the SLC2A2 gene in humans cause transient neonatal diabetes
(Sansbury et al., 2012). In human islets, however, the expression of GLUT2 has been
shown to be minimal when compared to GLUT1, and when compared with rodent,
GLUTZ2 expression is ~100 lower in human islets. Therefore, it is suggested that the
SLC2A2 variants exert their effect on fasting glucose levels through defects in other

tissues rather than islets (McCulloch et al., 2011).

GLUTZ2 has a high Michaelis constant (Kv>10mM) and high capacity for glucose
which allows fast equilibration of extra- and intra-cellular glucose across the B-cell
plasma membrane (Thorens, 2015). This also means that glucose transport through
the membrane does not usually have a high control strength for glucose metabolism.
Instead, the rate-controlling step in GSIS is the activity of glucokinase, the enzyme
that catalyses the phosphorylation of glucose to glucose-6-phosphate in these cells
(Thorens, 2015).

1.1.10.  Signal Generation

Once glucose enters the cell itis metabolised to a variety of different molecules which
may play roles, in addition to ATP, in the control of insulin release. Both cytosolic and
mitochondrial molecules resulting from glucose metabolism have been suggested to
be involved in the control of hormone secretion. Early studies suggested that
increased concentrations of pyridine nucleotides, an elevated NAD(P)H to NAD(P)+
ratio (Panten et al., 1973), as well as triose phosphates, such as
phosphoenolpyruvate (Infirmary, 1977), may all have a role. Products of
mitochondrial metabolism such as malonyl-CoA (Prentkisg et al., 1992), citrate and

glutamate (Wollheim & Maechler, 2002) have also been implicated.

24



1.1.11. ATP-Sensitive K* Channels and Insulin Secretion

ATP-sensitive K™ (Kate) channels are tetramers consisting of two main sub-units,
SUR1, a sulphonylurea receptor, and Kir6.2, a pore-forming inward rectifier
potassium channel. These channels are spontaneously active in -cells at low
(fasting) glucose concentrations and, therefore, they play a key role in maintaining
the resting plasma membrane potential (-70 mV or lower), by transferring K* to the
outside of the cells. The predominant characteristic of these channels is inhibition by
ATP. Thus, the presence of high glucose concentrations, and in consequence
increased ATP/ADP levels, lead to Katp channel closure. In mice, at the fasting
glycaemia level of 5 mmol/L, the activity of Katp channels is reduced by 90%, but
even the 10% remaining activity of the channels is enough to maintain the resting
potential (Rorsman & Braun, 2013; Rorsman et al., 2011). At the fed glycaemia level
of between 8-10 mmol/L, the activity of these channels is almost completely
suppressed. This closure leads to membrane depolarisation to the threshold for

action potential firing (between -60 and -50 mV) 2 (Rorsman & Braun, n.d.).

Katp channels function in insulin secretion as a transducer of metabolic changes
induced by glucose into biophysical changes at the plasma membrane. Their
involvement in insulin secretion has been demonstrated by using inhibitors and
activators which do not interfere with glucose metabolism. Thus, the use of diazoxide
to open Katp channels in mouse islets leads to a reduction of intracellular [Ca®"] and
inhibition of insulin secretion. In addition, performing the opposite experiment using
Katp channel inhibitors of the sulphonylurea class such as tolbutamide, leads to
increases in intracellular [Ca?*] and triggers insulin secretion (Gilontj, 1992). Also, in
humans, it has been shown that heterozygous activating mutations in KCNJ71 gene,
encoding Kir6.2, lead to permanent neonatal diabetes (Gloyn et al., 2004). Also, gain-
of-function mutations in the gene encoding the SUR1 channel (ABCC8) cause
neonatal diabetes, and loss-of-function mutations in KCNJ11 result in congenital

hyperinsulinism (Flanagan et al., 2017).

Although many experiments have confirmed the key role of Karp channels in
controlling insulin secretion, glucose can still induce insulin secretion when Katp
channels are held partly open (Henquin, 2000), and intracellular Ca?* concentrations
are not affected by the sugar (i.e. they are ‘clamped’). Thus, several studies in rodent
(Meredith, Rabaglia & Metz, 1995; Jijakli & Malaisse, 1997) and human islets (Straub

et al., 1998), as well as perfused rat pancreas (Abdel-halim et al., 1996), and insulin-
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secreting cell lines (Hohmeier et al., 2000b) have shown K" induced depolarisation
in the presence of diazoxide. These experiments led to the identification of a Katp
channel independent pathway, and a possible dual control of insulin secretion
(Eliasson et al., 2008).

1.1.12.  Signal amplification

As mentioned above, the identification of a Katp channel-independent pathway, led
to the proposal of a dual control of insulin secretion prompted by glucose and other
stimuli (Eliasson et al., 2008). These pathways are known as triggering and
amplifying pathways (Eliasson et al., 2008)(Rorsman & Renstrom, 2003). These two
interact to control both the temporal nature and amplitude of this bi-phasic process.
The first phase of insulin secretion is triggered by glucose and leads to an increase
of intracellular Ca® concentration and then to insulin secretion. Amplifying
mechanisms seem to drive the second phase of insulin secretion (Henquin, 2009).
More recent studies have also provided evidence for the involvement of the
amplifying pathway under physiological conditions (Heart et al., 2006; Henquin et al.,
2006). One example is a study comparing the increase in intracellular Ca*
concentrations and insulin secretion in the presence of various glucose
concentrations (Henquin et al., 2006). The poor correlation between the Ca®'
concentration profile and the secreted insulin triggered by glucose suggested that an
additional signal (i.e. an amplifying signal), in addition to the increase in Ca*
concentrations, is produced in response to glucose stimulation to drive insulin
secretion. At present, a molecular understanding of these amplifying signals remains

to be achieved.
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1.1.13. Ca?' Channels
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Figure 1.5. Schematic of insulin secretion. This graph shows the bi-phasic insulin
secretion upon stimulation with 10 mmol/L of glucose. Image adopted from
(Rorsman & Renstrom, 2003).

Elevated intracellular Ca®* concentrations trigger a broad range of responses in
excitable cells. These include promoting exocytosis in endocrine cell and neurons,
and muscle contraction in myocytes (Catterall, 2000). Ca®* can enter the cells
through voltage-gated Ca** channels. Different types of such Ca** channels include
L-, N-, P-, Q-, R-, and T-type channels. They consist of as subunit, a pore-forming
subunit, of a> and ® subunits, a transmembrane, disulphide-linked complex,
intracellular B subunits and, in some cases, transmembrane y subunits (Catterall,
2000). In mouse B-cells, L-type Ca?* channels (which control 50% of total calcium
currents) (Safayhi et al., 2014), R-type Ca®* channels (25% of total), and P/Q-type
Ca?* (10-15%) channels are responsible for the Ca®* current (Schulla et al., 2003).
In B-cells, the drop in voltage caused by the closure of Kate channels (Section 1.1.10)
leads to the opening of voltage-sensitive L-type Ca?* channels and the associated
Ca?" entry leads, via elevation of the sub-membrane [Ca?'] (Mitchell, Lai & Rutter,
2003), to the stimulation of Ca®*-dependent exocytosis of insulin-containing secretory
granules (Safayhi et al., 2014).

At low glucose concentrations (below 5 mM, in vitro), the B-cell membrane potential
is stable, and the cell is electrically inactivated. Cells start firing action potentials
when a threshold potential is exceeded, -55 mV to -50 mV and at above ~6 mM
glucose, membrane depolarisation occurs. Electrical activity increases progressively
as glucose concentrations rise further from 6 to 17 mM. This activity is usually

oscillatory and is formed of groups of action potentials separated by repolarised,
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electrically silent intervals. Glucose, therefore, induces concentration-dependent
increases in insulin secretion by forcing the cell to cycle between these electronically-
active and -silent phases. When the glucose concentration exceed 20 mM electrical

activity is essentially continuous (Rorsman, Braun & Zhang, 2012).
1.1.14.  Insulin Granule Dynamics and Insulin Secretion

As mentioned previously (Section 1.1.6), insulin and free C-peptide are packaged in
the Golgi into dense core secretory granules which accumulate in the cytoplasm
(Goodge & Hutton, 2000). Within secretory granules, insulin can be stored for several
days before being released or degraded (Schnell, Swenne & Borg, 1988). There are
at least two distinct pools of secretory granules in 3-cells. The larger pool is known
as the ‘reserve pool’, consisting of granules which are distant from the cell
membrane. A smaller pool, known as the readily-releasable pool, is comprised of
granules docked beneath the cell membrane and comprises ~7% of all insulin-

containing granules (Olofsson et al., 2002).

Glucose-stimulated insulin secretion has a characteristic biphasic time course with
an initial peak which initiates rapidly but lasts a few seconds, followed by a slowly
developing but sustained second phase (see Section 1.1.11) (Curry, Bennet &
Grodsky, 1968). Although it is still a matter of debate, several studies have suggested
that the readily-releasable pool of vesicles is responsible for insulin secretion during
the first-phase of GSIS, and the second-phase is associated with movement of the

reserve pool to the plasma membrane (reviewed in (Eliasson et al., 2008)).

L-type Ca?* channels, and changes in intracellular free Ca*, have a critical role in
the spatial control of the exocytosis of secretory vesicles. Thus, it has been shown
that secretory granules form a tight complex with above-mentioned Ca?* channels to
ensure exposure to high intracellular [Ca®* ] (Wiser et al., 2002). In addition, B-cells
contain a highly Ca?*-sensitive pool of granules (HCSP) (Barg & Rorsman, 2004).
However, it has also been demonstrated that exocytosis can occur in the presence
of low intracellular [Ca®'] -close to the resting level- in the presence of protein kinase
A (PKA) and protein kinase C (PKC) activators (Eliasson et al., 2008). Therefore, a
wide range of intracellular Ca?* concentrations can trigger exocytosis, and the
identity of the relevant Ca?* sensor molecules is still the subject of further research
(Eliasson et al., 2008). Nonetheless, roles for soluble N-ethylmaleimide-sensitive
factor-attachment receptor (SNARE) proteins including synaptotagmin-7 (Syt7) have
been provided by several studies (Wollheim & Maechler, 2002) (Fukui et al., 2005) .
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Figure 1.6. SNARE proteins involved in granule dockings and exocytosis. A-B.
During docking, the vesicle protein VAMP-2 binds to its partner, SNAP-25 and
syntaxin, at the plasma membrane. This process tethers the vesicle to the plasma
membrane and to the Ca®* channels. C. Opening of the Ca®" channels leads to a
localised increase of Ca®* concentration which is then followed by to the fusion of the
two membranes, and exocytosis. The GTP-binding protein Rab3A and its interaction
partner Rim, are also indicated in A and B. Image created using Microsoft PowerPoint.

SNARE proteins play a critical role in membrane fusion and exocytosis (Rorsman &
Renstrom, 2003). The SNARE family consists of a group of proteins which form
complexes that will fuse with the plasma membrane proteins such as syntaxin and
SNAP-25, and vesicular proteins synaptobrevin. It has been suggested (Bruns &
Jahn, 2002) that during exocytosis SNARE proteins facilitate this process by bringing
the vesicle membrane in close contact with the plasma membrane similar to a zipper.
The energy required for this process is provided by the conformational changes that
occur. The SNARE proteins are insufficient to account for the rapid Ca?*-dependent
exocytosis that represents a hallmark of secretory cells (Shin, Rizo & Sudhof, 2002).
Synaptotagmin has been suggested to act as a Ca®*-sensor in synaptic vesicle fusion
(Shin, Rizo & Sudhof, 2002) (Figure 1. 6 shows in summary the process of docking
and exocytosis). It has also been suggested that SNARE proteins, in addition to
exocytosis, play a role in the entrance of Ca?* specifically to the areas to the plasma

membrane which are in close contact with the secretory granules (Barg et al., 2002).
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1.2. Other Factors Influencing Insulin Secretion

1.2.1. Incretins

The gastrointestinal tract has a crucial role in postprandial glucose homeostasis.
Hormone release from the gut regulates the digestion and absorption of nutrients.
The released hormones regulate gastric emptying and the release of insulin
independently from the direct effect of glucose (Holst et al., 2016). Interestingly,
increased insulin response is observed after oral ingestion of glucose, compared to
that observed when the same glucose load is administered parenterally (Perley &
Kipnis, 1967). This phenomenon is known as the incretin effect (Perley & Kipnis,
1967). The incretin effect is, in fact, the amplification of insulin secretion by
gastrointestinal factors (note that this is different to the ‘amplification’ process
discussed on p25, Section 1.1.11). The incretin effect is due to the hormones
secreted from the entero-endocrine cells located in the epithelium of the stomach,
small bowel, and large bowel that are secreted at low, basal levels in the fasting
state. Circulating levels of most gut hormones rise highly within minutes after nutrient
intake and fall rapidly since they are enzymatically inactivated by the kidney.
Glucose-dependent insulinotropic polypeptide (GIP) and glucagon-like peptide 1
(GLP-1) are among incretins which are secreted from the gut. Incretins have also
been suggested to facilitate the uptake of glucose by muscle tissue and the liver
while simultaneously suppressing glucagon secretion by the a-cells of the islets
(Perley & Kipnis, 1967). The mechanisms involved in these actions are, however,
unclear, given the absence of canonical incretin receptors on these tissues (Holst et
al., 2016).

GIP is secreted from the stomach and intestinal K-cells that are localised within
duodenum and jejunum of the small intestine (Theodorakis et al., 2006). In rodents,
it has been shown that the GIP promotor region has binding sites for the transcription
factors GATA-4, ISL-1 and PDX-1 (Drucker et al., 1987) which mediate cell-specific
promoter activity. GIP release from K-cells is stimulated by a variety of nutrients
including glucose and fats (Besterman et al., 1979). Interestingly, the triggering
signal is rather the rate of nutrient absorption than the mere presence of nutrients.
Therefore, the secretion of this hormone is reduced in individuals presenting with
intestinal malabsorption or after the administration of pharmacologic agents that

reduce nutrient absorption (Besterman et al., 1979). GIP acts in a glucose-dependent
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manner to increase insulin secretion from pancreatic B-cells. It mediates its effect by
increasing the intracellular cAMP levels and by inhibition of Katp channels, which
together act to increase insulin output (Gromada et al., 1998). GIP levels in people
with T2D are similar or increased compared to healthy individuals (Ross, Brown &
Dupré, 1977; Vilsball et al., 2001). However, the GIP receptor is thought to be
downregulated in T2D which makes the therapies that modulate GIP levels and/or

activity ineffective (Lynn et al., 2001).

Another crucial incretin is GLP-1, which is a post-translational product of the
proglucagon gene that is released by intestinal enteroendocrine L-cells located
mainly at the distal ileum and colon (Theodorakis et al., 2006). Enzymatic cleavage
of full length precursors leads to the generation of both biologically active forms of
GLP-1, GLP1(7-37) and GLP1(7-36)NH2 (Dhanvantari, Seidah & Brubaker, 1996).
Secretion of this hormone is stimulated by a variety of nutrient, particularly foods rich
in fat, neural, and endocrine factors (Baggio & Drucker, 2007). The release of GLP-
1 can be stimulated by oral consumption of several nutrients including glucose and
other sugars, fatty acids, essential amino acids and dietary fibre (Herrmann et al.,
1995). Interestingly, it has been shown that a variety of other factors such as the
autonomic nervous system, neurotransmitters such as gastrin-releasing peptide
(GRP) and acetylcholine, and the peptide hormone GIP can all also contribute to the
rapid release of GLP-1 after nutrient ingestion (Baggio & Drucker, 2007). The GLP1
receptor (GLP1R) belongs to a family of 7-transmembrane G-protein coupled
receptors (GPCRs) (Cho, Merchant & Kieffer, 2012). They are expressed in a-, -
and &-cells of pancreatic islets, as well as other tissues such as the stomach, heart,
hypothalamus and hindbrain (Richards et al., 2014). In B-cells, upon binding of GLP-
1, a conformational change occurs at the ligand binding site of the GLP1R facilitating
the interaction of its intracellular residues with signalling proteins. GLP1R interacts
with a specific subpopulation of guanine nucleotide binding proteins (G proteins) and
other interactors such as the B-arrestins among others. In various GLP-1-responsive
tissues, activation of the cAMP signalling pathway has been demonstrated (Dalvi et
al., 2012; Drucker et al., 1987). In GLP-1 responsive tissues cAMP production is
activated by guanine nucleotide exchange and heterotrimeric G protein
activation/dissociation to release the stimulatory G protein subunit Gas, which in turn
activates adenylate cyclase (Roger et al., 2010). The increase in intracellular levels

of cAMP have been suggested to acts at multiple stages in the secretory pathway
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including Kate channel closure, Ca®* entry and vesicle trafficking in B-cells (Koole et
al., 2013).

1.2.2. Free Fatty Acids

Free fatty acids (FFAs) also stimulate insulin secretion in a glucose-dependent
manner. In other words, they do not stimulate insulin secretion directly, but rather
amplify the effect of GSIS (Crespin, Greenough |ll & Steinberg, 1969). FFAs trigger
GSIS by at least two distinct mechanisms. FFAs are transported into cells, activated
into long-chain acyl-CoA, and metabolised to generate lipid signalling molecules that
promote insulin exocytosis (Nolan et al., 2006). Furthermore, acting externally at
the cell surface, FFAs can also bind to and activate the G-protein—coupled receptor
Firstly FFAR1 (GPR40), which is mainly coupled to Gag11. (Ferdaoussi et al., 2012).
Binding to GPR40 leads to activation of phospholipase C (PLC) which leads to
activation of both diacylglycerol (DAG) and inositol 1,4,5 -trisphosphate (IPs)
production. The increased IP; leads to increased intracellular Ca®* levels, via the
modification of ER-associated Ca?* stores, seen upon GPR40 activation and,

therefore, amplification of insulin secretion (Ferdaoussi et al., 2012).
1.2.3. Neural Factors

An observation that lesions of specific nuclei in the hypothalamus produce profound
increases or decreases in food intake and body weight led to the discovery that brain
plays a role in controlling energy balance (Seeley & Woods, 2003). In the
hypothalamus, an intricate neuronal circuit involving the arcuate nucleus, which is
located adjacent to the floor of the third ventricle, play roles in controlling the food
intake, energy expenditure and glucose homeostasis. This circuit of neurons consists
of neurons co-expressing pro-opiomelanocortin (POMC) and cocaine- and
amphetamine-related transcript (CART) (Schwartz et al., 2003). These neurons
regulate the actions of an anabolic pathway, comprising neuropeptide Y
(NPY)/agouti-related protein neurons (AgRP) (Schwartz et al., 2000; Seeley &
Woods, 2003). Insulin stimulates the activity of POMC neurons while it inhibits
neuronal NPY release. POMC neurons are stimulated by input from insulin and leptin
(Cowley et al., 2001). Binding of melanocortins to melanocortin 3 Receptor (MC3r)

and MC4r inhibits food intake and promotes weight loss (Cowley et al., 2001).

32



It is essential for the brain to be exposed to sufficient levels of glucose as its main
source of energy. Therefore, maintaining glycaemia at around 5 mM is crucial. It has
been shown that a still poorly understood brain-islet axis plays a role in controlling
insulin secretion (Chan & Sherwin, 2012). Activation of neurons in the hypothalamus
in response to hyper- or hypoglycaemia and other areas in brain is critical to regulate
the secretion of insulin and other islet hormones. Therefore, insulin action in the
hypothalamus influences both energy balance and glucose metabolism. It has been
suggested that hypothalamic glucose sensing may also provide an additional input
to B-cells to regulate the first-phase insulin response to an elevation of glucose levels
(Osundiji et al., 2012). It has been shown that the chronic suppression of insulin
receptors in the ventromedial hypothalamus leads to glucose intolerance and B-cell
dysfunction (Paranjape et al., 2011). Other studies also demonstrated that deletion
of the insulin-responsive glucose transporter, GLUT4, in the brain causes
impairments in glucose sensing and glucose intolerance in mice (Lin et al., 2011;
Reno et al., 2017). GLUT4 is expressed in the brain in the hippocampus, cortex,
cerebellum and in the hypothalamus (McEwen & Reagan, 2004).

It has been shown that glucose-sensing neurons exist in the brain which activate
sympathetic or parasympathetic branches of the autonomic nervous system. These
branches not only control insulin and glucagon secretion from pancreatic islets, but
also regulate a- and B-cell number (Thorens, 2011). This neural control of insulin and
glucagon secretion is the result of both the presence of nerve endings in pancreatic
islets and of specific neurotransmitter receptors present in a-and B-cells (Ahrén,
2000). Therefore, both total B-cell number and secretion activity can be regulated by
vagal control. These effects are mediated, at least in part, by acetylcholine acting on
the B-cell and also neuropeptides such as vasoactive intestinal polypeptide (VIP),
pituitary adenylate cyclase activating polypeptide peptide (PACAP), or gastrin-
releasing peptide (GRP) (Thorens, 2011)(Henquin & Nenquin, 1988; Woods &
Seeley, 2006; Gautam et al., 2010).
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1.3. Diabetes Mellitus

Diabetes mellitus is a chronic disease which occurs when the body cannot make
enough insulin (i.e. B-cell dysfunction) and/or there is insulin resistance in peripheral
tissues. This condition currently affects 1 in 11 adults worldwide (Anon, n.d.). There
are three main types of diabetes which include, type 1, type 2 and gestational
diabetes (Anon, n.d.). Whilst these are complex polygenic diseases, monogenic form
of T2D with Mendelian inheritance, termed maturity onset of diabetes (MODY) also
exists (Tattersall & Mansell, 1991).

1.3.1. Type 1 Diabetes

Type 1 diabetes (T1D) was formerly known as insulin-dependent diabetes. Around
10% of people with diabetes live with this condition (Anon, n.d.). T1D is usually
diagnosed in children and adolescents. This condition arises following the
autoimmune destruction of B-cells (Atkinson, 2012). Due to destruction of B-cells, not
enough insulin is synthesised to counter the increase in blood glucose. This leads to
high levels of glucose in blood and urine. Therefore, administration of insulin is
usually essential for people with T1D. Despite being influenced to some extent by
genetic factors, T1D does not fit any simple pattern of inheritance and is considered
a complex, multifactorial disease. It has been shown that both environmental and
genetic factors are the underlying cause of this condition with 30-70% disease
discordance in monozygotic twins (Redondo et al., 2008). Therefore, to study this
condition multiple factors such as genetics and the role of environmental factors need

to be considered.
1.3.2. Type 2 Diabetes

Type 2 diabetes (T2D) is the most common form of diabetes (>90% of all cases
(Anon, n.d.)). Different factors, including genetic susceptibility, over-nutrition and
limited physical inactivity (leading to obesity) are among the risk factors for this
disease. Genetic factors play a more important role in T2D than T1D with
concordance between monozygotic twins approximately 100% in the former disease
(Medici et al., 1999). In Europe in 2017, 58 million people have been diagnosed with
diabetes and this number is predicted to increase to 67 million by 2045. Currently,
12% of global health expenditure is spent on diabetes and its complications (Anon,

n.d.). The only therapeutic options currently available improve glycaemia but do not
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address the decline in B-cell dysfunction over time. The latter is the most important
driver of disease development and progression (Srimanunthiphol, Beddow &
Arakaki, 2000). Therefore, to prevent and/or control this condition more effectively, it
is crucial to further understand the genetics and the molecular pathways involved in

the disease.

1.3.3. Maturity Onset Diabetes of the Young

MODY is a group of hereditary disorders caused by mutations in autosomal genes
(Thomas & Philipson, 2015). MODY usually presents in adolescence or in young
adulthood. This condition affects 1-2% of the population. Due to its low frequency, it
is often misdiagnosed as type 1 or type 2 diabetes (Thomas & Philipson, 2015). Up
to now, up to 11 genes have been linked with this type of diabetes (Table 1) (Naylor
et al., 2018). The most common form of MODY is caused by mutations in HNF1A
(MODY 3) in populations with European ancestry (Frayling et al., 2001). The latter
gene encodes a transcription factor essential for B-cell function and maintenance
(Fajans, Bell & Polonsky, 2001). Mutations in HNF1A account for more than 50% of
monogenic diabetes (Pihoker et al., 2013). Several other genes have also been
associated with MODY and are listed in Table 1 (reviewed in Naylor et al., 2018
(Naylor et al., 2018)).

Gene name % of all MODY
HNF4A 5%-10%
GCK 30%-50%
HNF1A 36%-65%
PDX1 1%
HNF1B <5%
NEUROD1 <1%

CEL <1%
PAX4 <1%

INS <1%
ABCC8 <1%
KCNJ11 <1%

Table 1. Associated genes with MODY. Up to now at least 11 genes have been
associated with MODY (Naylor et al., 2018).
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1.4. Sexual Dimorphism and Glucose Homeostasis

Although sexual differences represent one of the best conserved features of biology,
they have until recently been underappreciated in biomedical research. It was not
until the early 1990s that the National Institutes of Health (NIH) Revitalisation Act
mandated the inclusion of women in clinical trials, so that the outcome of all NIH-
funded clinical research would generate data that is relevant to both males and

females (Mauvais-Jarvis, 2015).

Unfortunately, many animal studies have also ignored gender differences. Even
today, many research studies have been only focused on male subjects; based on
these being smaller variations over time and between individuals, many drugs have
been tested using only male animals to avoid extra costs in the projects. It has been
shown that pharmacology and neuroscience studies are more male sex biased, while

female sex bias is more apparent in immunology (Beery & Zucker, 2011).

Since there are fundamental gender-specific differences in metabolic homeostasis,
half of the population might not benefit from treatments if only one gender is
considered in basic and clinical research (Mauvais-Jarvis, 2015). Therefore, it is

critical to understand, and further investigate, these gender dimorphic differences.

It has been shown in several studies that some aspects of glucose homeostasis and
energy balance are regulated in a sexual dimorphic manner (Mauvais-Jarvis, 2017).
These gender-specific differences are thereby likely to be driven by multiple factors
that need to be studied to develop gender-based therapeutic approached for

metabolic conditions such as T2D.

There are gender-specific differences in human metabolism and adipose storage.
Not only there are differences in the percentage of adipose tissue between males
and females, their distribution pattern is gender-specific (Karastergiou et al., 2012).
It has been shown while women predominantly store adipose tissue in subcutaneous
areas, men have a higher tendency towards storing fat at intra-abdominal sites
(visceral and mesenteric adipose tissue). These differences in body fat storage could
highlight the gender-specific differences in the function of adipose tissue.
Subcutaneous adipocytes are more adopted to long-term storage, while visceral
adipocytes are more metabolically active and prone to lipolysis (Karastergiou et al.,

2012). Also, the function of the adipocyte seems to be gender-specific. Circulating
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concentrations of both leptin and adiponectin, the two major adipokines, are higher
in women compared to men (Nishizawa et al., 2002). Some of these differences
could be related to the actions of sex hormones. However, in females the circulating
leptin level is higher before puberty and after menopause. This suggests its
increased level in females compared to males is independent of sex hormones (Nagy
et al., 1997; Rosenbaum et al., 1996).

In relation to glycaemic traits, while women have better glucose homeostasis, men
are more predisposed to T2D (Mauvais-Jarvis, 2015). Interestingly, while women
show the traits that are predicted to promote insulin resistance such as more adipose
tissues mass, more circulating free fatty acids and higher intramyocellular lipid
content, they are less prone to insulin resistance compared to males (Frias et al.,
2001). The beneficial glucose homeostasis observed in women has been linked to
circulating estrogen levels between puberty and menopause. It has been shown that
circulating estrogen levels elevate beyond the physiological level (Mauvais-Jarvis,
Clegg & Hevener, 2013), or when strong synthetic estrogens are used (Perseghin et
al., 2001) insulin resistance phenotypes appear. There are also differences between
males and females in glycaemic traits. While women are more likely to show
impairments in glucose tolerance, males are more prone to elevated fasting glucose,
regardless of their ethnicity (Williams et al., 2003; Sicree et al., 2008). Although the
possible reasons behind the latter differences in glycaemic traits are unknown, they
could be associated with lower muscle mass or physical fitness in women (Mauvais-
Jarvis, 2015). A survey of the global diabetic population revealed that there are more
diabetic men before puberty while there are more diabetic women after menopause
(Rathmann & Giani, 2004). This further emphasises the role of sex hormones, among
other factors such as different body fat distribution and related biomarkers, such as
higher adiponectin, in glucose homeostasis. Estrogen has been shown to have direct
effects on B-cells. It has been demonstrated that estrogen has a protective effect
against apoptosis in B-cells (Le May et al., 2006), stimulates secretion from these

cells (Wong et al., 2010) and improves insulin sensitivity (Ribas et al., 2010).

There is not much known about the role of incretins in sexual dimorphism. However,
in women with T2D, it has been shown that GLP-1 levels are 25% lower in response
to an oral challenge compared to males. It is known that GLP-1 stimulates insulin

secretion (Section 1.2.1) and it is related to a better insulin secretion in response to
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food intake. Therefore, these decreased GLP-1 levels in women with T2D could

potentially contribute to relatively lower B-cell function (Faerch et al., 2013).

1.5. Genome-Wide Association Studies
Genome-wide association studies (GWAS) are designed to identify associations

between specific genetic variants at specific /loci and phenotypic traits. One of the
ultimate objectives of these studies is thus to reveal the genetic basis of human
diseases and to discover more efficient and personalised therapeutic options and/or
disease prevention (Visscher et al., 2017). In practice, however, it is challenging to
associate DNA variants with specific traits since such studies are dependent upon
different factors including experimental sample size, the distribution of effect sizes of
(unknown) causal genetic variants that are segregating in the population, the
frequency of those variants, and the linkage disequilibrium (LD) between observed
genotyped DNA variants and the unknown causal variants (Visscher et al., 2017).
Other crucial factors that need to be considered include the effect size, allele

frequency and disease heterogeneity (Visscher et al., 2017).

Considering these challenges, GWAS have nevertheless made several significant
advances. For example, the GWAS identified gene SLC30A8, encoding the insulin
granule zinc transporter ZnT8 and its association with T2D has led to the concept of
ZnT8 antagonists as therapies. Similarly, PAD14/IL6R association with rheumatoid
arthritis has led to BB-Cl-amidine candidate drug development (Nelson et al., 2015).
Many more examples of these drug candidates have been mentioned in the literature
(Nelson et al., 2015).

1.5.1. Type 2 Diabetes and GWAS

Since 2007, several genetic variants have been associated with T2D (Rutter, 2014)
as a result of GWAS studies (Sladek et al., 2007; Ng et al., 2014; Watson et al., 2019;
Pascoe et al., 2007; Unoki et al., 2008; Ng et al., 2008; Wu et al., 2008). Thanks to
these studies, more than 400 independent signals at 243 Joci have now been
associated with T2D risk (Mahajan et al., 2018a).

The first GWAS for T2D analysed normal-weight T2D individuals of European-
ancestry, comparing them to non-diabetic individuals, and identified variants at five
novel loci in increasing disease risk (Sladek et al., 2007). In the later study,
transcription factor 7-like 2 (TCF7L2) was one of the candidates which was

associated with T2D. TCF7L2 is a transcription factor downstream of wingless-

38



related integration site (Wnt)/B-catenin pathway and plays a role in embryonic
development and cell differentiation and division (Peifer & Polakis, 2000). The role
of this gene in T2D was shown in previous GWAS studies (Grant et al., 2006).
Several studies, using functional studies, have shown the role of this gene in the liver
and B-cells in the regulation of glucose homeostasis (Savic et al., 2011; da Silva
Xavier et al., 2012; Shu et al., 2009). SLC30A8 (a B-cell specific Zn** transporter)
was another gene associated with T2D risk and discovered by Salek et al. The three
other gene variants (IDE-KIF11, HHEX and EXT2-ALX4) were found in regions of
DNA that are involved in B-cell development/function. This initial GWAS was followed
by several other studies which confirmed the previous genes and added several
more candidate genes to the previous list (Burton et al., 2007; Zeggini et al., 2007;
Steinthorsdottir et al., 2007).

After the initial identification of the above loci by GWAS, subsequent meta-GWAS,
involving multiple cohorts to increase statistical power, led to the identification of new

variants, chiefly single nucleotide polymorphism (SNPs) (Mahajan et al., 2018b).

1.5.1. Causal genes at T2D risk loci

Following a decade of GWAS locus discovery, ‘post-GWAS methodologies’ have
been implemented to functionally characterise the underlying genes and identify the
disease pathways (Grotz, Gloyn & Thomsen, 2017). Identifying the causal variants
can provide a direct association between the observed phenotype and the observed
disease phenotype. Methodologies that can be employed to explore these causal
variants are the interrogation of coding variants, establishing variant-gene links for
non-coding variants, and using high-throughput screens to prioritise candidate

genes.

Missense variants at the coding regions could lead to change in protein structure.
Therefore, harnessing coding variation can offer powerful insights into causal
mechanism. This approach, however, is fundamentally limited by the occurrence of
natural variation (in outbred and isolated populations) which requires larger
association studies to detect rare, coding variation (Mahajan et al., 2018b). In
addition, identification of a coding variant per se does not guarantee causality and,
therefore, itis crucial to identify the causal coding variants by additional fine-mapping
of non-coding regions to exclude the contribution of non-coding variants as drivers

of the association signal. An interesting example are variants located on coding
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region at the SLC30A8 locus which demonstrates the importance of these variants
for ascertaining causal mechanisms (Rutter & Chimienti, 2015). This gene encodes
a zinc transporter (ZnT8) that is located on the membrane of the secretory vesicles
of B-cells. A common missense variant in this gene was first discovered by GWAS
as a T2D susceptibility gene (Sladek et al., 2007). However, a more recent study
(Flannick et al., 2014) has discovered several rare protein-truncating variants in this
gene. Interestingly, the later study discovered that these independent loss-of-
function coding variants in SLC30A8 were associated with reduced risk of T2D. A
more recent study (Dwivedi et al., 2019) also confirmed the previous studies and
showed that the loss-of-function mutation in SLC30A8 mediates reduced T2D risk by
enhancing insulin secretion due to enhanced glucose responsiveness and proinsulin
conversion. Studies on this locus highlight the importance of discovering an extended

allelic series to understand functional mechanisms.

Another challenge facing GWAS is the identification of the relevant effector
transcripts, given that most variants map to non-coding (intergenic or intronic)
sequences (Schaub et al., 2012). Thus, important variants are likely to be located in
regions which control the expression of nearby genes. The identification of both the
causal variant(s), and the gene(s) through which these mediate their effects on cell

physiology, are thus crucial objectives if the potential of GWAS is to be fully realised.

The first of these — the identification of causal variants — is usually achieved by
genetic fine mapping, followed by reweighting of posterior probabilities based on
epigenomic annotations of disease-relevant tissues (so-called functional GWAS or
fGWAS (Pickrell, 2014)). Identification of effector transcripts then involves
expression quantitative trait locus (eQTL) analysis. Thus, by assessing expression
in disease-relevant tissues — often pancreatic islets or 3-cells the majority of GWAS-
identified T2D variants affect insulin secretion rather than action (Rutter, 2014) — it
may be possible to determine whether the expression of nearby genes is affected by
the possession of the most likely causal variants (cis-eQTL) (Rutter, 2014). However,
if the identified variant does not regulate the expression of a nearby gene, eQTL
studies are not guaranteed to identify the causal transcript. In this case a search
maybe necessary for a trans-eQTL wherein the regulated gene may be located a
substantial distance from the genomic locus. To study such long-range effects, call-
based approaches such as chromatin conformational capture (3C) (Hagége et al.,

2007) may be useful to detect a physical interaction in three dimensions between a
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given variant and an effector gene in disease-relevant tissues (Rutter, 2014). Going
through these filters can lead to the identification of better candidates for future

functional studies.

In addition to the above methodologies, experimental prioritisation, and in silico
prediction tools could also be utilised to identify the causal variants. These
approaches have been deployed to search for causal variants at several GWAS loci
for instance at the JAZF1 and CDC123/CAMK1D loci (Fogarty et al., 2014, 2013;
Zeggini et al., 2008). Variants located at these /oci and in high LD (r 2 > 0.8) with the
lead GWAS SNP were selected for functional analysis based on maps of open
chromatin. The causal variant at these loci mediates its effect in each case, by
affecting the transcription factor binding sites of the downstream genes. However,
these types of experiments also have their practical limitations and to overcome this
and to identify causal variants, in silico prediction tools offer an alternative method.
For instance, a computational approach, termed phylogenetic module complexity
analysis (PMCA), can be used to identify a clustering of homeobox transcription
factor binding sites at T2D risk loci. This model was used to propose a potential
causal variant at the PPARG locus, which allowed for a subsequent functional

interpretation (Claussnitzer et al., 2014).

1.5.2. The VPS13C/C2CD4A/C2CD4B T2D locus

Several studies have shown that single nucleotide polymorphisms (SNPs) on human
chromosome 15 near C2CD4A, C2CD4B and VPS13C are associated with T2D and
glycaemic traits “*=°°. As such, these studies have identified potential roles for these

genes in the regulation of insulin secretion and glucose homeostasis.

In 2010 GWAS studies (Saxena et al., 2010; Ingelsson et al., 2010) involving
individuals of European descent, showed an association between SNP rs17271305
(in the coding region of VPS13C) and higher 2-hour glucose and lower fasting pro-
insulin levels. In the Japanese population, however, SNPs at this position were
reported to be causal for T2D (Yamauchi et al., 2010a). Other studies from
individuals of white European and American descent, as well as middle-aged Danish
subjects, showed an association between the risk allele rs11071657 (in the
intergenic region between C2CD4A and C2CD4B), and higher proinsulin to insulin
ratio, a trend towards increased fasting glucose (Ingelsson et al., 2010), a

significantly elevated fasting glucose but not T2D (Dupuis et al.,, 2010) and a
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significant decrease in GSIS (Boesgaard et al., 2010). A meta-analysis in Japanese
and Asian populations (Yamauchi et al., 2010a), in addition to the previous European
descent data (Dupuis et al., 2010) (Ingelsson et al., 2010), have added two other
SNPs at rs7172432 and rs1436953, that are associated with increased risk of T2D
(Yamauchi et al., 2010a). The latter study also showed that risk alleles at rs7172432,
rs1436953 and rs1370176 are in high LD with each other (Yamauchi et al., 2010a)
(Figure 1. 7). SNPs at rs7172432 in Danish (Grarup et al., 2011) and Chinese
populations (Cui et al., 2011) also have been shown to be associated with decreased
glucose-stimulated insulin release and increased T2D risks, respectively. Table 2
summarises crucial GWAS SNPs in the C2CD4A/C2CD4B/VPS13C locus that are

associated with glycaemic traits.

Although the above GWAS-identified SNPs in the C2CD4A and C2CD4B locus were
associated with glycaemic traits and disease risk, it was only in 2012 that Schaub
and colleagues (Schaub et al., 2012) identified the ‘lead’ and the ‘functional’ SNPs
in this region. The latter study thus identified variants that are the most likely to play
a crucial biological role. It should be emphasised that a SNP that overlaps an
experimentally detected transcription factor binding site, and is in strong linkage
disequilibrium with a SNP associated with a phenotype, is more likely to play a
biological role than other SNPs in the associated region. Taking this into account,
the above authors (Schaub et al., 2012) identified a novel ‘functional SNP’,
rs7163757, in this region. They demonstrated that the latter SNP (Schaub et al.,
2012) is in a strong LD with rs7172432, a SNP in several populations with a strong
association with decreased glucose-stimulated insulin release and increased T2D
risk (Grarup et al., 2011; Cui et al., 2011) (Figure 1. 8). Interestingly, more recent
studies have demonstrated that rs7163757 is located in an islet ‘stretch enhancer’
region (Miguel-Escalada et al., 2018) (Kycia et al., 2018). Stretch enhancers are
large chromatin regulatory elements which are at least 3 kb long (Quang et al., 2015).
More importantly stretch enhancers, also referred to as super enhancers or clusters
of enhancers, are associated with the regulation of tissue-specific functions (i.e.
insulin secretion in B-cells) (Pasquali et al., 2014). In addition, a Meta-analysis using
898,130 individuals associated variant at rs8037894 in the
C2CD4A/C2CD4B/VPS13C locus with increased risk of T2D (Mahajan et al., 2018a).

42



Risk allele Glycaemic trait Effect | Number of | Population Study
allele | individuals analysed
rs17271305 Lower fasting proinsulin | G 29,084 White adults from | Ingelsson 2010
levels Europe or the | (Ingelsson et al,
U.S. 2010), Diabetes
rs11071657 Higher proinsulin to ins | A 29,084 White adults from | Ingelsson 2010
levels, Europe or the | (Ingelsson et al.,
A trend towards uU.S. 2010), Diabetes
increase fasting
glucose
rs17271305 Higher 2-h glucose G 15,234 plus 30,620 European Saxena 2010
descent (Saxena et al,
2010), Nature
Genetics
rs11071657 Higher fasting glucose, | G/A 40,655 T2D cases Meta-analysis on | Dupuis 2010
found less significant and 87,022 glycaemic trait, (Dupuis et al,
T2D associations nondiabetic control European 2010), Nature
descent Genetics
rs7172432, T2D risk A, stage 1, 4,470 cases | Stage 3 results in | Yamauchi 2010
rs1436953 N/A and 3,071 controls; | the meta- | (Yamauchi et al.,
stage 2, 2,886 cases | analyses of the | 2010b), Nature
and 3,087 controls; | Japanese Genetics
stage 3, 3,622 cases | populations
and 2,356 controls
rs7172432 T2D risk A T2D: 21,731 Japanese, East | Yamauchi
Control: 20,377 Asians and | 2010(Yamauchi
European et al, 2010b),
Nature Genetics
rs1436953 T2D risk N/A T2D: 20,335 Japanese, East | Yamauchi
Control: 18,933 Asians and | 2010(Yamauchi
European et al, 2010b),
Nature Genetics
rs11071657 Lowerinsulinreleaseas | A 6,784 Danish- Boesgaard, 2010
assessed by the CIR Middle age (Boesgaard et al.,
index 2010),
BIGTT-AIR index and Diabetologia
higher fasting plasma
glucose
rs7172432 Higher waist | A 5,722 Danish Grarup 2011
circumference, higher (Grarup et al,
fasting glycaemia, 2011),
higher glycaemia during Diabetologia
OGTT
rs4502156 Higher fasting | T 16,378 European Strawbridge 2011
proinsulin, 2-h post load descent (Strawbridge et
glucose al., 2011a),
Lower insulinogenic Diabetes
index, fasting glucose,
decreased HOMA-B
rs7172432, Higher risk of T2D A C T2D: 4,445 Chinese Cui 2011 (Cui et
rs1370176 Controls: 4,458 al., 2011), PLOS
One
rs7172432 Higher proinsulin levels | A 8,229 Nondiabetic Huyghe 2013
Finnish males (Huyghe et al.,
2013), Nature
Genetics
rs4502156 Higher 2-h Glu, FP/CIR | T 26,037 Nondiabetic Prokopenko 2014
and FG individuals (Prokopenko et
al., 2014), PLOS
Genetics
rs7163757 Lower first-phase | C 5,567 Variant Wood 2017
insulin secretion IVGTT background (Wood et al.,
2017), Diabetes
rs8037894 Increased risk of T2D G 898,130 European (Mahajan et al.,
descent 2018a)

Table 2. Associations between risk alleles at the C2CD4A/C2CD4B/VPS13C
locus and glycaemic traits
glucose, Fl fasting insulin, FP fasting proinsulin, 2hGlu two-hour post-prandial
glucose, 1hGlu one-hour post-prandial glucose, CIR corrected insulin response to

glucose.

in GWA studies.
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Figure 1.7. Map of SNPs and linkage disequilibrium identified in human
chromosome 15 near C2CD4A, C2CD4B and VPS13C. Figure adopted from
Yamauchi et al. 2010 (Yamauchi et al., 2010b).
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Figure 1.8. Schematic overview of the ‘functional SNP’ approach. Different SNPs
from previous studies were identified (SNP1 to 6); SNP1 is associated with the
phenotype; also, multiple sources confirm that SNP6 is in the regulatory region. SNP1
and SNP6 are in perfect LD (r>=1.0). Therefore, SNP6 is identified as the most likely
‘functional’ SNP in the region. Figure adopted from (Schaub et al., 2012).
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1.5.3. The Effect of Variants at the VPS13C/C2CD4A/C2CD4B Locus

on Gene Expression

Since several SNPs in the C2CD4A and C2CD4B locus have been identified, it is
crucial to determine how these variants mediate their effect on the expression of the
nearby genes, and in this way ascribe putative functional roles for these genes in the

control of glucose homeostasis.

With this in mind, expression quantitative loci (eQTL) analysis was recently used to
study the impact of causal variants on the expression of nearby genes. Thus, using
islets samples from 53 human donors, Mehta et al. (Mehta et al., 2016) tested the
association between genotype at one of the previously identified SNPs rs4502156,
as well as the likely causal SNP rs7163757, and the expression of C2CD4A,
C2CD4B and VPS13C. Although upon initial analysis the risk variants did not show
any association, when the data were stratified by sex, with males and females
analysed separately, a significant association was apparent in female subjects
between the risk allele (C) at rs7163757 and C2CD4A and VPS13C mRNA levels
(Mehta et al., 2016). Decreased expression of VPS13C and C2CD4A in islets were

thus associated with increased risk of T2D and with other glycaemic traits.

The above data, however, have been challenged by a more recent study (Kycia et
al., 2018). In the latter report, islet data from the FUSION (n=32) and GROOP (n=81)
cohort of subjects with European background were used to examine the association
between the causal SNP rs7163757 and the expression of the nearby genes. The
obtained data showed that the risk allele (C) at rs7163757 is significantly associated
with increased C2CD4B expression in both islet cohorts. However, only a trend
towards an increase was observed for C2CD4A expression, and no effect on
VPS13C expression was apparent (Kycia et al., 2018). This study, however, did not
stratify by sex.

A possible explanation for the difference in the results from these two studies may
be in the number of samples analysed. In any case, further replication will be required

to resolve this question.
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1.5.4. Enhancer Regions in the C2CD4A and C2CD4B Locus

ldentifying the possible enhancer regions and transcription binding sites in the
C2CD4A, C2CD4B and VPS13C locus as above may provide a means to identify the

SNPs that are most likely to regulate the expression levels of these genes.

Using high-throughput sequencing coupled with chromatin immunoprecipitation
sequencing (ChIP-seq) and RNA-sequencing (RNA-seq), in human pancreatic islet
samples and T2D-relevant cell types, the GWAS SNPs rs11071657 and rs7172432,
located at the non-coding region in between C2CD4A and C2CD4B and previously
correlated with T2D traits, have been shown to overlap with islet stretch enhancers
(Parker et al., 2013). Other studies (Miguel-Escalada et al., 2018) (Kycia et al., 2018)

showed that rs7163757 resides in an islet active enhancer region.

Studying the genes that are specifically and significantly enriched for the presence
of islet stretch enhancers, Varshney et al. (Varshney et al., 2017) identified the
enhancer regions and chromatin states of the previously documented islet-specific
T2D SNPs. mRNA sequencing of 112 human islet tissue samples, and cis-eQTL
analysis of these, provided dense cis-expression quantitative trait loci (cis-eQTL)
maps. An additional integration with chromatin-state maps for islets and 30 other cell-
and tissue-types revealed cis-eQTLs for islet-specific genes that are specifically and
significantly enriched for the presence of islet stretch enhancers. Also, assay for
transposase-accessible chromatin sequencing (ATAC-seq) was used in the islet
samples to identify specific transcription factor footprints embedded in active
regulatory elements, which are highly enriched for islet cis-eQTL. Using this
approach, 28 T2D and related quantitative trait GWAS SNPs were identified as islet
cis-eQTL signals (Varshney et al., 2017). As shown in Figure 1. 9, VPS13C and
C2CD4B were among the genes with significant islet cis-eQTLs for the T2D-
implicated SNPs. However, in this study, no significant association was discovered
with the previous lead SNP rs7163757 (Parker et al., 2013)(Mehta et al., 2016). In
contrast to the above study, Kycia et al. (Kycia et al., 2018) have recently shown that
SNP rs7163757 is the most likely causal variant in this locus. The data from the latter
authors also confirmed that rs7163757 is the only variant in this locus overlapping
an islet open chromatin region (Mehta et al., 2016). In further agreement with the
latter study, a recent paper from the Ferrer laboratory (Miguel-Escalada et al., 2018)

used CRISPRa and CRISPRI to target three proposed enhancer regions in the
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intronic region between C2CD4A and C2CD4B in the human pancreatic 3-cell line
EndoC BH3 (Miguel-Escalada et al., 2018). The results showed that, among these
three enhancer regions, targeting the enhancer region which containing rs7163757,
mediated the strongest effect on the expression of the genes located at this locus
(Miguel-Escalada et al., 2018).

The latter authors have also shown that this enhancer region contains binding sites
for transcription factors involved in the development and function of islets, such as
FOXA2, NKX2.2, NKX6.1 and PDX1 (Miguel-Escalada et al., 2019). Figure 1. 10
shows the most recent SNPs (from DIAMANTE analysis) associated with T2D at the
C2CD4A/C2CD4B/VPS13C locus and the presence of several enhancer regions at
the non-coding region between C2CD4A and C2CD4B. The presence of SNPs at the
enhancer regions at this locus could affect the expression levels of these nearby

genes.
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Figure 1.9. Integrated genomic, and transcriptomic analysis of human pancreatic
islets. A. Chromatin state annotation, colour coded from strongly active to less active
chromatin state. B. Y axis indicates plot of strength of association for all T2D GWAS
SNPs with significant islets cis-eQTLs. X axis indicates genome position, and the
colours correspond to the chromatin state in A. C. 28 islet-specific SNPs selected from
plot B. based on the strength of islet cis-eQTLS association for T2D and after
conditional analysis. Figure adopted from Varshney et al., 2017 (Varshney et al., 2017).
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Figure 1.10. SNPs associated with T2D in the C2CD4A and C2CD4B locus. A.
Several SNPs at the non-coding region at the C2CD4A/C2CD4B/VPS13C locus have
been associated with T2D risk. B. ATAC-seq data from pancreatic islets show several
open chromatin regions at the C2CD4A/C2CD4B/VPS13C locus. C. Chromatin states
of the C2CD4A/C2CD4B/VPS13C locus shows active enhancer regions at the non-
coding region between C2CD4A and C2CD4B. D. Human chromosome 15,
C2CD4A/C2CD4B/VPS13C locus. (adopted from
http://www.type2diabetesgenetics.org/gene/genelnfo/C2CD4A# on 4/02/2020).
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1.6. C2CD4A and C2CD4B

The genes encoding C2 Calcium Dependent Domain Containing 4-A and -B
(C2CD4A and -B), also known as Nuclear-Localized Factor 1 and 2 (NLF1 and
NLF?2), are located on human chromosome 15 at close proximity to one another (90
kb apart). These genes were first discovered as highly up-regulated in response to
inflammatory cytokines (interleukin 13 and tumour necrosis factor a) in endothelial
cells (Warton et al., 2004). In addition, it was shown that, again in endothelial cells,
the encoded proteins play roles in cell adhesion and in acute inflammatory
responses. It was also shown that they possessed C2-like domains (Nalefski & Falke,
1996) at their C-terminus which are predicted to bind to Ca?* and phospholipids
(Warton et al., 2004).

In addition to endothelial cells, C2CD4A and C2CD4B expression levels are
increased in response to inflammatory cytokines in human pancreatic islets (Eizirik
etal., 2012) , the INS1 (832/13) (Hohmeier et al., 2000a) cell line (Kycia et al., 2018)
and MING cells (Kuo et al., 2019). Also, in human islets, it has been shown that the
expression of C2CD4A is increased in response to the saturated fatty acid,
palmitate(Cnop et al., 2014).

1.6.1. C2CD4 family

The C2CD4 family consists of C2CD4A, C2CD4B, C2CD4C and C2CD4D. These
proteins have similarities in their sequences and possess a C2 domain which is
predicted to bind to Ca®* and phospholipids. The phylogenetic tree of this family
indicates that human C2CD4A and C2CD4B arise from a common ancestor (Figure
1. 11). In addition to human, murine C2cd4a and C2cd4b also evolved from one
ancestor. This suggests that murine C2cd4b could have similar roles as (i.e. to be
the orthologues of) human C2CD4A and/or C2CD4B.
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Figure 1.11. Phylogenetic tree of C2CD4 family. C2CD4A and C2CD4B in
human and mice rise from the same ancestors. The Phylogenetic tree was
reproduced based on AlignX program of Vector NTI, using the full-length amino
acid sequences of vertebrate members of the C2CD4 family.

1.6.2. The C2 Domain

C2 domains are Ca**-dependent membrane-targeting elements that consist of about
130 amino acids (Islam, Md. Shahidul, n.d.). C2 domains were first discovered in the
Ca®"-dependent protein kinase C (PKC) protein family (Nalefski & Falke, 1996). In
conventional PKCs, C2 domains mediate calcium-dependent binding to membrane
lipid phosphatidylserine (PS) and to phosphoinositide - 4,5-bisphosphate [PIP2].
However, in C2CD4A and C2Cd4B the function of the C2 domain is not fully
understood. A previous study suggested that the C2 domains in C2CD4A and
C2CD4B do not contain fully canonical C2 sequences and, therefore, are not able to
bind Ca®" (Nalefski & Falke, 1996). In contrast to this finding, amino acid (aa)
sequence alignments of C2 domains from C2CD4A and C2CD4B with PKCa suggest
that one predicted Ca?* binding site in C2CD4A and two in C2CD4B are conserved
(Nalefski & Falke, 1996) (Figure 1. 12).
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Figure 1.12. Amino acid sequence alignment of the C2 domains of hPKCa, hC2CD4A
and hC2CD4B. The secondary structure is schematically indicated above the sequence as
hashed lines, which indicate B-strands in synaptotagmin, a Ca*" sensor protein. The
consensus sequence present in >50% of the C2 domains from 65 previously published C2
domains are indicated in bold on top (PKC structure and topology adopted from Nalefski et
al, 1996 (Nalefski & Falke, 1996)). Amino acids shown in bold and black are non-polar or
aromatic while if shown in orange they are polar or charged amino acids in consensus C2
domains. Highlighted in grey are side chains which are predicted to coordinate Ca®* in
synaptotagmin and PKCa. The amino acids shown in blue are conserved in PKCa; shown
in green are identical aa sequences between C2CD4A and C2CD4B. (Figure generated
using sequence alignment on NCBI).
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1.6.3. Sub-cellular localisation

It was previously reported in vitro, by over-expressing GFP-tagged C2CD4A and
C2CD4B constructs in the Cos-7 cell line, that the sub-cellular localisation of these
proteins is limited to the nucleus (Warton et al., 2004). A recent publication
investigating the role of FoxO1 and C2cd4a in insulin secretion also showed that
GFP-tagged C2cd4a is localised only in the nucleus in MING cells and in mouse islets
(Holst et al., 2016). The above authors concluded from this observation, together
with RNA-seq data, that murine C2cd4a acts as a gene expression co-regulator

which is located downstream of the transcription factor FOXO1.

1.6.4. Tissue distribution

C2CD4A and C2CD4B are expressed in a range of human tissues. In descending
order of expression level, C2CD4A is found in the pituitary gland, pancreas, kidney,
stomach and liver among others; C2CD4B is expressed in pancreas, stomach,
breast, adipose tissue, lung and pituitary gland (Figure 1. 13, data from GTEx portal).
The mouse C2cd4b gene is highly expressed in similar tissues including pancreas,
pituitary gland, stomach and intestine (Figure 1. 14). In human islets, the expression
of C2CD4A and C2CD4B is similar, while in mouse islets, C2cd4b is much more
abundantly expressed than C2cd4a (Table 3) (Blodgett et al., 2015)(Kone et al.,
2014; Benner et al., 2014).

Gene Expression | Tissue | Publication | Expression | Tissue Publication
name

Murine 6.98 B Benner et 5.5 (RPKM) Mouse Kone et al.
C2cd4a (RPKM) al. (Benner pancreatic | (Kone et al.,
Murine 71.6 etal., 2014) | 40.7 (RPKM) | islets 2014)
C2cd4b (RPKM)

Human 57.9 B Benner et 18.5 (TPM) B Blodgett et al.
C2CD4A | (RPKM) al. (Benner (Blodgett et
Human 52.8 et al., 2014) | 15.7 (TPM) al., 2015)
C2CD4B | (RPKM)

Table 3. Expression of C2CD4A and C2CD4B in human and mouse islets and
B-cells. While both C2CD4A and C2CD4B are expressed at the same level in
human B-cells, in mouse C2cd4b is more predominantly expressed compared to
C2cd4a. B=FACS purified B-cells.
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Figure 1.13. C2CD4A and C2CD4B expression levels in human tissues.

A. C2CDA4A is expressed, from high to low levels, in the pituitary gland, pancreas,

kidney, stomach, liver, salivary gland, prostate, lung and small intestine; and B.

C2CD4B is expressed in pancreas, stomach, breast, adipose tissue, lung, pituitary

gland, skin, thyroid, small intestine and etc. (Data Source: GTEx data, analysed in The

Human

https://www.proteinatlas.org/ENSG00000198535-

Atlas, URL:

Protein

C2CDA4Altissue, https://lwww.proteinatlas.org/ENSG00000205502-C2CD4B/tissue).
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Figure 1.14. C2cd4b expression levels in mouse tissues.

Murine C2cd4b is highly expressed in prostate, pancreas, pituitary gland, uterus,
intestine among other tissues. Data Source; GeneAtlas MOE430,
http://biogps.org/#goto=genereport&id=75697.
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1.7. Aims of Thesis

The studies detailed in this project aim to investigate the role of the type 2 diabetes-
associated GWAS genes C2CD4A and C2CD4B in pancreatic B-cells and how they
regulate glucose homeostasis. To address these questions, the chapters of this

thesis will aim to:

1. Study the sub-cellular localisation of C2CD4A and C2CD4B and their possible
interacting partners in 3-cells.

2. Study the effect of deletion of C2cd4b or C2cd4a in vivo on glucose
homeostasis.

3. Determine the effect of deletion of C2CD4A in vitro in human B-cells, on

insulin secretion.
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Chapter 2: Materials and Methods

2.1. Cell and tissue culture
2.1.1. Mammalian cell culture

The MING cell line (mouse insulinoma) (Miyazaki et al., 1990) was cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Sigma Aldrich, Dorset, UK) containing
15% [vol./vol.] foetal bovine serum (FBS), 100 U/mL penicilin and 100 U/mL
streptomycin and supplemented with 50 uM 2-mercaptoethanol (Sigma-Aldrich) at
37°C with 5% COsa.

The INS1 (832/13) rat insulinoma derived B-cell line (Hohmeier et al., 2000b) was
cultured in RPMI-1640 medium (Sigma), supplemented with 10% [vol./vol.] FBS, 100
U/ml penicillin and 100 mg/l streptomycin, 2 mM L-glutamine (Sigma), 1 mM Sodium-
Pyruvate and 50 yM 2-mercaptoethanol (Sigma-Aldrich) at 37°C with 5% CO..

The human EndoC BH1 cell line (Ravassard et al., 2011) was cultured in DMEM 1g/L
(Sigma) medium, supplemented with 2% [wt/vol.] Albumin from Bovine Serum
Fraction V, Fatty Acids Free (Roche), 50 uM 2-mercaptoethanol (Sigma-Aldrich), 10
mM Nicotinamide (Sigma), 5.5 pg/ml transferrin, 6.7 ng/ml sodium selenite, 100
units/ml Penicillin-Streptomycin and 100 pg/ml Streptomycin (Invitrogen) at 37°C
with 5% COa.

2.1.2. Mouse islet isolation

Mice were euthanised using CO, chambers. To isolate pancreatic islets, 1 mg/ml
Collagenase NB 8 Broad Range (Nordmark Biochemicals) in RPMI-1640 medium
(Sigma) was directly injected into the bile duct and the pancreas was fully inflated
with this solution. The inflated pancreas was removed from the animal. The isolated
pancreata were incubated for 12 min. at 37°C water bath to induce digestion and
separation of the islets from the remaining pancreatic tissue. Digested pancreas was
washed 3 times with RPMI-1640 before the separation of endocrine and exocrine
tissue by centrifugation through a histopaque gradient at densities 1.119 and 1.087
g/mL and RPMI-1640 medium (Sigma Aldrich) at 2500 rpm for 20 min. Islets were
washed with RPMI and transferred to RPMI supplemented with 10% [vol./vol.] FBS,
100 U/mL penicillin and 100 U/mL streptomycin and incubated at 37°C with 5% COx,

24 h before further experimentation.
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2.1.3. Insulin secretion assay on isolated islets

To measure insulin secretion from isolated islets, 10 size-matched islets in triplicate
were picked and incubated for one h at 37°C in Krebs-HEPES-bicarbonate (KREBH)
solution (KREBH buffer: 140 mM NaCl, 3.6 mM KCI, 2 mM NaHCO3 ,0.5 mM
NaH2PO4, 0.5 mM MgSOs4, 1.5 mM CaCl,, 10 mM HEPES and 0.1% [wt/vol.] BSA,;
all Sigma-Aldrich, pH 7.4) containing 3 mM glucose with gentle shaking. Afterwards,
GSIS was carried out by incubating the islets for 30 min. in KREBH solution
containing either: 3 mM glucose, 17 mM glucose or 20 mM KCI at 37°C in a water
bath with gentle shaking. The supernatants were collected, and the 10 islets were
picked up and lysed to measure total insulin content in acidic ethanol solution (1.5%
[vol./vol.] HCI, 75% [vol./vol.] ethanol, 0.1% [vol./vol.] Triton X-100 (Sigma). The

samples were kept frozen at -20 for further measurements.

21.4. Homogeneous Time Resolved Fluorescence (HTRF) Assay

Insulin  Ultra-Sensitive Kit (Cisbio, ref. 62IN2PEH) was used according to the
manufacturer’s instructions to measure released or total insulin. In order to assess
the final dilutions for samples, a tested with several dilutions was carried out before
measuring all samples collected. Each sample was measured in duplicate and
incubated with europium cryptate and the other with XL665 antibodies overnight

before measuring the Forester resonance energy transfer (FRET) efficiency.

2.2. Molecular biology

2.21. Western (immuno)blotting

Cell or tissue samples were lysed and protein samples containing equal amounts of
protein were blotted onto a Polyvinylidene Difluoride (PVDF) transfer membrane
(Millipore). After membrane blocking with 0.1% [vol./vol.] Tween in Phosphate-
buffered saline (PBS) + 5% milk, the membrane was incubated with anti-FLAG
antibody (see the list of antibodies) diluted in 5% milk plus 0.1% [vol./vol] Tween in
PBS, overnight at 4°C. After three washes with PBS-Tween, membranes were
incubated in horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h
at room temperature. Bands were detected using chemiluminescence with ECL plus

(GE Healthcare) onto photographic film.
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2.2.2. RNA extraction and RT-g-PCR

Samples were incubated in TRIzol™ Reagent (Invitrogen) for 10 min. to dissolve the
cells and tissues (samples were kept frozen or directly used for RNA extraction).
Next, chloroform (Sigma) was added to TRIzol mix in a 1:5 ratio respectively.
Samples were mixed and centrifuged for 15 min. at 4°C. After centrifugation, the RNA
containing upper phase was aspirated and placed into new tubes. RNA was
precipitated by adding an equal volume of isopropanol, after incubating for 1 h at -80
or overnight at -20°C to elevate the yield. This was continued by centrifugation of
samples at 4°C for 15 min. and two washes in 75% [vol./vol.] ethanol. Afterwards,

the pellet was airdried and dissolved in RNase- free water (Qiagen).

Total RNA (400 ng to 2 pg) was then reverse transcribed using a high capacity cDNA
RT kit (Applied Biosystems) according to the manufacturers’ instructions. Briefly, 10
uL of RT reaction (10X RT buffer, 4 mM dNTPs, 10X random primers and 1 yL multi-
scribe reverse transcriptase) was added to an equal amount of RNA per sample and
the final solution was incubated at 25°C for 10 min., at 37°C for 120 min. and 85°C for
5 min.

To measure mRNA levels SYBR green reagent (Applied Biosystems) was used. 2
ML of cDNA diluted in 1:4 was added to 6 uL of SYBR green reagent and 0.35 pL of
primers (from 10 mM stock), RNase-free water was added to reach to a total volume
of 12 yL.

Amplification curves for each gene, derived from fluorescent signals, were generated
using the equipment software (7500 v2.06, Applied Biosystems). A threshold was
manually set to determine the number of cycles (Ct) required to reach the set level
of fluorescence. The relative expression was determined by normalising to either of
the housekeeping genes B-actin or RPLPO when mRNA samples from mouse and
human samples were quantified, respectively. Relative expression was calculated as

such: Relative gene expression = 2C!(Cyclophilin)-Ctitarget gene)

2.2.3. Sample preparation for RNA sequencing

Isolated islets from 5 male mice/genotype were used for RNA purification. DNase
treatment was performed using TURBO DNase (Invitrogen) according to the
manufacturer’s instructions. RNA quantity and integrity were assessed using an RNA

6000 Nano Kit (Agilent) and an Agilent 2100 Bioanalyzer. mRNA enrichment was
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achieved from 0.8-1 pg of total RNA using a NEBNext Poly(A) mRNA Magnetic
Isolation Kit (NEB). Generation of double stranded cDNA and library construction
were performed using NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina
(NEB). NeBNext Multiplex Adapters (NEB) was used to perform ligation of the
adapters. Each library was subsequently size selected with SPRIselect Beads
(Beckman Coulter). The Adaptor ligated DNA was PCR amplified using NEBNext
Ultra Il Q5 Master Mix and Universal i5 and i7 primers provided in the NEBNext Kits.

Sequencing was performed by the Imperial BRC Genomics Facility as 75bp paired
end reads on a HiSeq4000 according to lllumina specifications. FASTQ files were
generated for each sample (5 WT and 4 null mice) and initial data quality checks of
the raw sequence data were performed. Reads were then mapped to the mouse
transcriptome (GRCm38, cDNA and ncRNA) using Salmon (Patro et al., 2017). Total
RNA profiles were consistent and generated ~20-40 million reads mapping to
Ensembl genes per sample. DESeq2 (v1.20.0) (Love, Huber & Anders, 2014) with
DESeq2-default normalization method and adjusted p-value threshold <0.1 was
used for differential expression analysis in R using relevant BioConductor packages
(Anders et al., 2013).

224, Immunoprecipitation and mass spectrometry

Immunoprecipitation and mass spectrometry experiments were performed in
collaboration with Dr Millership from Professor Dominic Withers laboratory in the
MRC London Institute of Medical Sciences. MING cells were transfected in duplicate
with FLAG-tagged C2CD4A or C2CD4B constructs and with FLAG tag only
construct as a negative control. 48 h post-transfection cells were homogenized in
protein lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% [vol./vol.] Triton X-
100, 1 mM EDTA with protease inhibitor [Complete Mini, Roche]). After centrifugation
at 16,000 x g, supernatants were incubated with protein A-agarose beads coated
with anti-FLAG antibody (M2 clone, Sigma, A2220) according to the manufacturer’s
instructions and washed four times with protein lysis buffer. Proteins were collected
from the beads were then sent to Imperial College MRC-LMS Mass-spectrometry

facility.

Proteins were selected for those containing at least two unique peptides, identified
in both replicates and with a minimum of a 2-fold increase in abundance compared

with FLAG-tag only control immunoprecipitates. Intensity normalisation was
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performed by Progenesis and proteins were ranked by average intensity across

replicates (Millership et al., 2018).

The final table was generated from the highest possible interacting proteins to the
lowest interacting proteins with C2CD4A or C2CD4B.

2.2.5. ELISA for insulin and proinsulin

To measure insulin levels in mouse plasma, an Ultra-Sensitive Mouse Insulin ELISA
Kit (Crystal Chem, 90080) was used according to the manufacturer’s instructions.

Plasma samples were centrifuged and kept on ice before being loaded on the plates.

To measure proinsulin levels, a Rat/Mouse Proinsulin ELISA (Mercodia, 10-1232-
01) kit was used according to the manufacturer’s instructions. However, instead of
25 uL of plasma as suggested, 35 uL of plasma was added to 50 yL of Enzyme

Conjugate, to promote a higher signal to noise ratio.

2.3. Invitro functional imaging and analysis

2.3.1. Intracellular free [Ca?*] measurements

24 h after islet isolation, for each acquisition 20 islets were incubated for 45 min. in
fluo2-AM (10 pM; Teflabs) diluted in a KREBS buffer solution containing 3 mM

glucose.

A Nipkow spinning disk head microscope was used to capture changes in the
fluorescent signals in response to intracellular free [Ca®*] changes (Hodson et al.,
2014). Islets were maintained at 35°C to 36°C and continuously irrigated with KREBS
buffer solution aerated with 95% O, 5% CO:2 during recordings in the presence of
either 3 mM or 17 mM glucose or 20 mM KCI. On average 8-10 islets were imaged

in each field of view. Two acquisitions were performed per animal.

Images were analysed using ImageJ software (URL:
https://imagej.nih.gov/ij/index.html) by measuring the fluorescence over time from
each individual islet. Fluorescence intensity was normalised to that at 3 mM condition
where islets were unstimulated (F/Fmin). The Pearson product moment correlation
analysis was performed for every possible cell pair to assess inter-cellular

connectivity (Salem et al., 2019).
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2.3.2. Immunofluorescence on pancreatic slices

Pancreata were fixed in 4% [wt/vol.] Paraformaldehyde (PFA, Sigma-Aldrich) diluted
in Phosphate-buffered saline (PBS), after dissection overnight at 4°C. Animals were
dissected at 24 or 25 weeks of age. Afterwards, islets were washed with PBS and
incubation through serial ethanol dilutions (25%, 50%, 70% and 100% [vol./vol.]) to
dehydrate. Next, they were placed in 100% ethanol and maintained at -20°C until
they were ready for the histology process. Samples sent to the histology facility at
Imperial College London were embedded in paraffin and sectioned at 5 ym

thickness. Each section was 150 ym apart from the previous section.

To prepare the samples for immunohistochemistry, slides were treated with Antigen
Unmasking Solution (Vector Laboratories) according to the manufacturer's
instructions. Antigen retrieval was performed in a microwave oven (Matsui, M 180TC)
at medium power for 15 min. Afterwards, slides were left to cool down to room
temperature, washed with PBS and incubated in blocking buffer (PBS containing:
0.1%Triton X-100, 2% BSA, 2% donkey serum). Primary antibodies (guineapPig anti-
insulin ready to use (Dako): not diluted, mouse anti-glucagon (Sigma): 1:1000),
diluted in PBS (containing: 0.25% BSA, 0.25% Triton X-100), were applied overnight
at 4 °C in a humidified chamber. After overnight incubation, slides were washed in
PBS-Triton X-100 and incubated with secondary antibodies (Alexa Fluor 488 goat
anti-guinea-pig, Invitrogen, 1:1000, Alexa Fluor 532 goat anti-rabbit,
Invitrogen,1:1000, DAPI Roche 1:5000) for 2 h at room temperature (RT). Slides
were washed before mounting. To mount, a drop of mounting reagent (ProLong
Dimond Antifade Mountant, Life Technologies) was added and a coverslip was
placed on to each slide to cover the tissue. Slides were dried overnight and kept in

4°C until they were ready for microscopy.

An Inverted Widefield Microscope with LED illumination microscope (Zeiss Axio
Observer Z1), from the Imperial College FILM facility, was used to collect images. To
measure total pancreas area, a x10 objective was used and the images were tiled
using Zeiss software. A x40 oil immersion objective was used to take images from

individual islets present in the pancreas.
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2.3.3. Immunofluorescence and imaging for sub-cellular localisations

Cells were cultured on coverslips and 12 or 24 h post transfection were fixed in 4%
[wt/vol.] PFA (Sigma-Aldrich) dissolved in PBS, followed by washes in 0.1% [vol./vo.]
Triton X-100 dissolved in PBS and incubated with primary antibody (mouse anti-
FLAG (Sigma)1:1000) overnight at 4°C. Afterwards, the cells were washed with PBS-
Triton and incubated with the secondary antibody (Alexa Fluor 488 anti-mouse,
Invitrogen, 1:1000) for 2 h at room temperature. The coverslips were washed and

mounted on to slides using Vectorshield (Vectorlabs) mounting reagent.

A Nikon ECLIPSE Ti spinning disk microscope was used to collect images. A x60 oil
immersion objective was used for localisation and co-localisation experiments. For
cells co-transfected with C2CD4A and C2CD4B FLAG-tagged constructs and KDEL.:
Red construct, a confocal inverted Zeiss LSM-780 microscope was used to capture

images.

Quantification of sub-cellular localisation patterns was carried out manually using
three independent experiment in duplicate. Between 70-150 cells were counted in

each field of view.

2.3.4. Plasmid maps used for sub-cellular localisations
CcMV hC2CD4A  x3Flag CMV GFP hC2CD4A
- - —-—— —
CMV hC2CD4B  x3Flag CMV GFP hC2CD4B
- - - .

Figure 2.1. Constructs used to visualise the sub-cellular localisation of
C2CD4A and C2CD4B in B-cells. A. Schematics of hC2CD4A and hC2CD4B
constructs which were tagged with x3 FLAG isotopes at their C-terminus or tagged
with GFP at the N terminus.

2.3.5. Time-lapse imaging from C2CD4A and C2CD4B transfected cells

Cells were grown on coverslips and transfected with either GFP-tagged C2CD4A,
C2CD4B or Syt1 (Idevall-hagren et al., 2015) containing constructs. 24 h post-
transfection, cells were incubated for 1 h at 37°C with KREBH buffer solution aerated

with 95% O2, 5% CO- and containing 3 mM glucose.
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After several pilot experiments, ionomycin was chosen to trigger robust increases in
intracellular free [Ca®*] in the cells since our positive control construct (Syt1-GFP)

responded most strongly to this stimulation compared to stimulating cells with KCI.

2.4. Invitro over-expression of C2CD4A and C2CD4B

241. Generation of C2CD4A and C2CD4B -FLAG and -GFP tagged

constructs

Human C2CD4A and C2CD4B cDNA sequences were cloned into plasmid
P3XFLAG-CMV-14 (available on Addgene) in-frame at the C-terminal 3xFLAG
epitope tag. GFP-tagged proteins were generated by using a GFP construct and
adding the human C2CD4A and -B cDNA sequences into the C-terminus of GFP
using plasmid pEGPP-C1 (available at Addgene and Clontech) as the backbone.

Constructs were sent for sequencing (Genewiz) to ensure accurate sequence
alignment. In addition, Western (immuno)blotting using cells transfected with
C2CD4A or C2CD4B FLAG-tagged constructs was performed to confirm the addition
of FLAG epitopes. A mouse anti-FLAG antibody (Sigma) was deployed.

24.2. Secretion measurements upon over-expression of C2CD4A and
C2CD4B

INS1 (832/13) cells (Hohmeier et al., 2000b) were co-transfected with human growth
hormone (hGH) and C2CD4A and C2CD4B FLAG-tagged constructs or FLAG constructs
without any insertion as a control. This technique (Varadi et al., 2004) was used instead
of direct measurement of insulin secretion in order to measure the secretion only from
transfected cells. 48 h post-transfection, cells were starved in 3 mM glucose medium for
4 h. Afterwards, they were incubated in Krebs-Ringer Bicarbonate Hepes buffer (KRBH)
supplemented with 3 mM glucose and 0.1% BSA (fatty acids free, Sigma) for 1 h at 37°C.
Afterwards, cells were incubated for 30 min. with KREBH buffer containing 3 mM
glucose, 17 mM glucose, and 20 mM KCI, at 37°C in a water bath. Next, the supernatant
was collected and cells in each well were lysed (KRBH buffer plus 1% Triton X-100) and
used to measure total cell insulin content. Supernatants from secretion experiments and
the total cellular secretion content from each well were collected and an hGH ELISA kit

(Roche) was used according to the manufacturer’s instructions to measure hGH content.
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2.5. In vivo characterisation of C2cd4b and C2cd4a null mouse
strains

C2cd4a (C2cd4a-Del1724-EM1-B6N) and C2cd4b (C2cd4b°™™) mouse strains
were generated by the International Mouse Phenotyping Consortium (IMPC)
(Cacheiro et al., 2019), using Clustered Regularly Interspaced Short Palindromic
Repeats and CRISPR-associated 9 (CRISPR/Cas9) method (Barrangou et al.,
2007). Both strains were maintained on a C57BL/6N background at the IMPC. In the
C2cd4a strain, 1742 bp were deleted from exon 2 and in C2cd4b strain, exon 2 was

deleted entirely.

Heterozygous animals were used as breeding pairs.

2.51. PCR genotyping

Primers used to genotype the C2cd4a strain:

Primer Name Primer Sequence (5> 3’)
C2cd4a_geno F3 | AAAAGCCCGGACCAGCTATC
C2cd4a geno R4 | GCCTCATGGCCATAATTGGAA
C2cd4a-WT-F2 AGCCAGGGCTTTGTTTCAGT
C2cd4a-WT-R3 AAGGTGTCTGCCCACACAAA

C2cd4a_geno_F3 and C2cd4a_geno_R4 primer sets were used to detect the
mutant band and C2cd4a-WT-F2 and C2cd4a-WT-R3 were used to detect the WT
band

Expected bands: WT:93bp; mutant: 473bp

Reaction and PCR set up:

Reagent ul Time Temp.°C Cycle
DNA 1.5 30 sec 98 1
X10 Phire 4 10 sec 98 30
buffer 5 sec 58 WT/ 61

dNTP (100mM) | 0.4 mutant

Primers 1 30sec |72

(10mM) 5 min 72 1
Polymerase 04 O/N 4 1
ddH20 Up to 20
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Primers used to genotype the C2cd4b strain:

Primer Name Primer Sequence (5' > 3')

C2cd4b DF1 GCGTGACTTCCACTAAGGTATAAGT
C2cd4b_ER1 AGAGAAAAACTGTTGAATTTGGGCT
C2cd4b_DR1 TGGAGAGTTATCAAACACCAAGGAT

C2cd4b-DF1 and C2cd4b-ER1 primer sets were used to detect the WT band and
C2cd4b-DF1 and C2cd4b-DR1 were used to detect the mutant band.

Expected size: WT: ~297Kb; Mutant: 868bp

Reaction and PCR set up:

Reagent pl Time Temp.°C Cycle
DNA 1.5 30sec |98 1
X10 Phire 4 5 sec 98 30
buffer 5 sec 58 WT/ 62
dNTP (100mM) | 0.4 mutant
Primers 1 15sec |72
(10mM) 1 min 72 1
Polymerase 0.4 O/N 4 1
DMSO Only for mutant
reaction 0.6

ddH20 Up to 20

2.5.2. Mouse maintenance and diet

Mice were housed in a pathogen-free facility with a 12-h light/dark cycle and had free
access to standard mouse chow diet and water.

Animals fed with high-fat and -sucrose diet contained 58% fat and 25% carbohydrate,
provided from Research Diets, Cat. No. D12331. Animals had free access to the diet.

Animals were on High-fat and sucrose diet from 6 weeks of age

2.5.3. Intraperitoneal/oral glucose tolerance test (IPGTT/OGTT)

Animals were fasted overnight prior to the experiments. For IPGTTs, glucose (1 g/kg
body weight) was injected into the abdomen. For OGTTs, glucose (2 g/kg body
weight) was administered directly to the stomach using oral gavage. Blood glucose
levels were recorded at time points 0, 15, 30, 60, 90 and 120 min. from the tail vein,

using an automatic glucometer (Accucheck).
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254, Insulin Tolerance Tests (ITT)

Animals were fasted for 5 h prior to experiments. Insulin (animals on RC were
injected with 1.0 for males and 0.75 U/Kg body weight for females, and animals
maintained on HFD were injected with 1.5 for males and 0.75 U/Kg body weight for
females) was injected into the abdomen. Blood glucose levels were measured at 0,
15, 30 and 60 min. post-injection from the tail vein, using an automatic glucometer
(Accucheck).

2.5.5. Plasma insulin secretion release (IT)

Animals were fasted overnight prior to experiments. Glucose (3 g/Kg body weight)
was injected into the abdomen of mice. Blood glucose levels were measured at 0, 5
and 15 min. after injection from the tail vein, using an automatic glucometer
(Accucheck).

2.6. Generation of Lentiviral CRISPR/Cas9 Cell lines

2.6.1. dgRNA design

Guide RNAs (gRNA) were designed using the primer design tool from the Zhang lab
(Ran et al., 2013). gRNAs were designed to target the first 100 bp after the start
codon of hC2CD4A. For this, 19 nucleotides upstream of the protospacer adjacent
motif (PAM) sites with minimum off-targets were selected as gRNAs to target the
C2CDA4A gene with the Cas9. PAM in the bacterial genome is an essential part of
DNA which is recognised by Cas9 (Mali, Esvelt & Church, 2013). Primarily, two sets
of gRNAs (gRNA1 and gRNA2) were designed to select the most efficient clones.

2.6.2. Validation of C2CD4A deletion in EndoC BH1 cells

DNA was extracted from the different pools of cells containing either gRNA1 or the
empty backbone. PCR amplification around the C2CD4A region was performed and
the results sent for sequencing to detect any change in the DNA sequence (Figure
5. 2). By visualising the sequencing results several point mutations were apparent in
two independent pools of cells with gRNA1 (gRNA1-a and gRNA1-b). No mutations

were observed in the negative control cell population (Figure 5. 2).

Since there were no antibodies available to assess the reduction at the protein level,

RT-g-PCR was used to assess any changes in C2CD4A mRNA levels. In order to
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gauge the efficiency of Cas9 cutting, different sets of primers were designed, with
one primer designed within the expected cutting site of Cas9. The pools of cells
containing gRNA1 showed more efficient cutting at this region and were therefore
used for GSIS (relative expressions: 47.1% + 4.6 and 43.6% = 2 at gRNA1 pool-a
and pool-b respectively, p<0.001, data were assessed for significance using an

Ordinary one-way ANOVA, Tukey’s multiple comparison test).

In addition, total mMRNA levels were also reduced in the transfected cells compared
to control cells (C2CD4A total mRNA relative expression: 78.2% + 13.8 and 94.1%
+ 24 in gRNA pool-a and pool-b respectively, p=ns) (Figure 5. 3).

To measure C2CD4A at the protein level we attempted to produce a custom-made
polyclonal antibody with Eurogentec. However, the antibody did not work in Western
(immuno)blotting and failed to recognise C2CD4A protein (results shown in Appendix
2).

2.6.3. Sub-cloning

gRNA1 and gRNA2 were cloned into a modified LentiCRISPR v2 sequence
(Addgene). LentiCRISPR v2 was modified at Dr Paul Gadue’s laboratory at the
Children’s Hospital of Philadelphia by replacing the CMV promoter with the rat insulin
2 promotor (RIP) at the 5’ end of the Cas9 sequence, to achieve high expression of
Cas9 in B-cells (Figure 2. 2). LentiCRISPR v2 constructs contains Cas9 and
puromycin resistance genes. After placing the gRNA into the backbone, the
constructs were cloned into lentiviral vectors. EndoC BH1 (Ravassard et al., 2011)
cells were infected with lentivirus containing either gRNA1, gRNA2 or a construct
with CRISPR/Cas9 sequence but without any gRNA as a negative control. 24 h post-
infection, cells which received the vector containing Cas9 and the gRNA were
selected using puromycin (4pg/mL) for one week. Subsequently, regular EndoC
medium (mentioned at Cell Culture, Section 2. 1) was replaced to feed and expand
the colonies. Using this method, we selected pools of cells containing the lentiviral
CRISPR/Cas9 vector. This generated mixed pools of cells, each potentially carrying

a different disruptive mutation, but all based on the same gRNA sequence.
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Figure 2.2. Schematic image of Lenti/Cas9 vector. Lenti/Cas9 vector (modified from
Addgene) was digested by BsmBl restriction enzyme to remove gRNA Binding Site
sequence. Afterwards, a gRNA sequence was ligated into the linearised vector.

2.6.4. Characterisation of the cell lines

DNA was extracted from the different pools of cells into which either gRNA1, gRNA2
or the empty backbone had been introduced. PCR amplification around the C2CD4A
region was performed and the results sent for sequencing to detect any changes, by
visualising the sequencing results. Several point mutations were apparent in two
independent pools of cells with gRNA 1. No mutations were observed in the negative

control cell population (Figure 5. 2).

RT-g-PCR was used to assess any changes in C2CD4A mRNA levels. In order to
gauge the efficiency of Cas9 cutting, different sets of primers were designed, with
one primer designed within the expected cutting site of Cas9. The pools of cells
containing gRNA1 showed more efficient cutting at this region and were, therefore,
used for GSIS. Two independent pools of cells infected with gRNA-1 (QRNA1 pool-

a, gRNA1 pool-b) were used for GSIS measurement.
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2.7. Statistical Analysis

Data are expressed as means + SEM. Significance was tested by two tails unpaired
or paired Student’s t-test, or by ANOVA using Graphpad Prism 8.2.1. A value of

p<0.05 was considered significant.

Sample sizes have been calculated using G*Power or PWR package (R), assuming
normally distributed data and, when specified, Scotty (Busby et al., 2013). For

example:

Insulin secretion: 0=0.14u (Martinez-Sanchez et al., 2016), so for a t-test assuming
independent means; to detect a 1.2 fold difference in the mean between two groups

(80% power; p<0.05, , a=0.05), sample size is 9 replicates/group.

Ca?" dynamics: previous analysis of areas under the curve for fluo2 traces indicate
a value for o of 0.3y, requiring a sample size of 37 individual cells to detect a 1.2-

fold difference; For ATP/ADP ratios, o = 0.6y, so we require 143 cells.

Intraperitoneal glucose tolerance tests (IPGTT): Eight mice per genotype are
sufficient to provide 80 % power to detect a difference of 3 mmol/L (assuming o=2
mmol/L, a=0.05).
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Chapter 3: C2CD4A and C2CD4B in B-cells

3.1. Introduction

Multiple GWAS since 2010 have reported an association between variants at the
C2CD4A/C2CD4B/VPS13C locus and glycaemic traits or T2D 672979 Fyrther
functional studies from the Rutter laboratory showed that loss of VPS13C, a
transporter of lipids between the ER and TGN (Brickner & Fuller, 1997), selectively
in pancreatic B-cells, has a minor effect on glucose homeostasis and insulin secretion
(Mehta et al., 2016). The latter result argues for a minimal, if any, role for this gene
in glucose homeostasis and insulin secretion and suggests that the two other genes
present in this locus, C2CD4A and C2CD4B, might have a more significant role in

determining disease risk.

C2CD4A and C2CD4B, also known as NLF1 and NLF2, were first described in
human endothelial cells treated with inflammatory cytokines (Warton et al., 2004).
The same study reported that, in the Cos-7 cells, these proteins were localised to the
nucleus (Introduction, Chapter 1.6). Transfecting the recombinant proteins into
endothelial cells resulted in upregulation of the Rho kinases Rnd1 and Gem GTPase
in this cell line. Based on these observations, Warton et al. (Warton et al., 2004)
proposed that C2CD4A and C2CD4B belong to a novel gene family encoding nuclear
factors with a role in regulating cellular architecture. In addition, a recent study has
shown that murine C2CD4A, in MING cells and in human pancreatic islets, is also
localised to the nucleus and acts as a gene co-regulator downstream of FoxO17 (Holst
et al., 2016). However, the function of human C2CDA4A in B-cells was not assessed

in the latter paper.

In humans, C2CD4A and C2CD4B protein sequences are 83% homologous
(sequences were compared on http://www.uniprot.org). Both proteins contain a C2
domain at their C-terminus, which is predicted to bind to Ca?* and phospholipids
(Nalefski & Falke, 1996). Unlike C2CD4C, another homologue of these genes (see
Introduction, Chapter 1.6.2), it has been suggested that C2CD4A and C2CD4B have
(partially) lost the canonical Ca* binding sites in their C2 domains (Omori et al.,
2016). However, it is not clear whether in 3-cells they conserve their ability to bind,
or respond to, intracellular Ca®" and/or phospholipids. In addition, their possible roles
in the B-cell, and the interacting proteins which might mediate them, remain to be

discovered. The focus of this chapter is to answer these questions.
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3.2. Results

3.2.1. Sub-cellular localisation of C2CD4A and C2CD4B in B-cells

To test whether C2CD4A and C2CDA4B are localised to the nucleus in pancreatic B-
cells, and to dissect the possible function of these proteins in these cells, we studied
their sub-cellular localisation in different 3-cell models (MING cells, a murine (3-cell
line (Miyazaki et al., 1990); INS1 (832-13) a rat B-cell line (Hohmeier et al., 2000b);
EndoC BH1 cells, a human B-cell line (Ravassard et al., 2011)), using
immunohistochemistry and confocal microscopy. Since antibodies against the
endogenous proteins were not available commercially, to address this question we
tagged cDNAs encoding C2CD4A or C2CD4B with FLAG or GFP epitopes and
introduced these constructs into the cells of interest using Lipofectamine (Invitrogen)
based transfection (Figure 3. 1). This induced a transient expression of our genes of

interest in the target cells.

We attempted to make antibodies against murine C2CD4B with New England
Peptide. Two different antibodies against murine C2CD4B were generated.
Unfortunately, no specific bands were detected after performing several Western
(immuno)blotting with these antibodies. Protein samples from different cell lines and
tissues were used at different Western (immuno)blotting blocking buffers. Also,
different protein denaturing protocols were used to attempt to optimise this protocol.
We also used protein samples from isolated pancreatic islets from null and WT
C2cd4b mice. No bands of the expected size (37.1 kDa), which is specific in WT

samples, were found.

By visualising the localisation of each protein in the above B-cell systems through
immunofluorescence with anti-FLAG antibody (or using intrinsic fluorescence for
GFP-tagged constructs) our data showed that, in contrast to the Cos-7 cells (Warton
et al., 2004) and over-expression of murine C2cd4a (Holst et al., 2016), the
localisation of human C2CD4A (A) and C2CD4B (B) was not limited to the nucleus
(Figure 3. 2). In fact, we observed three main localisation patterns in different cells
from the same culture (Figure 3. 3). In the majority of the cells (MING, A: 67.2% +10.4,
B: 46.4% +20.5; INS1 (832/13), A: 77.6% 8.7, B: 71% 19.5; EndoC BH1 A: 75.3%
+10.9, B: 69.3% £7.2), C2CD4A and C2CD4B were localised in the cytoplasm and
nucleus. In some cells (MING, A: 30.9% +11.7, B: 43.1% £15.5; INS1 (832/13), A:
22.1% 8.8, B: 22.6% +10.9; EndoC BH1, A: 23.6% +10.71.4, B:13.7% + 3.8),
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membrane localisation in addition to cytoplasm and nucleus was observed. And
finally, only in the minority of cells (MING, A: 1.77% +1.4, B: 10.4% +8.1; INS1,
(832/13) A: 0.2% 0.2, B: 6.4% 16.4; EndoC BH1, A:1.1% 0.2, B: 17% 16.5) the
localisation was limited to the nucleus (Figure 3. 4. A). We observed similar patterns
of localisation between C2CD4A and C2CD4B, for all cell types examined (Figure 3.
4. A).

In order to determine if there was any effect on sub-cellular localisation of adding a
large molecule such as GFP (27 kDa) to either protein, we quantified the localisation
patterns of these GFP-tagged proteins after transfection into the cell lines above. In
this case, the localisation of the GFP-tagged proteins was indistinguishable from that
of the FLAG-tagged constructs (Figure 3. 4. B).

To study the possibility of involvement of these genes in insulin synthesis and
processing, we explored the co-localisation between C2CD4A and C2CD4B and
different cellular organelles involved in these processes, including endoplasmic
reticulum (ER), trans-Golgi network (TGN) and lysosomes. Immunofluorescence was
performed after transfecting B-cells with FLAG -tagged-C2CD4A or -C2CD4B
constructs, using antibodies against insulin, rabbit anti-TGN46 (Abcam) and rat anti-
LAMP1 (Santa Cruz), to target lysosomes. To demonstrate the possible co-
localisation with ER, immunofluorescence using an antibody against the FLAG
epitope was performed after co-transfecting with the C2CD4A: FLAG - or C2CD4B:
FLAG-tagged constructs with the ER targeting KDEL: Red construct. The results
showed that C2CD4A and C2CD4B do not co-localise with any of the above

organelles (Figure 3. 5).
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Figure 3.1. Constructs used to visualise the sub-cellular localisation of C2CD4A
and C2CD4B in B-cells. A. Schematics of hC2CD4A and hC2CD4B constructs which
were tagged with x3 FLAG isotopes at their C-terminus or tagged with GFP at the N
terminus. B. Protein samples were collected 48 hr after the transfection of the cells with
C2CD4A- and C2CD4B- FLAG confirmed the over-expression of C2CD4A- and
C2CD4B- FLAG tagged constructs in the transfected cells. See Material and Methods
Chapter 2.
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Figure 3.2. 3D intensity plots showing three different sub-cellular localisation
patterns of human C2CD4A and C2CD4B in MING6 B-Cells. Images show examples
of the sub-cellular localisation patterns in MIN6 cells transfected with FLAG-tagged
C2CD4A construct. Z axis represents the intensity of the fluorescent signal after
staining. Cells were grown in regular MIN6 media containing 4500mg/L glucose and
fixed in 4% [vol./vol.] PFA dissolved in PBS, 24 h post-transfection.
Immunohistochemistry using an anti-FLAG antibody in green (Sigma, 1:1000) and
DAPI in blue was performed to visualise the localisation of each protein. Three main
localisation patterns were observed. (1) Cytoplasm and nucleus, (2) the plasma
membrane in addition to cytoplasm and nucleus and (3) nucleus alone. The sub-
cellular localisation patterns were similar for C2CD4A and C2CD4B. Sub-cellular
localisation patterns were consistent between MING, INS1 (832/13), and EndoC BH1
cell lines. Anti-FLAG staining shown in green and DAPI staining shown in blue.
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Figure 3.3. Sub-cellular localisation of C2CD4A and C2CD4B in B-cells. Three
main localisation patterns were observed by visualising C2CD4A and C2CD4B
proteins (in green, anti-FLAG antibody used) in (A) MING, (B) INS1 (832/13) and (C)
EndoC BH1 cells. DAPI staining shown in blue. Scale bars=10 um.
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Figure 3.4. Quantification of different localisation patterns of C2CD4A and C2CD4B
in B-cells. A. Quantification of different localisation patterns in different 3-cell types using
C2CD4A: FLAG and C2CD4B: FLAG-tagged constructs (see Chapter 2.3.3. for
quantification details). B. Quantifications of different localisation patterns in different -
cell lines using GFP-tagged-C2CD4A and -C2CD4B constructs (see Chapter 2.3.3. for
quantification details). The quantifications have been performed in three independent
experiments. In each experiment, two separate cultures have been analysed. Around 150
cells from two seperate cultures were analysed in each experiment. No changes were
detected in the localisation patterns between different cell types nor between C2CD4A
and C2CD4B localisation patterns. Data were assessed for significance using a 2-way
ANOVA with Bonferroni’s multiple comparison test. Values represent means + SEM.
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Figure 3.5. Sub-cellular co-localisation of C2CD4A and C2CD4B in MIN6
cells. A. Sub-cellular co-localisation of C2CD4A (in green) with insulin, TGN
(TGN46), lysosomes (LAMP1) and ER (KDEL) (all in red). B. Sub-cellular co-
localisation of C2CD4B (in green) with insulin, TGN, lysosomes (LAMP1) and ER
(KDEL) (all in red). DAPI staining shown in blue. Scale bars= 10 uym.
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3.2.2. C2CDA4A translocation in response to increased intracellular free

Ca%*levels

Based on sequence analysis alone, it has been suggested by Omori et al. (Omori et
al., 2016) that the C2 domains of C2CD4A and C2CD4B do not contain functional
Ca?" binding domains. However, amino acid alignments suggest that these proteins
might partially conserve their ability to bind to Ca®" (Figure 1. 7). To test this
hypothesis directly, we explored whether imposed changes in intracellular [Ca?*] may
elicit C2CD4A and C2CD4B translocation to the plasma membrane in B-cells, as
expected for proteins bearing bona fide C2 domains (Nalefski & Falke, 1996)""". To
this end, we used the proteins tagged with GFP (N-terminal) to allow live cell imaging.
As a positive control, a construct in which Synaptotagmin-1 (Syt1), containing five
C2 domains and fused to the reporter GFP was used (Idevall-hagren et al., 2015).
The latter plasmid has been shown to translocate from the ER to the plasma
membrane in response to increased intracellular [Ca?*]. Simultaneous confocal and
total internal reflection (TIRF)-based live cell imaging was performed to monitor
changes in the localisation of these proteins in response to an increase in [Ca®']
induced by exposure to the ionophore ionomycin (in collaboration with Dr Pauline
Chabosseau) (Figure 3. 6, A-D).

Although the changes in the localisation of C2CD4A were not as marked as those of
Syt1 (Fluorescent intensity fold change: 19.7% +4.86, n=5 acquisitions), we did
observe a small but significant (Fluorescent intensity fold change: 8.02% +1.97, n=5
acquisitions) increase in C2CD4A florescence at the plasma membrane in response
to increased [Ca*"]. By contrast, C2CD4B did not show any significant change in
localisation (Fluorescent intensity fold change: 1.2% +0.71, n=6 acquisitions) (Figure
3.6, C-E).
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Figure 3. 6. Changes in C2CD4A and C2CD4B localisation in response to
increased intracellular [Ca?*]. A-B. As a positive control an expressed GFP-
tagged Synaptotagmin (Syt1), which moves from the ER to the plasma membrane
in response to elevated Ca®*, was used. A. Localisation of the control protein,
GFP-Syt1, in 5 mM glucose and added 50 uM extracellular Ca?*. B. Images show
localisation of the control plasmid in response to high intracellular Ca®*, achieved
by addition of 50 ng/ml ionomycin, during simultaneous wide-field and TIRF image
acquisitions (Material and Methods, Chapter 2). C-D. Show localisation of GFP-
tagged-C2CD4A and -C2CD4B before and after addition of ionomycin to the
medium. E. Fluorescence intensity fold-change (%) graph shows a significant
increase in C2CDA4A intensity at the plasma membrane, after addition of
ionomycin and an increase in intracellular Ca®" levels. Inset graphs indicate
fluorescence traces of GFP-tagged proteins in TIRF imaging before and after
addition of ionomycin. *p<0.05, **p<0.01, data were assessed for significance
using an ordinary one-way ANOVA. Solid lines represent mean + SEM; SEM
shown by grey bars. Scale bars= 10 pm.

3.2.3. C2CD4A and C2CD4B interacting proteins

To gain more insight into the possible roles and mechanism of action of these
proteins, we performed a proteomic screen based on Immunoprecipitation and Mass
spectrometry (MS), in collaboration with Dr Steven Millership, London Institute of
Medical Sciences (LMS). For this, two independent pools of MING cells, in duplicate,
were transfected with C2CD4A: FLAG or C2CD4B: FLAG tagged constructs. As a
negative control, a pool of MING cells transfected with FLAG construct with no gene
inserted was used. C2CD4A and C2CD4B were immuno-precipitated from the
cytoplasm using anti-FLAG antibody. MING cells were selected in this experiment as
this results in high transfection efficiency in these cells (~60%) compared to EndoC
BH1 (~10%).

Normalising to the negative control and placing in order from the most significant
interacting protein to the least significant, Dr Millership generated a list of possible
interacting proteins for C2CD4A or C2CD4B (Table 4-6 show top 15 proteins for
C2CD4A and C2CD4B, and top 12 proteins interacting with both C2CD4A and
C2CD4B).

Among these proteins, ten interact with both C2CD4A and C2CD4B. These proteins
are Clusterin (Clu), Procollagen-lysin,2-oxoglutarate 5-dioxygenase 3 (Plod3),

Glucagon (Gcg), Hyaluronan and proteoglycan line protein 4 (Hapln4), Receptor-
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type tyrosine-protein phosphatase N2 (Ptprn2), Importin-5 (Ipo5), E3 ubiquitin-
protein ligase UBR5, Heat shock 70 kDa protein 13 (Hspa13), Protein convertase
subtilisin/Kexin type9 (Pcsk9) and Receptor-type tyrosine-protein phosphatase-like
N (Ptprn). Considering the structure and function of C2CD4A and C2CD4B and their
proposed roles in inflammation and glucose homeostasis, the proteins which are

more likely to mediate their action in these functions are highlighted in yellow.

For instance, considering the tissue distribution and the glucose intolerance
phenotype observed in both C2cd4a and C2cd4b null animals (Chapter1, 1.4.4) and
FSH deficiency in C2cd4b animals (Chapter 4, 4.2.9), PTPRN2 and PTPRN are
strong candidates to interact with and play a role in the function of C2CD4A and
C2CD4B. PTPRN (PTP IA-2) and PTPRN2, also known respectively as PTP |A-2
and R-PTP-N2, are involved in the accumulation of secretory vesicles in the
hippocampus, pituitary gland and pancreatic islets (Marullo, EI-Sayed Moustafa &
Prokopenko, 2014; Kubosaki et al., 2006; Saeki et al., 2002). More studies to address
the possible roles of these proteins in exocytosis are essential to confirm these

results.

82



Name Unique Average FC over Function
peptides intensity control

60S ribosomal 7 40854750  2.31651774  Ribosomal protein

protein L36 (Rpl36) 0

Bone morphogenetic 14 32321750  4.52880564  Formation of cartilage in vivo

protein 1 (Bmp1) 0 7

Clusterin beta/alpha 6 24292250  infinity Basic biological events such as

chain (Clu) 0 cell death, tumour progression,
and neurodegenerative disorders

Sequestosome-1 4 23803250  4.04197224  Scaffolding/adaptor  protein  in

(Sqstm1) 0 1 concert with TNF receptor-
associated factor 6 to mediate
activation of NF-kB

Glucagon;Glicentin 2 (1)4939175 infinity Glucagon, glucose homeostasis

(Geg)

Ttc13 9 14282500 2.14795149 A protein coding gene, unknown

0 ’ function

Procollagen-lysine,2- 8 13738750  infinity Catalyses the hydroxylation of

oxoglutarate 5- 0 lysyl residues in collagen-like

dioxygenase 3 peptides

(Plod3)

Hyaluronan and 4 12982000  infinity Extracellular matrix  structural

proteoglycan link 0 constituent and hyaluronic  acid

protein 4 (Hapin4) binding

Torsin- 3 10797100  infinity Increases intracellular [Ca?*],

2A;Prosalusin;Salusi 0 induces cell mitogenesis

n-beta (Tor2a)

U5 small nuclear 4 10341500  infinity Component of the U5 small

ribonucleoprotein 0 nuclear ribonucleoprotein

(Snrnp40) (snRNP) particle

MAP7 domain- 3 10224250  infinity Structural molecule activity

containing protein 1 0

(Map7d1)

Nucleolar protein 14 4 91338750  infinity Pre-18s rRNA processing and

(Nop14) small ribosomal subunit assembly

DNA topoisomerase 4 88047000 infinity Chromosome condensation,

2-beta (Top2b) chromatid separation, and the
relief of torsional stress

Proprotein 6 86949000  infinity Processes protein and peptide

convertase precursors trafficking

subtilisin/kexin type 9

(Pcsk9)

Receptor-type 4 82972000  infinity Required for normal accumulation

tyrosine-protein of secretory vesicles in

phosphatase N2 hippocampus, pituitary and

(Ptprn2) pancreatic islets

Table 4. C2CD4A interacting proteins detected by mass-spectrometry. Top 15
predicted interacting proteins for C2CD4A in MING cells. The given function(s) of the
identified protein was adopted from GeneCards.org.
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Unique

Average

FC over

Neuroendocrine

peptides

intensity

control

Function
Is a protease that processes
protein and peptide precursors
trafficking through the

21880500 2.36553
convertase 2 (Pcsk2) 18 00 7387 secretory pathway
Associated with the
11978475 4.62403 transmembrane sector of the
Renin receptor (Atp6ap2) 8 00 4467 V-type ATPases
Involved in the biosynthesis of
peptide hormones and
85004750 248876 heurotransmitters, including
Carboxypeptidase E (Cpe) 12 0 5327 insulin
85200000
C2cd4a; C2cd4b 4 0 infinity
Basic biological events such
Clusterin beta as cell death, tumour
chain;Clusterin alpha 36438000 progression, and
chain (Clu) 6 0 infinity neurodegenerative disorders
N-acetylglucosamine-1- Sub-unit of an enzyme that
phosphotransferase catalyses the formation of
subunit gamma 36185250 3.75703 Mmannose 6-phosphate (M6P)
(Tce7;Gnptg) 8 0 6085 in the Golgi apparatus
27411450 Nucleoplasmic transport of
Importin-5 (Ipo5) 5 0 infinity proteins containing NLS
Catalyses the transfer of
Carbohydrate sulphate to position 4 of the N-
sulfotransferase 11 23846000 240235 acetylgalactosamine (GalNAc)
(Chst11) 4 0 6026 residue of chondroitin
21702500 Glucagon, glucose
Glucagon (Gcg) 2 0 infinity homeostasis
Regulates activation of the
21102350 3.86821 nuclear factor kappa-B (NF-
Sequestosome-1 (Sqstm1) 4 0 7344 kB) signalling pathway
Bone morphogenetic 20011500  3.83712
protein 1 (Bmp1) 14 0 9646 Formation of cartilage in vivo
Procollagen-lysine,2- Autophagy receptor required
oxoglutarate 5- 19560500 for selective macro-autophagy
dioxygenase 3 (Plod3) 8 0 infinity (aggrephagy).
Hyaluronan and
proteoglycan link protein 4 14468750 A protein involved in Integrin
(Hapin4) 4 0 infinity Pathway and ERK Signalling
Required for normal
accumulation of secretory
vesicles in hippocampus,
pituitary and pancreatic islets
(Marullo, EI-Sayed
Receptor-type tyrosine- Moustafa & Pquopenko,
protein phosphatase N2 10799850 2014; Kubosaki et al.,
(Ptprn2) 4 0 infinity  2006; Saeki et al., 2002)

Table 5. C2CD4B interacting proteins detected by mass-spectrometry. Top 15
predicted interacting proteins for C2CD4B in MING cells. The given function(s) of the

identified protein was adopted from GeneCards.org.
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Name Unique FC over Function
peptides count

C2 calcium dependent domain 4 inf

containing 4

Clusterin; (Clu) 6 inf Basic biological events such as cell
death, tumour progression, and
neurodegenerative disorders

Procollagen-lysine,2- 8 inf Autophagy receptor required for

oxoglutarate 5-dioxygenase 3 selective macroautophagy

(Plod3) (aggrephagy).

Glucagon (Gcg) 2 inf Glucagon, glucose homeostasis

Hyaluronan and proteoglycan 4 inf A protein involved in Integrin

link protein 4 (Hapin4) Pathway and ERK Signalling

Receptor-type tyrosine-protein 4 inf Required for normal accumulation

phosphatase N2;Protein- of secretory vesicles in

tyrosine-phosphatase (Ptprn2) hippocampus, pituitary and
pancreatic islets (Marullo, El-
Sayed Moustafa &
Prokopenko, 2014; Kubosaki
et al., 2006; Saeki et al., 2002)

Importin-5 (Ipo5) 5 inf Nucleoplasmic transport of proteins
containing NLS

EF-hand calcium-binding 2 inf Calcium-binding protein

domain-containing protein 5

(Efcab5)

E3 ubiquitin-protein ligase 8 inf E3 ubiquitin-protein ligases,

UBRS5 (Ubr5) targeting specific proteins for
ubiquitin-mediated proteolysis

Heat shock 70 kDa protein 13 5 inf A member of the heat shock protein

(Hspa13) 70 family and is found associated
with microsomes

Proprotein convertase 6 inf Regulation of cell proliferation or

subtilisin/kexin type 9 (Pcsk9) differentiation.

Alpha-internexin (Ina) 2 inf Neurofilaments comprise the
exoskeleton and they functionally
maintain the neuronal calibre

Receptor-type tyrosine-protein 6 inf Normal accumulation of secretory

phosphatase-like N (Ptprn) vesicles in hippocampus, pituitary
and pancreatic islets (Marullo, EI-
Sayed Moustafa &
Prokopenko, 2014; Kubosaki
et al., 2006; Saeki et al., 2002)

Table 6. C2CD4A and C2CD4B interacting proteins detected by mass-
spectrometry. Top 12 predicted interacting proteins with both C2CD4A and C2CD4B
in MIN6 cells. The given function of the identified protein was adopted from
GeneCards.org.
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3.3. Discussion

This chapter aimed to explore the function(s) of C2CD4A and C2CD4B in 3-cells. To
address this question, we first studied the subcellular localisation of C2CD4A and
C2CD4B in B-cells originating from humans and rodents. Our localisation data
suggest novel roles for human C2CD4A and C2CC4B in the 3-cell compared to those
previously described (Warton et al., 2004) (Kuo et al., 2019). Notably, we observed
cytoplasmic and membrane localisation patterns rather than a chiefly nuclear
localisation, which may suggest possible roles in cell signalling through their C2
domains. For PKCs it has been shown that in response to elevated intracellular Ca?*,
the C2 domain acts as a bridge with the phosphatidylserine located in the inner layer

of the plasma membrane (Corbalan-Garcia & Gémez-Fernandez, 2010).

We also aimed to determine whether the C2 domains in C2CD4A and C2CD4B,
contain functional Ca?* binding sites. Using live cell imaging, we showed C2CD4A
translocation to the plasma membrane in response to an increase in free intracellular
Ca®" concentrations. This suggests that although C2CD4A does not contain a

canonical C2 domain, as observed in conventional PKCs, it could also bind to Ca?*.

Finally, we also aimed to detect possible interacting partners for these proteins. We
showed that several proteins that bind to Ca®*, or have roles in NF-kB signalling, are
among the possible interacting partners. In addition, proteins involved in the transport
of secretory vesicles were identified, suggesting that C2CD4A and C2CD4B could

have roles in Ca®" mediated secretion from B-cells.

3.3.1. Novel roles of C2CD4A and C2CD4B in B-cells

Previously examined in Cos-7 cells, transfected with GFP-tagged-C2CD4A and -
C2CD4B constructs, it was shown that the localisation of each protein was solely
limited to the nucleus (Warton et al., 2004). Likewise, it has also been recently shown
that GFP-tagged murine C2cd4a is localised solely in the nucleus in MING cells and

in mouse islets (Kuo et al., 2019).

Due to a lack of antibodies to detect the endogenous proteins and our inability to
generate new antibodies, we also used a similar method and tagged human C2CD4A
and C2CD4B with either FLAG or with GFP and examined their distribution in B-cell
lines from human, mouse and rat. Surprisingly, our data showed that the sub-cellular

localisation of these proteins in these cell lines is not limited to the nucleus. We
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observed three main localisation patterns: in the cytoplasm and nucleus, in the
membrane in addition to the cytoplasm and nucleus and, in the minority of the cells,
the localisation was solely limited to the nucleus. These differences in the localisation
patterns versus earlier studies may suggest novel roles for these proteins in 3-cells
compared to previous findings in the Cos-7 cell line (Warton et al., 2004). Also,
different localisation patterns observed in human C2CD4A compared to the murine
orthologue, could suggest different functionality between murine and human
C2CDA4A proteins.

Another possible explanation for these different localisation patterns could be
differences in cell cycle stages between different cells. To test this possibility, agents
such as Nocodazole (Beswick, Ambrose & Wagner, 2006) which binds to B-tubulin
and affects polymerisation of microtubules, stopping the cell cycle at G2/M phase,
could be used to stop/synchronise the cell cycle and examine the localisation
patterns at specific cell cycle stages. Another complementary method could be co-
staining these cells for cell cycle markers such as cyclin E and/or cyclin B1 (Gookin
et al., 2017). However, one might suggest this is an unlikely explanation since cell
cycle stages from the three different cell lines we studied show dramatic differences
in their cell cycle speed (for instance MING cells divide every 24-48 h while EndoC
BH1 cells divide every 5-6 days), and no differences in localisation patterns were

observed between these cell lines.

We used Lipofectamine-based transfection to deliver our GFP/FLAG-tagged
constructs into the cells. This induces transient expression of the genes in cells.
Another way to deliver DNA into cells is using virus-based infection methods. This
method could have advantages compared to Lipofectamine-based transfection. Cells
can be infected more efficiently and by quantifying the virus, we can calculate and
control the amount of DNA enters the cells. On the other hand, this method is more
time consuming compared to Lipofectamine transfection. In addition, considering a
very low transfection efficiency with Lipofectamine in EndoC BH1 cells (around 10-
20%), might also add extra limitations to our studies since we were only study 10%
of the cells, which might not be representative of the majority of the cells in culture.
Another limitation of our study, using a highly expressed promotor such as CMV
could be additional artefacts caused by overexpression of the proteins. There may
include ectopic sub-cellular localisations or erroneous formation of protein

complexes among others. Also, using the transcriptional machinery of cells at such
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exaggerated levels could cause stress and deficiency of the expression of other

essential cell factors which needs to be added to considerations.

Another question arising from our studies is whether these genes have roles in the
synthesis and/or secretion of insulin. However, and perhaps contradicting this
possibility, they did not seem to co-localise at the ER, TGN or insulin vesicles. To
further understand the role of these genes in insulin secretion and processing,

several more studies could be performed.

For instance, electron microscopy (EM) or super-resolution microscopy could be
performed to visualise the localisation of these proteins more precisely in 3-cells. EM
can be also used to study the effect of over-expression or deletion of these genes on
secretory granules or docked granules into the plasma membrane. Since there are
no antibodies available to detect these endogenous proteins, a more sophisticated
way to detect these proteins compared to over-expressing with a tagged molecule,
could be making a reporter B-cell line with an epitope expressed after these genes.
By using this method, the possible artefacts caused by over-expression of these
genes could be eliminated. This would give us more possibilities to study the dynamic
of these genes in vitro under different glucose concentrations or stressing cells with

palmitate or inflammatory cytokines.

In addition to the above studies and, to unravel the reason behind the different
localisation patterns observed between murine and human C2CD4A or C2CD4B,
localisation studies should be carried out using expression constructs for C2CD4A
or C2CD4B from both these species. This would allow the opportunity to directly
compare these proteins between the two species. We would emphasise that different
degrees of over-expression are unlikely to explain the differences between the
localisations reported here and in earlier works (Warton et al., 2004)(Kuo et al.,
2019). Thus, we did not notice any alteration in distribution when examining cells with

different levels of over-expression (data not shown).

3.3.2. C2CD4A translocation in response to elevated intracellular Ca?*

The C2 domains of PKC family members have been shown to have a crucial role in
signal transduction by allowing the translocation of these enzymes to the plasma
membrane and/or other sub-cellular organelles in response to cell stimulations

(Corbalan-Garcia & Gomez-Fernandez, 2010). For PKCs, it is documented that the
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C2 domain acts as a bridge with the phosphatidylserine, located at the inner layer of
the plasma membrane, in response to an elevation of intracellular Ca?*. The
translocation between the plasma membrane and other membrane compartments
has also been observed in other proteins containing C2 domains (ldevall-hagren et
al., 2015). For instance, in mammalian cells, e-Syt1 can translocate from the ER to
the plasma membrane in response to increased intracellular Ca®*. The latter protein
contains five C2 domains and functions as a lipid translocator between the ER and
the plasma membrane (ldevall-hagren et al., 2015). Whether the C2 domains of
C2CD4A and C2CD4B could also bind to Ca®" is not known.

It has been suggested, solely on the basis of sequence analysis, that the C2 domains
of C2CD4A and C2CD4B do not contain Ca®* binding sites (Omori et al., 2016). We
showed in Chapter 1, by amino acid alignments, that these proteins might partially
retain their ability to bind to Ca®". The plasma membrane localisation of these
proteins in B-cells suggests that these proteins can potentially bind to Ca?* and/or

phospholipids in the membrane.

In order to test if an increase in intracellular [Ca®'] induces translocation of these
proteins from the nucleus or cytoplasm to the plasma membrane, live cell imaging,
using wide-field and TIRF microscopy systems, was used. Interestingly, our data
showed increased plasma membrane localisation of C2CD4A upon intracellular
[Ca* increase, but no change in the localisation of C2CD4B. This observation
suggests that C2CD4A and C2CD4B might have different functions in B-cells in
response to an elevation of intracellular [Ca®"]. This could potentially suggest that
C2CDA4A has a more direct effect on GSIS from B-cells compared to C2CD4B.

This is an interesting question. In our view if a shift in localisation can be detected
(i.e. significant statistically) then a detector MAY exist in the cell which can “read out”
is the observed translocation to the plasma membrane. However, since at the
moment we are only just beginning to identify the downstream interactors, it is difficult
to speculate how large a change would be sufficient to have meaningful biological
impact. The way to address this, would obviously be to produce a form of either
protein which is not able to move, but retains other biological activity and domains
(for example by inserting mutations in the C2 domains. This would indeed be

interesting for the future.
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Further investigations are needed to understand the roles of different domains in
these proteins. Protein truncation studies could be one way to reveal this.
Furthermore, to have a more robust understanding of the 3D structure and, therefore,
the function of these gene products, X-ray diffraction (Parker, 2003) could be used
on the crystallised form of these proteins. The 3D structure of the proteins and the
localisation of the possible hydrophobic and hydrophilic domains may be useful in

predicting their possible interacting partners and function.

The possible interaction of C2CD4A and C2CD4B with secretory vesicles could also
be studied further. For this, insulin granules in pancreatic p-cells could be labelled
with RFP fused with LDCV-associated protein syncollin (syncollin-RFP) (Hodel &
Edwardson, 2000). Co-transfecting this protein with either GFP-tagged -C2CD4A or
-C2CD4B constructs would enable us to visualise the possible interaction of these
proteins with secretory granules. This method can be used in different glucose
concentrations or at different intracellular Ca?* levels, to detect any change in the
interactions between these proteins after stimulating with glucose or other

secretagogues.

3.3.3. C2CD4A and C2CD4B interacting proteins

Not much is known about the structure and function of C2CD4A and C2CD4B and
the proteins that interact with them. It has been shown that both proteins contain a
C2 domain in their C-terminus, which is predicted to bind to Ca?" and/or
phospholipids. However, prior to the present studies it was not known if the C2
domain contains functional Ca®" binding sites (Warton et al., 2004)(Omori et al.,
2016). In addition, our work to determine whether intracellular Ca** levels trigger
translocation of these proteins (Figure 3. 6), suggested that C2CD4A might have a
role in Ca®*-dependent signal transduction, while C2CD4B is unlikely to participate
in such a pathway. The nature of these patterns and the agonists whose signal may

be affected remain to be identified.

It has also been shown in endothelial cells, pancreatic islets and B-cells that these
genes are up-regulated in response to inflammatory cytokines including, interleukin
1B (IL 1B) (Eizirik et al., 2012) and by activation of nuclear factor kB (NF-kB) (Kycia
et al., 2018). In pancreatic B-cells it has also been shown that murine C2cd4a lies

downstream of transcription factor FoxO1. In MING cells, over-expression of C2cd4a
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induces glycolysis, AMPK signalling, and PKA signalling (Warton et al., 2004).
Concerns must be raised however, as to whether these changes would be seen in

our own over-expression systems, given the distinct localisation observed.

To gain further insights into the potential role(s) of these proteins in B-cells, we
performed mass spectrometry on immunoprecipitations from MING cells transfected
with FLAG-tagged -C2CD4A or -C2CD4B constructs. As a negative control, cells
were transfected with the FLAG construct without any inserts. Lists of possible
proteins interacting with C2CD4A and C2CD4B were generated by Dr Millership and
were sorted from the most strongly associated with C2CD4A or C2CD4B and the
protein candidates from the negative control pool were eliminated. Having done this,
a list with 80 proteins interacting with C2CD4A and 19 proteins interacting with
C2CD4B were generated (Tables 4-6). Among these proteins, ten were interacting
with both C2CD4A and C2CD4B.

Considering the tissue distribution and functions of PTPRN2 and PTPRN, the latter
are strong candidates to interact with our proteins of interest in a functionally relevant
manner. PTPRN2 and PTPRN are members of the protein tyrosine kinase family and
are involved in the accumulation of secretory vesicles in the hippocampus, pituitary
gland and pancreatic islets (Marullo, EI-Sayed Moustafa & Prokopenko, 2014;
Kubosaki et al., 2006; Saeki et al., 2002), similar tissues to those in which C2CD4A
and C2CD4B are expressed. A mouse model lacking members of this family has
been shown to present with mildly impaired glucose tolerance and insulin secretion
deficiency (Saeki et al., 2002) (in both sexes), as well as a reduction in FSH and LH
secretion in females (Kubosaki et al., 2006). Strikingly, similar phenotypes were also

apparent in C2cd4b null animals.

To assess whether C2CD4A and C2CD4B interact with the latter proteins,
immunoprecipitation of PTPRN2 and PTPRN with available antibodies and
performing Western (immuno)blots could be performed. Furthermore,
immunostaining with these antibodies in the cells transfected with FLAG-tagged
C2CD4A and C2CD4B could also be performed to detect possible co-localisation of
these proteins. Another possible experiment to assess whether these proteins
interact is to rescue the insulin secretion deficiency caused by deletion of C2CD4A
or C2CDA4B by over-expression of PTPRN2 and/or PTPRN. Direct interactions might

also be explored by utilising proximity ligation assays (Fredriksson et al., 2002) or by
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Forster resonance energy transfer (FRET) analysis (Cheng, 2006), by the generation

of compatible fluorescently labelled proteins and a variety of microscopy techniques.

To assess if the deletion of C2CD4A or C2CD4B affect secretory vesicle behaviour,
quantification of the vesicles in isolated islets from C2cd4b or C2cd4a null or WT
animals could be performed. This could be done by using live cell imaging and
following vesicles docking in different stimulated conditions. Also, EM could be used
in the islets from these animals to quantify the total number of vesicles, and the
number of vesicles docked at the plasma membrane in null animals compared to
WTs.

Other proteins that might interact with C2CD4A are SQSTM1 and PDCD11 since
they interact with NF-kB, TOR2A and EFCABS5, which bind to Ca?*, and also PCSKO9,
NEDD4, RAP1 and GAP2, which are involved in peptide trafficking or are bound to
vesicles in cells. Proteins that are likely to bind to C2CD4B include PCSK2 and CPE,
which are involved in peptide trafficking and hormone secretion, and SQSTM1 which

regulates the activation of NF-kB (Table 4-6).

Further functional studies are needed to prove any interaction between these
suggested proteins and C2CD4A and C2CD4B.
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Chapter 4: Characterisation of a C2cd4b null mouse

4.1. Introduction

Many GWA studies have shown that risk alleles in VPS13C/C2CD4A/C2CD4B locus

are associated with glycaemic traits and an increased risk of T2D ®%6871.77(

Dupuis et
al., 2010) . In addition, associations between the causal SNP rs7163757 at this locus
and the expression of these genes at the mRNA level have been shown by Mehta et

al. and Kycia et al. (Mehta et al., 2016) (Kycia et al., 2018).

In addition to pancreatic islets, C2cd4b is expressed in the pituitary gland, adipose
tissue, uterus, testis, stomach and intestine (GTEx data, from The Human Protein
Atlas, URL: www.proteinatlas.org/ENSG00000198535-C2CD4A/tissue,
www.proteinatlas.org/ENSG00000205502-C2CD4B/tissue). Interestingly, C2CD4A
and C2CD4B are expressed at different levels in different B-cell models as well as in
mouse and human islets. In human islets, both genes have similar expression levels
while in mouse islets comparing to C2cd4a, C2cd4b is more predominantly (by 10
fold) expressed (Table 3) (Blodgett et al., 2015)(Kone et al., 2014; Benner et al.,
2014). For this reason, we first aimed to address the role of C2cd4b in glucose

homeostasis and insulin secretion.

In this chapter, | study the effect of the global deletion of C2cd4b on glucose
homeostasis by characterising C2cd4b global null mice from IMPC. Phenotyping
experiments performed by the IMPC (URL:
https://www.mousephenotype.org/data/genes/MGI:1922947), showed  several
significantly affected characteristics in the C2cd4b null mouse. These include,
decreased circulating triglyceride levels (p=1.72x10"), total body fat (p=7.92x10%),
circulating cholesterol level (p=6.08x10"") as well as increased lean body mass
(p=6.57x10"°) in C2cd4b null males. Furthermore, decreased circulating free fatty
acid level (p=5.71x10") and decreased circulating low-density lipoproteins (LDL)
cholesterol level (p=9.42x10°) were observed in either sex (Data presented from
IMPC website, URL: https://www.mousephenotype.org/data/genes/MGI:1922947).
However, no glucose impairment phenotype was observed performing IPGTTs on
the C2cd4b null mice.

It should be highlighted that experiments performed by the IMPC compared the

results obtained from C2cd4b null animals to a large data set from all WT animals

93


https://www.proteinatlas.org/ENSG00000198535-C2CD4A/tissue
http://www.proteinatlas.org/ENSG00000205502-C2CD4B/tissue
https://www.mousephenotype.org/data/genes/MGI:1922947
https://www.mousephenotype.org/data/genes/MGI:1922947

tested. For instance, to assess circulating triglyceride, 7 female, 7 male mutants
were compared to 1917 female, 1956 male controls. Here, littermate controls,

usually the ‘gold standard’ of assay, were not performed.

Here, by comparing C2cd4b null animals to their littermates, we study the possible
impacts of deletion of this gene on glucose homeostasis. Since C2cd4b expression
is not limited to pancreatic islets (it is also expressed in other tissues which are
involved in glucose homeostasis such as adipose tissue, stomach and intestine) it
was felt essential to design specific experiments to address the function of this gene

in each of these tissues.

GWAS have revealed several B-cell specific phenotypes associated with variants at
this locus. For instance, risk alleles atin rs17271305 and rs4502156 were associated
with lower fasting proinsulin levels and at rs11071657 were associated with higher
proinsulin/insulin levels (Ingelsson et al., 2010) (Strawbridge et al., 2011a).
Furthermore, an association between variants at rs7172432 and impaired glucose-
stimulated insulin release was observed by Grarup et al. (Grarup et al., 2011). Taking
into account the latter studies, in addition to a high expression of C2cd4b in
pancreatic islets and the predicted interaction of this protein with Ca?*, the focus of
this chapter is in understanding the role of this gene in insulin secretion and islet

biology.
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4.2. Results

4.2.1. Generation of C2cd4b null mice

Given the substantially more abundant expression of C2cd4b than C2cd4a in mouse

islets and B-cells, we first studied the possible effects of deletion of C2cd4b on

glucose homeostasis. C2cd4b global knockout animals (C2cd4b®™*"*), generated
by the International Mouse Phenotyping Consortium (IMPC) using CRISPR/Cas9

systems, were utilised in our studies (Figure 4. 1. A). Inter-crossing of heterozygous
animals resulted in wild type (WT, C2cd4b™"), heterozygous (C2cd4b”) and null

(C20d4b'/') litermates, which were used for characterisations (Figure 4. 1. B).
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Figure 4.1. Generation of C2cd4b null mice. C2cd4b global null mice (C2cd4b°™*"*)
were generated by the International Mouse Phenotyping Consortium (IMPC). A. Using
CRISPR/Cas9, the encoding exon from murine C2cd4b (exon 2) was deleted (image
adopted from the IMPC website, URL:
https://www.mousephenotype.org/data/genes/MGI:1922947). B. C2cd4b”
(heterozygous) animals were setup as breeding pairs and the wild type (C2cd4b+/+),

heterozygous (C20d4b+/'), and homozygous (Cch4b'/') litermates were used for
characterisation. C. RT-q-PCR from isolated islets from these animals showed a
significant decrease in C2cd4b mRNA levels in homozygous animals (p=0.0092),
(C2cd4b” n=4, C2cd4b” n=3, C2cd4b” n=7). **p<0.01, data were assessed for
significance using an unpaired Student’s t-test. Values represent mean + SEM.
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4.2.2. C2cd4b’ male mice gain more weight than WT controls on a

high-fat and -sucrose diet

Both male and female C2cd4b null mice maintained on a regular chow diet (RC)
gained weight at the same rate as their WT littermates (at 22 weeks of age, female
(F), F*=249 + 1.1 gvs. F'=24.9 + 0.69 g, p=0.99; Male (M): M"*= 32.3 + 0.90g
vs. M7= 33.12 + 0.80g, p>0.99, mixed-effect analysis, Bonferroni’s multiple
comparison test) (Figure 4. 2). On the other hand, maintained on a high-fat and -
sucrose diet (HFD), C2cd4b null male mice showed a significantly higher increase in
weight gain compared to their WT littermates from 14 weeks of age (Figure 4. 2: at
21 weeks of age: F*=28.96 + 1.38 vs. F"'=29.11+1.61g; M"*'=35.10+2.4 vs. M’
F=41.24 +1.22 g, p<0.001, mixed-effect analysis, Tukey’s multiple comparison test).
In addition to null animals, heterozygous C2cd4b male mice also showed a significant
increase in weight gain from 14 weeks of age and this weight difference increased
with age up to 21 weeks of age (Figure 4. 2: at 14 weeks: M**=30.56 + 1.15 vs. M*"
= 34.2 + 1.28, p=0.03; at 22 weeks: M**= 35.06 + 2.41 vs. M= 424 + 1.77,
p<0.0001, mixed-effect analysis, Tukey’s multiple comparison test). The weight gain
range from both heterozygous and homozygous C2cd4b male mice on HFD was

comparable.

4.2.3. Male C2cd4b’- exhibit higher fasting glycaemia than WT

controls on a high-fat and -sucrose diet

No differences in fed or fasting glycaemia were apparent at 18 and 20 weeks of age
respectively, between the null and WT littermates on RC (Figure 4. 3, A, B).
Interestingly, on high-fat and -sucrose diet (HFD), there was a significant increase in
fasting glycaemia in null male animals compared to WT littermates (Figure 4. 3, C,
G): (fasting glycaemia: M*"*=5.22 + 0.34 vs. M"=7.74 + 0.48, p=0.003, unpaired
Student’s t-test).
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Figure 4.2. Effect of deletion of C2cd4b on weight gain. Changes in weight of
C2cd4b™ and C2cd4b” mice over time on regular chow diet (RC) or high-fat and -
sucrose diet (HFD), (number of animals assessed on RC: F"* n=5-6 and F'- n=7-13;
M** n=7-12 and M n=10-12. HFD: F** n=10-12 and M"" n=7-10; M*"* n=8-12 and M""
n=10-12). *p<0.05, **p<0.01, ***p<0.001, the results were assessed for significance

using a mixed-effect analysis, Tukey’s multiple comparison test. Values represent
mean + SEM.
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Figure 4.3. Effect of C2cd4b deletion on glycaemia. A-D. Fed and fasting glycaemia
in C2cd4b™ and C2cd4b” mice on RC, at 18 and 20 weeks of age respectively,
(number of animals used for fed glycaemia, F** n=7, F""n=12, F n=11; M"* n=12, M*"
n=9, M” n=10; fasting glycaemia: F** n=7, F" n=10, M** n=10, F" n=12). E-H. Fed
and fasting glycaemia in animals on HFD were measured at 21 and 23 weeks of age
respectively (number of animals used for fed glycaemia: F** n=12, F*" n=7, F’" n=9;
M** n=13, M*" n=6, M" n=12; Fasting: F** n=9, F" n=5; M*"* n=5, M"" n=7). Data were
assessed for significance using an unpaired Student’s t-test, or 2-way ANOVA where
three genotypes were compared. Values represent means + SEM.
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4.2.4. Female C2cd4b” mice exhibit impaired glucose tolerance

To investigate the possible effects of C2cd4b deletion on in vivo glucose
homeostasis, intraperitoneal glucose tolerance tests (IPGTTs) were performed on
male and female C2cd4b mice on RC and HFD at 8, 12, 16, 20 and 22 weeks of age.
After an overnight fast, a single dose of 1g of glucose per kg of body weight was

injected and glycaemia was monitored over a 2-hour period.

Interestingly, on RC, female C2cd4b” showed a significant impairment in glucose
tolerance compared to WT littermates from 12 weeks of age (Figure 4. 4;11.2+ 0.6
vs. 13.2 £ 0.8 mmol/L for WT vs. null mice respectively at 12-weeks of age; p= 0.003,
15 min. time point). An impairment in glucose tolerance was also apparent in female
C2cd4b™ mice at 20 and 22 weeks of age (12.9 + 0.3 vs. 15.2 + 0.9 mmol/L for WT
vs. null mice respectively at 20 weeks of age; p=0.048, 30 min. time point; and 11.6
1+ 0.9 vs. 15.4 + 0.6 mmol/L for WT vs. null mice respectively at 22 weeks of age;
p<0.001, 30 min. time point). No significant differences were observed between the
WT and heterozygous null mice of either sex at any of the ages examined (Fig 4. 4).
Strikingly, the glucose intolerance phenotype was sex specific and C2cd4b” male
mice, maintained on RC diet, did not show any glucose intolerance phenotype at any

measured age (from 8 to 22 weeks of age).

When homozygous null animals were challenged with HFD from 6 weeks of age,
both male and female C2cd4b”" mice exhibited glucose intolerance during IPGTTs
compared to their WT littermates (Figure 4. 5). Female C2cd4b™ mice exhibited
glucose intolerance from 8 weeks of age (12.7 £ 0.6 vs. 15.7 £ 0.8 mmol/L for WT
vs. null respectively; p<0.0001, 15 min. time point; 11.4 £ 0.3 vs. 14.4 £ 0.7 mmol/L
WT vs. null respectively; p<0.0001, 30 min. time point). C2cd4b” male mice only
showed glucose intolerance at 23 weeks of age (12.3 £ 0.5 vs. 16.8 £ 1.3 mmol/L
WT vs. null respectively; p=0.0124, 60 min. time point; 9.3 £ 0.5 vs. 13.4 £ 1.8 mmol/L
WT vs. null respectively; p=0.025, 90 min. time point).

Since male mice on HFD only exhibited glucose intolerance after the age at which
null animals were significantly heavier than their WT littermates (Figure 4. 2), IPGTTs
were also performed based on injecting glucose according to their lean body weight.
In this way, we sought to eliminate a possible confounding effect of injecting extra
glucose, based only on the presence of a metabolically less active tissue (adipose)

versus skeletal muscle. Strikingly, when IPGTTs were performed in male C2cd4b™
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mice based on their lean body weight, there were no differences in glucose tolerance

compared to their WT littermates (Figure 4. 6).

Considering C2cd4b is deleted globally in C2cd4b”- animals, and gut hormones also
play roles in glucose homeostasis (Holst et al., 2016), oral glucose tolerance tests
(OGTTs) were performed on these animals. On RC diet, no differences were
observed between null animals and their WT littermates for either sex. However, both
female and male null animals exhibited glucose intolerance compared to their WT
littermates after maintenance on HFD (Figure 4. 7; females: 15.9 + 0.6 vs. 18.7 £ 0.7
mmol/L WT vs. null respectively; p<0.0001, 30 min. time point; males: 15.1 + 0.9 vs.

20.1 £ 0.9 mmol/L WT vs. null respectively; p<0.0001, 30 min. time point).

4.2.5. Unchanged insulin sensitivity in C2cd4b” mice

The impaired glucose tolerance observed in C2cd4b” mice could potentially be
explained by reduced glucose clearance triggered by defective insulin signalling in
insulin sensitive tissues (liver, muscle and adipose tissue) in the absence of C2cd4b.
To investigate this possibility, insulin tolerance was examined in C2cd4b™ vs. their
WT littermates. For this, intraperitoneal insulin tolerance tests were performed on
these mice on RC and HFD at 22 and 23 weeks of age, respectively. After 6 h of
fasting, the animals were injected with insulin, and glycaemia was monitored over a
one-hour period. No changes in glycaemia were observed comparing the C2cd4b™

to their WT littermates, irrespective of sex or diet (Figure 4. 8).

4.2.6. Female C2cd4b™ display defective insulin secretion in vivo

Maintained on RC, female C2cd4b”" mice showed a significant impairment in insulin
secretion in vivo, after injection of 3g/kg body weight of glucose (Figure 4. 9, A:
plasma insulin: 0.433 + 0.044 vs. 0.26 £ 0.017 ng/ml in WT vs. null mice respectively,
at 5 min. post-injection; p=0.02; 0.557 + 0.052 vs. 0.37 + 0.02 ng/ml plasma insulin
in WT vs. null mice respectively, at 15 min. post-injection; p=0.01). However, this

difference was not observed in male mice (Figure 4.9, B).

In addition, on HFD, female C2cd4b” mice displayed unchanged insulin levels
compared to their WT littermates. However, a significant elevation in glycaemia,
measured at the same time points, was observed at 15 min after glucose injection
(Figure 4. 9, C: glycaemia: 21.3 + 0.39 vs. 28.9 + 1.8 mmol/L WT vs. null mice
respectively, p<0.0001). In male mouse maintained on HFD, no genotype dependent
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differences were observed in plasma insulin levels or the corresponding glycaemia
(Figure 4.9, D).
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Figure 4.4. Effect of deletion of C2cd4b on intraperitoneal glucose tolerance in
animals maintained on regular chow diet (RC). Intraperitoneal glucose tolerance
tests (IPGTTs) were performed on C2cd4b null male and female animals on RC at 8,
12, 16, 20 and 22 weeks of age. *p<0.05, **p<0.01, ***p<0.001, data were assessed
for significance using a 2-way ANOVA with Bonferroni’s multiple comparison test.
Inset: area under the curve (AUC) analysis; assessed for significance using an
unpaired Student’s t-test. Numbers in bar graphs represent the number of animals
used (same number of samples used for Glycaemia and AUC graphs). Values
represent means + SEM.
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Figure 4.5. Effect of deletion of C2cd4b on intraperitoneal glucose tolerance in
animals maintained on high-fat and -sucrose diet (HFD). Intraperitoneal glucose
tolerance tests (IPGTTs) were performed on C2cd4b null male and female animals on
HFD at 8, 12, 19 and 23 weeks of age. *p<0.05, **p<0.01, ***p<0.001, 2-way ANOVA
with Bonferroni’s multiple comparison test. Inset: area under the curve (AUC) analysis;
data were assessed for significance using an unpaired Student’s t-test. Numbers in bar
graphs represent the number of animals used (same number of samples used for
Glycaemia and AUC graphs). Values represent means + SEM.
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Figure 4.6. IPGTTs on C2cd4b male mice based on lean body weight. A. C2cd4b
male mice weight gain on HFD. B. IPGTTs of C2cd4b male mice on HFD at 23 weeks
of age. A-B from Figures 4.2 and 4.5. C. Intraperitoneal glucose tolerance tests
(IPGTTs) were performed on C2cd4b male mice at 23 weeks of age based on glucose
injection according to their lean body weight (n=8/genotype). *p<0.05, **p<0.01,
***p<0.001, data were assessed for significance using a 2-way ANOVA with
Bonferroni’s multiple comparison test. Values represent means + SEM.
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Figure 4.7. Effect of deletion of C2cd4b on oral glucose tolerance. Oral glucose
tolerance tests (OGTTs) were performed on C2cd4b male and female animals
maintained on RC and HFD at 20 weeks of age. *p<0.05, **p<0.01, ***p<0.001, data
were assessed by 2-way ANOVA with Bonferroni’s multiple comparison test. Inset:
area under the curve (AUC) analysis; data assessed for significance using an unpaired
Student’s t-test. Numbers in bar graphs represent the number of animals used (same
number of samples used for each Glycaemia and AUC graphs). Values represent
means + SEM.
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Figure 4.8. Effect of deletion of C2cd4b on insulin sensitivity. C2cd4b nulland WT
male (M** n=9, M" n=13) and female (F*"* n=6, F" n=9) mice on RC were injected with
a 1 and 0.75 Unit’kg body weight dose of insulin respectively. On HFD, C2cd4b null
and WT male (n= 8/genotype) and female (F*"* n=11, F"~ n=7) mice were injected with
1.5 and 0.75 Unit/kg body weight dose of insulin. Glycaemia was monitored over a one-
hour period. Deletion of C2cd4b had no effect on insulin sensitivity in either sex or on
either RC or HFD. Data were assessed for significance using a 2-way ANOVA with
Bonferroni’s multiple comparison test. Values represent mean £ SEM.

4.2.7. Unchanged proinsulin levels in C2cd4b”- mice

We next assessed if the reduction in plasma insulin levels may be due to impaired
proinsulin processing or metabolism. Blood samples were collected from C2cd4b
mice after 5 h of fasting and insulin and proinsulin levels were measured (Figure 4.
11). The results revealed no significant differences in insulin/proinsulin levels

comparing C2cd4b null mice to their WT littermates of either sex on RC or HFD.

4.2.8. Unchanged secretory dynamics in isolated islets from C2cd4b”-

mice

To investigate if the impairment in plasma insulin levels observed in C2cd4b” female
mice was directly caused by defective insulin secretion from pancreatic islets, GSIS

was assessed in vitro. For this, isolated islets from these animals of both sexes
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maintained on either RC or HFD, at 24 weeks of age, were studied. Islets isolated
from C2cd4b” mice maintained on RC demonstrated no differences in insulin
secretion in response to 17 mM glucose or 20 mM KCI vs. WT littermates (Figure 4.
12). However, C2cd4b” female mice maintained on HFD, showed a significant
potentiation of secretion stimulated by 17 mM glucose. On the other hand, stimulated
Ca*" dynamics and intercellular connectivity were unchanged in islets from female

null versus WT mice (Figure 4. 10).
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Figure 4.9. Effect of deletion of C2cd4b on plasma insulin levels. /n vivo insulin
levels during IPGTT in C2cd4b mice on RC (A-B) and HFD (C-D). (RC: F** n=9, F"
n=6, M** n=7, M n=8; HFD: F** n=5 F" 'n=7, M n=6). * p<0.05, **p<0.01, ***p<0.001,
data were assessed for significance using a 2-way ANOVA with Bonferroni’s multiple
comparison test. Values represent mean + SEM.
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Figure 4. 10. Effect of deletion of C2cd4b on Ca?" dynamics in isolated islets.
Intracellular Ca®* dynamics were assessed in isolated islets from females at 24 weeks of
age maintained on RC, using spinning disk microscopy. A-B. No changes were observed in
17 mM glucose- or 20mM KCl-stimulated Ca* dynamics between C2cd4b null and WT (F**
n=3 and F” n=4 per experiments, two acquisitions were performed in each experiment and
between 8-12 islets were assessed in each acquisition; assessed for significance using an
unpaired Student’s t-test). C-F. No significant changes in B-cell connectivity and in the
correlation coefficient was observed between the null and WT islets (three islets assessed
in duplicate for each genotype; data were assessed for significance using a 2-way ANOVA
with Bonferroni’s multiple comparison test. Values represent mean + SEM.
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Figure 4.11. Effect of deletion of C2cd4b on fasting proinsulin levels. Plasma insulin
and proinsulin levels were measured in C2cd4b null and their WT littermates on RC (A,
C) and on HFD (B-D), in females (A-B) and males (C-D). (RC: F** n=7, -/- n=9; M*’* n=5,
M” n=6; HFD: F*"* n=7, F"n=8, M"* n=4, M"" n=7). Data were assessed for significance
using an unpaired Student’s t-test. Values represent mean £ SEM.
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Figure 4.12. Effect of deletion of C2cd4b on glucose or KCl-stimulated insulin
secretion from isolated islets. Insulin secretion was measured in isolated islets from
C2cd4b mice maintained on RC (A-B) or HFD (C-D) at 24 weeks of age. (RC: F** n=5,
Fn=6, M n=5/genotype; HFD: F** n=6 F"- n=5, M n=4/genotype). * p<0.05, **p<0.01,
***p<0.001, 2-way ANOVA with Bonferroni’s multiple comparison test. Values

represent mean + SEM.
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4.2.9. Female C2cd4b” display impaired follicle-stimulating hormone
secretion

Given the high expression levels of both C2cd4b and C2cd4a in the pituitary gland
(Figure 1. 8), and the sexual dimorphism in glucose tolerance impairment observed
in C2cd4b” mice, we assessed if deletion of C2cd4b might affect the secretion of
pituitary sex hormones causing this gender-specific differences in glucose tolerance.
The anterior pituitary gland secretes different hormones including follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) from gonadotropin cells, which then
affect the gonads (Richards JS and Pangas SA, 2010; Whirledge & Cidlowski, 2010).
These hormones are essential for reproduction. In the testis, luteinizing hormone
(LH) induces testosterone production. In females, follicle-stimulating hormone (FSH)
controls oestradiol hormone (E2) production and LH controls oocyte maturation,
ovulation, and follicular luteinisation. Both testosterone and oestradiol levels can
control the secretion of FSH and LH as well (Richards JS and Pangas SA, 2010;
Whirledge & Cidlowski, 2010).

To measure FSH and LH production levels directly in the pituitary gland, and to
remove the feedback loops from the ovary and testis which may affect FSH and LH
secretion, C2cd4b mice were gonadectomised at 12 weeks of age (collaboration with
Dr Bryn Owen). Blood samples were taken from these animals after injections of
saline solution (Vehicle) and E2 in females, or saline (Vehicle) and testosterone in
males. This was followed by measurement of circulating FSH and LH levels in the
blood. Interestingly, the results indicated that FSH production from the pituitary gland
is impaired in C2cd4b” female mice (Figure 4. 13). In contrast, FSH and LH levels in

male mice remained unchanged.
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Figure 4.13. Effect of deletion of C2cd4b on FSH and LH release from the pituitary
gland. A-B. LH levels in C2cd4b female and male mice after injections with saline
(vehicle), E2 or testosterone respectively. C-D. FSH levels in C2cd4b female and male
mice after injections with saline (vehicle) and E2 and testosterone respectively.
Assessed for significance using an unpaired Student’s t-test. n=5 mice/genotype.
Values represent mean £ SEM.

4.2.10. Unchanged B-cell mass after deletion of C2cd4b

To assess if the reduction in plasma insulin levels in C2cd4b null mice was the result
of a reduction in B-cell mass, B- and a-cell mass were measured in pancreatic
sections from the isolated organ from CZ2cd4b null and WT mice of both sexes
maintained on RC. Immunohistochemistry was performed with anti-insulin and anti-
glucagon antibodies to detect B-cells and a-cells, respectively. The area stained with
these antibodies was quantified to provide an assessment of the volume of these
cells. No significant differences were observed in B-cell and a-cell mass comparing
C2cd4b null mice to their WT littermates (Figures 4. 14 and 4. 15).
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Figure 4. 14. B-cell mass in C2cd4b null female mice. Data were collected from
dissected pancreas from six female mice per genotype at 24 weeks of age. For
quantifications, three slides per animals were used. A-B. Immunohistochemistry was
performed on slide sections with anti-insulin (shown in green), anti-glucagon (shown in
red) antibodies, and DAPI (shown in blue). Scale bars= 30 um. C-D. Area stained with
insulin or glucagon antibodies were quantified to represent p-cell and a-cell mass,
respectively, using Imaged software. Assessed for significance using an unpaired
Student’s t-test. Values represent mean + SEM.
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Figure 4. 15. B-cell mass in C2cd4b null male mice. Data were collected from
dissected pancreas from six male mice per genotype at 24 weeks of age. For
quantifications, two slides per animals were used. A-B. Immunohistochemistry was
performed on slide sections with anti-insulin (shown in green), anti-glucagon (shown
in red) antibodies, and DAPI (shown in blue). Scale bars= 30 ym. C-D. Area stained
with insulin or glucagon antibodies were quantified to represent 3-cell and a-cell
mass, respectively, using Imaged software. Cells appears in yellow show auto-
fluorescence in blood vessels. Assessed for significance using an unpaired Student’s
t-test. Values represent mean + SEM.
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4.2.11. Changes in islet gene expression after deletion of C2cd4b

To study the possible effect of deletion of C2cd4b on gene regulation, we performed
massive parallel sequencing (RNA-seq; Table 7) on isolated islets from C2cd4b null
and WT male mice at 22 weeks of age (in collaboration with Dr Aida Martinez-
Sanchez and Grazia Pizza). As expected, our results confirmed a significant
reduction in C2cd4b expression (fold change=0.187, p<0.0001, adjusted p-value:
p<0.0001, n=4 animals/genotype). Interestingly, our data also indicated a significant
and large increase in C2cd4a expression levels (fold change 1.76, p<0.0001,
adjusted p-value=0.04). Strikingly, the adjusted p-value was not significant for any
other gene. However, a tendency towards decreased Cpsf1, C3 and RppL1 levels
was observed, adjusted p-values= 0.06, 0.2, and 0.32, respectively. To assess if the
changes in mRNA levels of these genes did not reach significance as a result of
small sample sizes, RT-g-PCRs were performed on isolated islets from 10 WT and
8 C2cd4b null mice. The results revealed no significant differences in the expression
levels of Cpsf1 or RppL1 in the isolated islets from C2cd4b null mice compared to
their WT littermates (Figure 4. 16).

Gene.name baseMean log2FoldChange FoldChange p value Adjusted p value
C2cd4b 1139.51706 -2.415152232 0.187485089 1.36E-44 3.81E-40
C2cd4a 118.027192 0.814689614 1.758919692 2.86E-06 0.040127223
Cpsfl 1904.77052 -0.578923095 0.669463314 7.06E-06 0.066105298
c3 152.141699 0.741957418 1.672443436 3.45E-05 0.241943108
Rpphl 140.612162 -0.703996659 0.613869264 5.77E-05 0.323789867
Gm45322 417.49085 0.620112657 1.536995197 0.00011 0.504901364
mt-Nd4l 3597.92578 0.680785322 1.603012107 0.000126 0.504901364
Emidl 454.688167 -0.607583874 0.656294899 0.000149 0.524402308
Crbl 108.03916  -0.647844838 0.638233023 0.000268 0.766730644
Gm10076 52.4812133 -0.547066149 0.684410525 0.000273 0.766730644

Table 7. Effect of C2cd4b deletion on islet gene expression. The gene expression
levels from isolated islets of four male mice per genotype were assessed by RNA-seq.
Table presents gene expressions from high to low adjusted p values. The top ten genes
with the highest adjusted p-values were selected in the above table. The top two genes
are those with significant adjusted p-values. The fold change compares the expression
levels in KO animals compared to the WT controls. A significant reduction in C2cd4b
expression levels was observed comparing islets from C2cd4b WT to null mice. C2cd4a
expression was increased in C2cd4b null mice. Highlighted in green are the genes
selected for further RNA level measurements using RT-q-PCR (Figure 4. 16).
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Figure 4.16. Rpph1 and Cpsf1 mRNA levels in C2cd4b null and WT mice. A. RT-
g-PCR shows Rpph1 mRNA levels in the isolated islets from C2cd4b null and WT
mice (F"* n=5, F" n=4, M"* n=5, M"" n=4). B. RT-q-PCR shows Cpsf? mRNA levels
in the isolated islets from C2cd4b null and WT mice (F** n=5, F"" n=4, M*"* n=5, M
n=4). Data were assessed for significance using an unpaired Student’s t-test. Values
reoresent mean + SEM.
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4.3. Discussion

It is crucial to understand the role of GWAS-discovered genes associated with T2D
to uncover the identity of the key players involved in insulin secretion and in glucose
homeostasis. Discovering the mechanism of action of these genes may provide more
insight into molecular aspects of T2D, which will result in improvements in targeting
this condition in individual patients (personalised medicine). Although knowing the
molecular mechanism is not essential to produce drug for a specific disease, it can
significantly narrow down the targets and increase the efficiency of the disease
targeting. C2CD4B, as a T2D-associated gene, could potentially open new

possibilities in targeting T2D more effectively.

The aim of this chapter was to characterise the effect of deletion of C2cd4b in vivo
on glucose homeostasis and insulin secretion. For this reason, we used a total body
null C2cd4b mouse line, generated by the IMPC. Although the IMPC has performed
several studies on this line, including IPGTTs and measuring plasma insulin, a more
in-depth characterisation of the C2cd4b null mice, studying glycaemic traits in these
animals and comparing the result directly to their WT littermates remained to be

performed.

4.3.1. Male C2cd4b null mice show increased weight gain versus WT

It has been shown that, along with other factors, being overweight and consuming a
diet with low fibre and high trans fatty acid intake increases the risk of T2D (Parillo &
Riccardi, 2004). To assess if Western diet compositions (high-fat and -sugar) might
affect glucose homeostasis in C2cd4b mice, we challenged the animals with a high-
fat and -sucrose diet (HFD) from 6 weeks of age. Previous studies have shown that
WT C57BL/6J mice are susceptible to high-fat diets (Montgomery et al., 2013).
Maintained on such diets, the WT C57BL/6J mice display elevated body weight,
increased adipose tissue mass, liver lipid infiltration and other alterations.
Interestingly, however, HFD affects the weight gain in a sexually dimorphic manner
(Montgomery et al., 2013; Ingvorsen, Karp & Lelliott, 2017). It has been shown that
the weight gain caused by HFD is more apparent in males (Montgomery et al., 2013;

Ingvorsen, Karp & Lelliott, 2017).

As expected, the weight gain of female mice maintained on HFD was not as apparent

as males. In the present study we revealed that C2cd4b null males gain significantly
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more weight compared to their WT littermates. Interestingly, also in humans, in a
non-diabetic Danish population (Boesgaard et al., 2010), GWAS have shown a
correlation between risk allele at rs7172432 in this locus and increased (0.6 cm) waist
circumference in both males and females. This shows that the effect of the risk allele
of this locus in humans is comparable with the phenotype observed in C2cd4b null
mice, suggesting further investigations, exploring the reason behind this phenotype
in mice, could give us a better perspective to understand the reason behind the
phenotype observed in humans. It needs to be considered, however, that association
between the SNPs in C2CD4A/C2CD4B/VPS13C locus and BMI has not been
observed in other GWAS studies while it is a strong phenotype in mice. This could
be the result of the complete deletion of this gene in mice while in humans, the GWAS
studies are based of SNPs in enhancer/promoter regions. This fact might indicate
that the SNPs in human are not located in the open chromatin region in pituitary or
adipose tissues, while in islets, they are located on the enhancer/promotor region of
C2CD4B. The same concept could be true for observed changes in FSH levels in

female mice compared to no phenotype in human.

Increases in body weight occur when energy intake is higher than energy expenditure
(Morton et al., 2006). This balance is affected by food intake or changes in basal
metabolism, physical activity or thermogenesis (Rosen & Spiegelman, 2006).
C2cd4b, at least in humans, is expressed in the hypothalamus and adipose tissues.
It is known that the cross-talk between these tissues can significantly affect food
intake. For example, the secretion of leptin from adipose tissue has a powerful
anorectic effect, mainly mediated by the hypothalamus (Zhang, Cline & Gilbert,
2014). Furthermore, an interesting reason behind the observed elevated weight gain
in male mice comparing to females, could be the fact that male mice have less POMC
neurons in the hypothalamus compared to females (Mauvais-Jarvis, 2015). This
causes the males to be less prone to the appetite-controlling signals emerging from
adipose tissue and, therefore, they have less appetite control upon an increase in

adipose tissue mass. However, the same effect has not yet been studied in humans.

In addition, bearing in mind that C2cd4b is expressed in the hypothalamus, our result
may suggest that C2cd4b has a role in appetite control. However, whether the
increased body weight in C2cd4b null males is due to an increase in food intake,
slower body metabolism, or to less physical activity in these animals is unclear and

will need to be investigated further. To investigate the reason behind this weight gain,
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a Columbus Instruments Comprehensive Lab Animal Monitoring System (CLAMS),
a system with metabolic cages, could be used for this purpose. In this method,
animals are individually caged and numerous metabolic factors including food
consumption and locomotor activity levels are measured. These cages can also

provide an accurate measurement of food intake in male mice maintained on HFD.

To assess if a possible increase in food intake were due to impaired leptin secretion
from adipose tissue, circulating leptin could be measured from plasma of these
animals. Another possibility underlying an increase in food intake could be impaired
communication between leptin and POMC neurons. To answer this, a comparison of
the number of POMC neurons between the C2cd4b null and their WT littermates

could be performed.

4.3.2. Impaired glycaemic profile in C2cd4b null mice versus WT

Female C2cd4b null mice maintained on regular chow diet showed impaired glucose
tolerance when assessed by IPGTTs but not OGTTs. The former result
demonstrates an important role for C2cd4b in glucose metabolism, which appears to
be due to altered circulating insulin. However, since OGTTs did not reveal any effect
on glucose tolerance, this rules out a role of C2cd4b in regulating the secretion of
gut hormones. Interestingly, the impaired glucose tolerance phenotype was sex- and
age-dependent. Glucose intolerance was observed in animals on RC only in
females, starting from 12 weeks of age and becoming stronger at 20 and 22 weeks
of age. Our data also confirmed that the glucose intolerance is not due to insulin
intolerance but is as result of decreased plasma insulin levels in the C2cd4b null

female mice compared to their WT littermates.

The gender-specific glucose tolerance impairment observed in C2cd4b females may
be the consequence of alterations in the reproductive cycle. It is known that glucose
homeostasis is significantly influenced by sex steroids such as oestrogen and
progesterone (Trout et al., 2007; Radavelli-Bagatini et al., 2011) whose production
is stimulated by LH and FSH, hormones produced from the pituitary gland. Since
C2cd4b is also highly expressed in the pituitary gland, we measured the secretion of
FSH and LH in the plasma of ovariectomised animals. Interestingly, our data
demonstrated a significant reduction in FSH levels in C2cd4b null female mice, which
might contribute to the sexual dimorphism in glucose tolerance observed in these

animals.
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When maintained on HFD, C2cd4b null females showed impaired glucose
intolerance from 8 weeks of age, after only two weeks of HFD maintenance.
Compared to the animals maintained on RC, the animals maintained on HFD showed
glucose intolerance phenotypes at an earlier stage (8 weeks instead of 12 weeks of
age). Also, this phenotype was stronger in the animals maintained on HFD compare
to animals maintained on RC. In addition to IPGTTs, C2cd4b null females on HFD
show impaired glucose tolerance measured by OGTTs. These observed phenotypes
suggest that a lack of C2cd4b increases the susceptibility to high-fat and -sugar

intake.

Furthermore, when maintained on HFD, although plasma insulin in C2cd4b null
females was comparable with their WT littermates, the glycaemia after 15 min of
glucose injections was significantly higher in these animals. We showed that the
observed phenotypes in animals maintained on HFD were not the result of insulin
intolerance. These results together indicate impairment in B-cell function in C2cd4b

null female mice when maintained on HFD.

Unexpectedly, when maintained on HFD, C2cd4b null males also showed glucose
intolerance during IPGTTs and significant increase in fasting glycaemia. Since male
C2cd4b null animals showed a significant increase in body weight and, therefore,
significantly more glucose was injected into these animals, we tested the IPGTTs
based on the lean body weight. IPGTTs based on lean body weight in males showed
no differences in glycaemia between C2cd4b null and their WT littermates. This
suggests that the observed glucose intolerance was rather due to the increased
amount of injected glucose rather than impairment in glucose homeostasis.
However, the underlying result behind the significant increase in fasting glycaemia is
unknown and would imply a change in glucose handling. Since C2cd4b is also
expressed in a-cells further investigation in glucagon levels in these animals might
provide an answer to this question. Another tissue which affects fasting glycaemia is
liver, therefore, analysing the function of this organ in these animals could shed light

on altered fasting glycaemia.

Interestingly, the higher fasting glycaemia in males may also be due to sexual
differences in metabolic homeostasis between males and females. It has been

shown, in human subjects, while it is more prevalent in females to show glucose
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impairment, in males, it is more prevalent to have higher fasting glycaemia (Williams

et al., 2003; Sicree et al., 2008). The reason behind these differences is unknown.

4.3.3. Unchanged secretory dynamics in B-cells from isolated islets from
C2cd4b” versus WT mice

To address whether decreased plasma insulin levels in female C2cd4b null versus
WT mice was because of lower insulin secretion, we assessed glucose-stimulated
insulin secretion from isolated islets of these animals. The results revealed no
differences in insulin secretion from isolated islets between null and WT animals.
These results suggest that the reduced in vivo insulin secretion could be a result of
interactions of other regulators with islets. Further investigations to measure other
circulating factors, and compare them between the C2cd4b male and female null and
WT mice, are essential to understand the underlying cause of decreased plasma

insulin in these animals.

We also studied B-cell Ca** dynamics using isolated islets from C2cd4b null females,
stimulated with glucose or KCI. No significant changes in Ca®" dynamics or
intercellular connectivity was observed between the null and WT littermates,

consistent with unaltered GSIS.

Since B-cell mass was also unchanged in C2cd4b null animals (although we noted a
trend towards an increase in a: B cell ratio) other explanations must be sought for
the lowering in circulating insulin in female C2cd4b” mice. One possibility is the
altered action of FSH and, therefore, altered levels of cycling E2 (Mauvais-Jarvis,
2015), or altered autonomic tone. Since we have already shown lower FSH levels in
female C2cd4b null mice compared to WT, further investigations to measure other
circulating factors (such as E2 and leptin) are essential to understand the underlying
cause of decreased plasma insulin in females. Other possibilities include alterations
in endogenous regulators such as incretins, locally released neurotransmitters, and

other islet-derived hormones (such as glucagon, somatostatin etc.).

Our data revealed no differences between genotypes during OGTTs, when animals
were maintained on RC, making an altered incretin effect less likely. However, since
C2CD4A and C2CD4B are expressed in the stomach and intestine, and impaired
glucose tolerance was observed in C2cd4b” females when maintained on HFD, an

accurate measurement of circulating incretin hormones needs to be performed to
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address the possible role of C2CD4A and C2CD4B in the processing and secretion
of glucose-dependent insulinotropic peptide (GIP), GLP-1 and other entero-

endocrine derived hormones.

4.3.4. Unchanged proinsulin levels in C2cd4b” mice

GWAS have previously revealed a significant increase in fasting proinsulin levels
associated with variants at the C2CD4A/C2CD4B/VPS13C locus (Strawbridge et al.,
2011a). Since higher proinsulin levels are associated with B-cell dysfunction
(Strawbridge et al., 2011a), we measured insulin and proinsulin levels after six h of
fasting in C2cd4b animals. No changes were observed between the null and WT
mice on either diet. This could suggest that murine and human C2CD4B might play
different roles in glucose homeostasis. It could also suggest that the increased
proinsulin levels observed in humans is as a result of impairment in C2CD4A rather
than C2CD4B. For this reason, it is crucial to study the role C2CD4A in insulin
secretion. In addition, one possible reason behind the lack of phenotype in mice
could be the sample number used. In females 8-9 animals/group have been used
which is a sufficient number of samples to detect a 1.2-fold difference in the mean
between two groups. However, in males 4-7 samples/genotype was used which

might not have enough power to detect changes in the insulin/proinsulin levels.
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Chapter 5: Role of C2CD4A in glucose homeostasis
and insulin secretion

5.1. Introduction

C2CD4A is expressed in a range of human tissues including pituitary gland,
pancreas, kidney, stomach and liver (Figure 1. 13). Interestingly, although detectable
in mouse islets, its expression is 10-fold lower than C2cd4b. In a human pancreatic
cell line, EndoC BH1, C2CD4A is more abundantly expressed compared to C2CD4B
(https://shinyapps.jax.org/endoc-islet-multi-omics/) (Kycia et al., 2018). Thus, the
latter study showed that the expression levels of C2CD4A and C2CD4B in human
islets were between 20 and 25 read-depth, while in EndoC BH1 cells the reads were
~3 for C2CD4A, and <0.5 for C2CD4B (Kycia et al., 2018). Keeping in mind these
differences in the expression patterns of this gene, it is essential to use an

appropriate model to study its role in pancreatic B-cells.

While the function of C2CD4A and, hence, the actions of nearby T2D associated
variants have not been elucidated in human B-cells, one of the main characteristics
of this protein is the presence of a C2 domain at its C-terminus (Mehta et al., 2016).
It is not clear, however, if this C2 domain has the ability to bind to intracellular Ca**.
In Chapter 3, we demonstrated that an increase in intracellular [Ca®'] levels leads to
increased C2CDA4A translocation to the plasma membrane, suggesting it responds
to the increased intracellular Ca?* levels resulting from glucose stimulation. However,
the role of C2CD4A in insulin secretion in human B-cells remained to be addressed.
In Chapter 3, we also showed that C2CDA4A is localised to the plasma membrane,
cytoplasm and the nucleus. In contrast to our findings, it was shown by Kuo et al.,
that murine C2CD4A is localised exclusively to the nucleus (Mehta et al., 2016).
Therefore, one could suggest that human and murine C2CD4A play different roles in

insulin secretion and glucose homeostasis.

It has recently been shown that a mouse model lacking C2cd4a specifically in B-cells
is glucose intolerant, and displays reduced plasma insulin levels. Glucose and
arginine-stimulated insulin secretion from isolated islets of these animals are also
significantly perturbed (Holst et al., 2016). Furthermore, it has been shown by the
IMPC that global null C2cd4a mice have a significant decrease in neutrophil cell
numbers and a significant increase in platelet volume and lymphocyte cell number

(https://www.mousephenotype.org/data/genes/MGI:3645763). These phenotypes
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are consistent with the high expression level of this gene in hematopoietic cells
(Warton et al., 2004). However, no glucose tolerance impairment phenotypes were
reported by the IMPC studies. It needs to be emphasised that the phenotyping
experiments performed by IMPC compared null animals to the results from the
database from WT animals and they did not directly compare C2cd4a null to their

WT littermates (see Chapter 4.1, Introduction)

Therefore, to understand the possible roles of C2CD4A in the regulation of insulin
secretion and glucose homeostasis in mouse and human B-cells, in this chapter we
study global null C2cd4a (generated by IMPC) and knockout EndoC BH1 cells as our

models.

5.2. Results

5.2.1. Increased GSIS upon over-expression of C2CD4A

To assess if C2CD4A and C2CD4B play roles in insulin secretion, we studied the
effect of over-expression of these genes on GSIS in the rat INS1 (832/13) cell line.
To address this, C2CD4A or C2CD4B were co-transfected in cells with human growth
hormone (hGH), and hGH secretion was measured upon stimulating these cells with
either 17 mM glucose or 20 mM KCI. We used this method instead of direct insulin
secretion measurement in order to specifically measure secretion in the cells that
have been transfected with our constructs (see also Chapter 3). hGH measurement
is an indirect way to measure insulin secretion since it co-localises in the same
secretory granules as insulin. Cells were co-transfected with hGH and a construct
with no insert as a control. The results indicated that upon over-expression of
C2CD4A insulin secretion was significantly increased upon stimulation with 17 mM
glucose or 20 mM KCI (Figure 5. 1, A: 14.8 £ 0.4 vs. 27.9 + 1.53 control vs. C2CD4A
stimulated with 17 mM glucose, p<0.001, and 10.7 £ 0.5 vs. 18.1 £ 1.4 control vs.
C2CD4A stimulated with 20 mM KCI, p=0.004; n=3 independent experiments; data
were assessed for significance using a 2-way ANOVA test with Bonferroni’s multiple

comparison test).

Strikingly, insulin secretion at a non-stimulating glucose concentration (3 mM) was
also affected by over-expression of C2CD4A (3.48 + 0.7 vs. 9.37 + 2.1 control vs.
C2CD4A in 3 mM glucose, p=0.02; n=3 independent experiments; data were

assessed for significance using a 2-way ANOVA test, with Bonferroni’s multiple
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comparison test). To assess if the change observed in 3 mM glucose condition was
a result of different total hGH content or the total number of cells in different pools of
cells, total cellular insulin content was also measured and compared separately
(Figure 5. 1, B). There were no apparent changes in total insulin content between
the different pools of cells that could result in changes in secretion in 3 mM glucose
condition. However, when insulin secretion in 17 mM glucose or 20 mM KCI was
normalised to basal insulin secretion, 3 mM glucose, we observed a significant
decrease in the fold-change in secretion levels upon over-expression of either
C2CD4A or C2CD4B in 17 mM glucose (Figure 5. 1, C). We also observed a
significant reduction in secretion upon over-expression of C2CD4A in 20 mM KCI
condition. The latter results are in the same direction as the studies from the Kycia
et al. (Kycia et al., 2018), who showed an association between the risk allele
rs7163757 and increased C2CD4B mRNA levels analysing pancreatic islet samples

from human donors.
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Figure 5.1. GSIS upon over-expression of C2CD4A and C2CD4B. A. GSIS and
KCl-stimulated insulin secretion (KSIS) from cells over-expressing either C2CD4A or
C2CD4B. FLAG-tagged-C2CD4A or -C2CD4B constructs were co-transfected with
hGH into INS1 (832/13) cells. As a control, a FLAG-tagged construct p3xFLAG-CMV-
14 (Addgene) lacking an inserted gene was co-transfected with hGH construct. Upon
over-expression of C2CD4A, a significant increase in insulin secretion was observed
at both 3 and 17 mM glucose and at 20 mM KCI conditions. B. Total hGH content in
cells was measured in the same pool of cells to assess consistency between total
hGH contents within the different pools of cells. C. Fold-change in hGH secretion at
17 mM glucose and 20 mM KCI compared to basal secretion levels at 3 mM glucose.
* p<0.05, **p<0.01, ***p<0.001, data were assessed for significance using a 2-way
ANOVA with Bonferroni’'s multiple comparison tests. Values represent mean + SEM.
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5.2.2. CRISPR/Cas9-mediated deletion of C2CD4A in human EndoC BH1

cells causes reduced insulin secretion

Given the high expression levels of C2CD4A and almost undetectable C2CD4B
mRNA levels in human EndoC BH1 cells (Kycia et al, 2018)
(https://shinyapps.jax.org/endoc-islet-multi-omics/), we used a lentiviral-mediated
CRISPR/Cas9 system (lentiCRISPR V2 construct from Addgene modified in Prof
Gadue’s laboratory, see Chapter 2, Material and Methods) to delete C2CD4A.
EndoC BH1 cells are human B-cell lines which derived from human foetal pancreatic
buds (Ravassard et al., 2011). Although some gene expression and secretion
dynamics in these cells differs from human B-cells, they are now being used

extensively to study human B-cell biology (Tsonkova et al., 2018).

In order to induce truncation/frameshifts in hC2CD4A which results in perturbation in
protein function, a guide RNA targeting the first 100 bp of the coding region of
hC2CD4A was designed. To deliver the gRNA and Cas9 to the cells, cells were
infected with lentivirus carrying the gRNA, a Cas9 sequence and a puromycin
resistance gene. After infecting the cells with this construct, those which received the
gRNA/Cas9/puromycin constructs were selected using puromycin (Figure 5. 2). We
selected two independent pools of cells containing the latter constructs (containing
gRNA1) for further analysis, and named them as gRNA1-a and gRNA1-b (explained
in more details in Material and Methods, Chapter 2.6).

The efficiency of C2CD4A deletion was assessed by DNA sequencing (Figure 5. 2).
Comparing the sequencing results from gRNA1-a and gRNA1-b cells with the
negative control in each one revealed several mismatches in the sequence where
Cas9 was predicted to cut the DNA, while in the negative control no mismatches to

C2CDA4A sequence were observed (Figure 5. 3).

Since there were no antibodies available to assess the reduction at the protein level,
mMRNA levels were measured to assess deletion efficiency of Cas9 and to measure
the total C2CD4A mRNA levels. This revealed a significant efficiency in cutting the
expected region in C2CD4A by Cas9 in both pools with gRNA (relative expressions:
47.1% £ 4.6 and 43.6% £ 2 at gRNA1 pool-a and pool-b respectively, p<0.001, data
were assessed for significance using an Ordinary one-way ANOVA, Tukey’s multiple

comparison test). Total mMRNA levels were also reduced in the transfected cells

127


https://shinyapps.jax.org/endoc-islet-multi-omics/

comparing to control cells (C2CD4A total mRNA relative expression: 78.2% + 13.8
and 94.1% £ 24 in gRNA pool-a and pool-b respectively, p=ns) (Figure 5. 4).

To measure C2CD4A at the protein level we attempted to produce a custom-made
polyclonal antibody with Eurogentec. However, the antibody did not work in Western
(immuno)blotting to recognise C2CD4A protein (results shown in Appendix 2).
Considering that we never detected a change in total mRNA levels, and the fact that
there is no antibody to prove the change at protein levels, no strong conclusions
could be drawn from this experiment. This is indeed the significant limitation of this

method.

Insulin secretion was measured in these cells in vitro upon incubation for 30 min
under basal conditions (0.5 mM glucose; LG), or stimulating conditions at 15 mM
glucose (HG), 20 mM KCI, or with 0.5 or 15 mM glucose plus 0.5 mM isobutyl methyl
xanthine (IBMX; LG-IBMX, HG-IBMX), and finally with 0.5 or 15 mM glucose plus,
the GLP-1 receptor agonist, 0.2 uM Exendin-4 (LG-Ex-4, HG-Ex-4). No change in
insulin secretion was observed in HG versus LG, while stimulation with KCl and HG-
IBMX, resulted in impaired insulin secretion in both pools of CRISPR-edited cells
compared to control cells (Figure 5. 4: stimulated with KCI: 50.7% + 2.8 and 60.1%
t 4.6 relative insulin secretion in pool-A and pool-B respectively vs. control, p=0.01
and 0.03 respectively; stimulated with HG-IBMX: 39.5 £ 3.6 and 34.9 + 2 % relative
insulin secretion in gRNA1-a and gRNA1-b respectively, vs. control; p=0.060 and
0.016 respectively; data were assessed for significance using a 2-way ANOVA,

Bonferroni’s multiple comparison test).

Since we observed effects of C2CD4A or C2CD4B over-expression on insulin
secretion in unstimulated conditions (0.5 mM glucose) (Figure 5. 4, A), we next
normalised insulin secretion values to basal glucose levels for each condition to
remove the possible effect of different number of cells in each pool (Figure 5. 4, B).
The results showed no differences in insulin secretion in knockout cells compared to
the control when data was normalised to 0.5 mM glucose. We next compared the
total insulin content of each pool of cells to determine if there is a significant
difference between the total number of cells in the pools containing knockout cells
compared to the control. Our results revealed no significant differences in total insulin

content between the knockout pools and the control (Figure 5. 5, C).
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Figure 5.2. A lenti/Cas9 system was used to knockout C2CD4A in EndoC BH1
cells. A. A construct containing a Cas9, puromycin coding gene and a gRNA binding
site was used to deliver a gRNA into EndoC BH1. B. Cells which received the construct
were purified using puromycin treatment for one week. C. Pools of cells containing the
Cas9 and a gRNA were selected for further investigations.
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Figure 5.3. DNA sequencing after CRISPR/Cas9 mediated C2CD4A deletion from
EndoC-BH1 cells. A lentiviral-based CRISPR/Cas9 system was used to target
C2CDA4A in EndoC- BH1 cells. A guide RNA (complementary sequence show by the
green arrow) was designed at the first 100 bps of the coding region of human C2CD4A.
An empty plasmid without any gRNA was used as a negative control (A), see Material
and Methods. A. Sequencing map from the pools of cells infected with the control
plasmid (no gRNA). B-C. Sequencing map from two independent pools of cells infected
with Lenti/Cas9 construct containing gRNA1. The green hashed box indicates the
possible site where Cas9 make cuts. Bases highlighted in yellow indicate single
nucleotide mismatches compared to the control plasmid.

129



>
vy

Cas9 cutting efficiency Total C2CD4A mRNA levels
C

& 15 g =10
S _1 DT
b = 4
e 5 & 1.0
S g5
w o *kk — © g R
LBT05 + Control 23 097 ¢ Control
3L = gRNATa B UL = gRNA1a
S o0 + gRNATb £ oo s gRNA1b
© Control gRNA1a gRNA1b Control gRNA1a gRNA1b

Figure 5.4. Characterisation of the CRISPR B-cell lines. A. g-RT-PCR experiments
were performed by designing the forward primer where Cas9 is expected to
demonstrate nuclease activity and cut the DNA in the C2CD4A coding region. Using
this method we can estimate the percentage of cells which have mutations at this
region. B. Measuring total mRNA in the CRISPR cell lines. * p<0.05, **p<0.01,
***p<0.001, data were assessed for significance using a 2-way ANOVA with
Bonferroni’s multiple comparison tests. Values represent mean + SEM.
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Figure 5.5. Effect of C2CD4A knockout on in vitro insulin secretion. A. In vitro
insulin secretion assays, after stimulating the cells with 0.5 mM glucose (LG), 15 mM
glucose (HG), 20 mM KCI, 0.5 and 15 mM glucose plus 0.5 mM IBMX (LG-IBMX, HG-
IBMX), 0.5 and 15 mM glucose plus 0.2 yM Exendin-4 (LG-Ex4, HG-Ex4). B. In vitro
insulin secretion (A) normalised to insulin secretions in low glucose conditions. C.
Comparison on total insulin secretion in different pools of EndoC BH1. *p<0.05, data
were assessed for significance using a 2-way ANOVA with Bonferroni’s multiple
comparison test. Values represent mean + SEM.
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5.2.3. Generation of C2cd4a null mice

C2cd4a null mice (C2cd4a-Del1724-EM1-B6N) were generated by the IMPC, using
the CRISPR/Cas9 system, to delete 1724 bp of exon 2, the only expressing exon in

mouse C2cd4a (Figure 5. 6, A-B). Inter-crossing of heterozygous animals resulted in

wild type (WT, C2cd4a™"), heterozygous (C2cd4a™) and null (C2cd4a™) littermates.
Note that accurate quantification of C2cd4a mRNA in islets of these animals was
challenging due to the low levels of MRNA even in WT islets (Kone et al.,
2014)(Benner et al., 2014). The WT and null animals were used for further
characterisations (Figure 5. 6, B). The heterozygous breeders produced a
significantly lower number of pups per litter and/or hardly bred (five breeding cages

gave birth to six litters in six months; the litter sizes were between 3-9). However, it

was not clear if there was a fertility issue in C2cd4a”” mice. Both male and female
C2cd4a null mice maintained on a regular chow diet (RC) gained weight at the same

rate as their WT littermates.

5.2.4. Glucose tolerance do not alter in C2cd4a” vs. control mice

To investigate the possible effects of C2cd4a deletion in vivo on glucose
homeostasis, intraperitoneal glucose tolerance tests (IPGTTs) were performed on
male and female C2cd4a mice on regular chow diet (RC) at 12, 16, 20 and 22 weeks
of age. After overnight fast, a single dose of 1g of glucose per kg of body weight was
injected and glycaemia monitored over a 2-h period. Only males at 16 weeks of age
showed a mild glucose intolerance as measured at 15 min after glucose injection
(Figure 5. 7). No differences were apparent at this age on male mice when AUC

values were compared (Figure 5. 7)

5.2.5. No abnormalities in plasma insulin levels in C2cd4a’ mice

We next determined whether the deletion of C2cd4a affects insulin release upon
stimulation with glucose in vivo in male mice. Animals at 21 weeks of age were fasted
overnight and injected with a single dose of 3 g glucose per kg body weight. Blood
samples were collected, and glycaemia was monitored at 5 and 15 min. after glucose
injections. No significant differences were observed in plasma insulin levels or

glycaemia between the null and WT animals (Figure 5. 8).
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5.2.6. Deletion of C2cd4a does not affect GSIS or KSIS from isolated islets

We also measured insulin secretion from the isolated islets from C2cd4a null male
mice. Isolated islets from C2cd4a’ mice were stimulated with 17 mM glucose or 20
mM KCI. The results did not show any changes in the insulin secretion levels
between C2cd4a” mice and their WT litermates (Figure 5. 9).
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Figure 5.6. Generation of the C2cd4a null mice. A. C2cd4a mouse strain was
generated at IMPC using CRISPR/Cas9 systems to target 1724 bps from exon 2 of
C2cd4a gene. B. Inter-crossing the heterozygous mice resulted in the generation of
wild type (WT, C2cd4a”"), heterozygous (C2cd4a™) and null (C2cd4a™) littermates.
C-D. Body weight of C2cd4a females (C) and males (D) at 16, 20. 21 and 22 weeks
ofage (F"* n=4-11, F" n=4-9, M"* n=2-8, M- n=3-6 animals per stage). Mixed-effect
analysis, Tukey’s multiple comparison test. Values represent mean £ SEM.
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Figure 5.7. Effect of global deletion of C2cd4a on intraperitoneal glucose
tolerance in animals maintained on regular chow diet (RC). Intraperitoneal glucose
tolerance tests (IPGTTs) were performed on C2cd4b male and female mice maintained
on RC at 12, 16, 20 and 22 weeks of age. *p<0.05, data were assessed using a 2-way
ANOVA with Bonferroni’'s multiple comparison test. Inset: area under the curve (AUC)
analysis, assessed for significance using an unpaired Student’s t-test (same number
of samples used for glycaemia and AUC graphs). Numbers in bar graphs represent the
number of animals used. Values represent means £ SEM.
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Figure 5.8. Effect of deletion of C2cd4a on glucose-stimulated insulin release in
vivo. Intraperitoneal glucose tolerance tests were performed on C2cd4a null male
animals maintained on RC at 21 weeks of age. Blood samples were collected, and
glycaemia measured at 5 and 15 min. after injection of glucose at 3 g/kg body weight.
n=5/genotype. *p<0.05, **p<0.01, ***p<0.001, data were assed for significance using
a 2-way ANOVA with Bonferroni’s multiple comparison test. Values represent means
+ SEM.
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Figure 5.9. Effect of deletion of C2cd4a on GSIS from isolated islets. /n vitro insulin
levels in C2cd4a null male and WT mice maintained on RC. Measurements of insulin
secretion were performed after stimulating isolated islets with 17 mM glucose or 20mM
KCI (n= 4/genotype). * p<0.05, data were assessed for significance using a 2-way
ANOVA with Bonferroni’'s multiple comparison test. Values represent mean + SEM.
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5.3. Discussion

This chapter explores the role of human C2CD4A in insulin secretion in 3-cells.
Furthermore, | aimed to study the effect of global deletion of C2cd4a on glucose
homeostasis in vivo. Specifically, we showed that over expression and deletion of

human C2CD4A affects insulin secretion in 3-cells.

A previous attempt demonstrated the effect of deletion of C2cd4a selectively in the
B-cells of mice (Kuo et al., 2019). These animals showed glucose intolerance and a
decrease in glucose-stimulated insulin secretion from the pancreatic islets. However,
the effect of deletion of C2cd4a globally in vivo has not been demonstrated. Keeping
in mind the relatively broad tissue specificity of this gene (Introduction, Figure 1. 13
and 1. 14), we hypothesised that understanding how global deletion of this gene
might affect glucose homeostasis can give us a more robust answer about the role

of this gene in glucose homeostasis.

5.3.1. C2CD4A may regulate insulin secretion

The present study shows that over-expression of C2CD4A in INS1 (832/13) cell line
increases insulin secretion stimulated by 17 mM glucose or 20 mM KCI.
Unexpectedly, our results also show a significant increase in unstimulated conditions
(3 mM glucose). For this reason, and to assess if the changes observed in the
unstimulated condition is due to a significant increase in the cell numbers, total insulin
content was assessed. The data indicated a comparable total insulin content
between each group of cells. However, when the data were examined in terms of the
fold stimulation of secretion in respect to either 17 mM glucose or 20 mM KCI, the
secretion was significantly decreased upon over-expression of either C2CD4A or
C2CD4B at 17 mM glucose. Also, at 20 mM KCI a significant decrease in fold-change
of secretion was observed upon over-expression of C2CD4A compared to the control
(empty vector) condition. The differences observed when the data were analysed
using this alternative approach could be the result of measuring different concepts
(when directly measuring secretion or solely measuring fold-change secretion).
When we only compared the secretion stimulation between unstimulated and
stimulated conditions (Figure 5. 1, A), we in fact, measured the ‘maximal secretion’
capacity, i.e. how much the cells can secret maximally. However, when the data were
normalised to the basal secretion levels, and therefore, the fold-change was

measured (Figure 5. 1, A), the data better reflect the health, vitality and
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responsiveness of B-cells to the stimuli. It is believed that the basal insulin secretion
levels, in addition to the capacity to respond to stimuli, is crucial to maintain normal
glucose homeostasis (Corkey, 2012). Thus, multiple studies have reported a strong
correlation between basal insulin levels, obesity and diabetes in humans (reviewed
by Corkey 2012 (Corkey, 2012)).

Interestingly, when C2CD4A was knocked-out in EndoC BH1 cells, an effect on
insulin secretion in the unstimulated condition was similarly observed, but in the
opposite direction. In C2CD4A CRISPR lines, in the 3 mM glucose condition, insulin
secretion was decreased in knockout cells compared to control cells. This consistent
change in insulin secretion in the unstimulated glucose condition could suggest that
C2CD4A has a role in insulin vesicle numbers or processing of insulin before
secretion. More experiments quantifying insulin vesicles in these conditions could
examine this hypothesis. Another possibility underlying this unexpected phenotype
could be that C2CD4A over-expression and knockout have an effect on the cell cycle.
This could explain the cause of variation of cell numbers between over-
expressed/knock out cells compared to controls. This possibility could be addressed
by measuring the cell numbers by quantifying proteins or mRNA content between

these conditions.

Our in vitro insulin secretion experiments on C2CD4A knockout cells in human [3-
cells show a reduction in glucose and IBMX- and KClI-stimulated insulin secretion.
These results suggest that C2CD4A plays a role in the control of insulin secretion in
human B-cells. However, further experiments need to be carried out to prove that this
insulin secretion impairment is the direct result of deletion of C2CD4A and not an
artefact of its possible role in the cell cycle. Further characterisation of these cell lines

is needed to assess whether off-target genes were affected.

To validate the results from C2CD4A deletion in human B-cells, the effect of down-
regulation of this gene in human islets on insulin secretion should also be assessed.
For this, small hairpin RNAs (shRNA) could be used. In the lab we have designed
shRNAs to down-regulate both human C2CD4A and C2CD4B expression, since both
of these genes are expressed in human islets. The efficiency of these shRNAs has
been assessed previously by Dr Zenobia Mehta. Using these shRNAs to down-
regulate our genes of interest in human islets and study the effect on insulin secretion
with similar stimuli used in our CRISPR cells, might potentially give us a confirmation

of the phenotype we observed, but also show the possible role of C2CD4B in insulin
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secretion in human pancreatic islets. Also, this method should give us the possibility
to down-regulate both of these genes at the same time. Studying the effect of down-
regulation of both of these genes will give us much better insight about their roles in
insulin secretion since a compensatory mechanism may be expected if targeting only
one of these genes due to high similarity between their structures. Using RNA-seq
in mouse islets from the C2cd4b null mice, we have also previously observed that
the expression of C2cd4a is significantly increased compared to WT islets. Another
advantage of using shRNA to down-regulate these genes is that it gives us the ability
to assess the efficiency of this process solely by measuring mRNA levels. This is
possible since shRNAs directly target mRNA. This method is highly preferred since

no working antibody is available to detect human C2CD4A at the protein level.

Our data suggest that human C2CD4A plays a role in insulin secretion. However,
more studies need to be carried out to first confirm this in different models and

secondly to shed light on the mechanism of action.

5.3.2. Murine C2cd4a does not regulate insulin secretion in C2cd4a null

mice

Characterisation of the global C2cd4a null mice showed that there is no significant
glucose intolerance phenotype in these animals. Furthermore, C2cd4a null animals
show no deficiency in plasma insulin levels nor in GSIS from isolated islets. These
findings are predictable, considering the very low-level of expression of C2cd4a in
mouse islets. However, our findings are in contrast to the insulin secretion
impairment seen in the mouse model deleted for C2cd4a specifically in B-cells (Kuo
et al., 2019). The latter study showed glucose intolerance in C2cd4a null males at 12
weeks of age. In addition to glucose intolerance, decreased plasma insulin levels

and decreased GSIS from isolated islets from C2cd4a null mice were observed.

The differing phenotypes between these knockout animal models could be the result
of several factors. First, the difference in the tissues where C2cd4a was deleted.
While we used a global null C2cd4a, Kuo et al. (Kuo et al., 2019), used a RIP-Cre
line and deleted C2cd4a selectively in B-cells as well as subset of hypothalamic
nucleus (Wicksteed et al., 2010). It is possible that, in the global C2cd4a null mice,
C2cd4b compensates for the effect of the deletion of C2cd4a. This possibility can be
examined by comparing the C2cd4b expression levels between the two mouse

strains. In RNA-seq data we observed that C2cd4a expression is significantly
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increased in response to deletion of C2cd4b in the islets of these animals. However,
whether C2cd4b is upregulated in response to the deletion of C2cd4a, needs to be

further investigated.

Second, differences in the background of the mice is another possibility. However,

the background of the mice studied in Kuo et al. article is not indicated.

Kuo et al. also (Kuo et al., 2019) showed that the deletion of C2cd4a in clonal mouse
B-cells (MING cells) results in reduced insulin secretion upon stimulation with high
glucose and arginine. However, their study did not show if this effect is only apparent
when arginine is added or if insulin secretion in cells stimulated with high glucose
alone was also affected by the deletion of C2cd4a. Further studies are needed to

investigate the role of C2cd4a in control of insulin secretion in murine B-cell lines.

Our findings suggest that in vivo global deletion of C2cd4a does not, if any, have a
major effect on glucose homeostasis or insulin secretion in mice. Further studies are
needed to understand the reason behind the absence of an apparent glycaemic
phenotype in our hands and to understand the differences between our study

compared to that of Kuo el al (Boesgaard et al., 2010).

The lack of phenotype observed in C2cd4a null mice does not exclude a role of this
gene in humans. This could be as a result of fundamental differences between
human and mouse physiology. In addition, mouse C2cd4a in islets is expressed at
very low levels compared to human in which both C2CD4A and C2CD4B are
expressed at high levels. This could suggest that C2cd4a in mouse does not play a

significant role in this tissue.
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Chapter 6: Final Discussion

The primary goal of GWAS is to understand the biology of human disease and,
ultimately, to prevent and/or provide more efficient treatments (Visscher et al., 2017).
Nearly 250 loci have been discovered in association with T2D (Mahajan et al.,
2018a). However, associations detected by GWAS do not yield a specific gene target
or mechanism of action. Therefore, further functional studies are essential to find the

key target genes associated with human diseases.

An achievement towards this goal has been the establishment of the IMPC to
uncover mammalian gene function by conducting genome and phenome-wide
phenotyping on knockout mouse lines (Cacheiro et al., 2019). The extensive
phenotyping conducted by the IMPC provides the potential to allow the identification
of new models for human disease by direct comparison of the observed phenotypes
between these two species. Although the IMPC performs extensive phenotyping in
the mouse models generated by them, to specifically address the function of a gene
in a human trait, further detailed characterisation of the strains needs to be carried

out by laboratories specialised in the relevant studies.

Although global knockout mouse models for both C2CD4A and C2CD4B were made
by the IMPC, no significant glucose impairment phenotypes were observed in these
animals. Taking into account the SNPs discovered by GWAS (Grarup et al., 2011;
Yamauchi et al., 2010b, 2010a; Cui et al., 2011; Strawbridge et al., 2011b; Wood et
al., 2017; Mahajan et al., 2014) at this locus that strongly point at the possible
function of these genes in glucose homeostasis, we used these strains for further
glycaemic trait characterisation in depth. Table 1 indicates the SNPs and associated

glycaemic traits from different GWAS studies at this locus, in different ethnic groups.

Since no comprehensive studies up to now had addressed the role C2CD4A and
C2CD4B in B-cells orin the tissues relevant to glucose homeostasis, the aim of this
project was to focus on this matter. We used in vitro, in vivo and ex vivo models to

study the possible roles of these genes in glucose homeostasis and insulin secretion.

Since these two genes were only discovered in 2004 by Warton et al. (Warton et al.,
2004), and not much has been done to further elucidate their functions, to pursue
our investigation we faced very limited available materials such as antibodies or

mouse Cre lines to be able to conditionally deactivate these genes. Furthermore, a

140



lack of a comprehensive structural analysis of these proteins has made it more

challenging to predict their possible roles in different tissues.

In order to explore the possible mechanism of action(s) of these genes in 3-cells, we
used over-expressed tagged proteins initially. This has given us the possibility to
predict a novel role for these gene products since we observed distinct localisation
patterns compared to what had been shown previously in the literature. We observed
localisation at the plasma membrane in addition to the nucleus and cytoplasm. This
interesting observation suggests that human C2CD4A could possibly play a role in
signal transduction. Furthermore, these data could highlight the role of the putative
C2 domains in the former protein, since these domains are predicted to bind to Ca*
and phospholipids. We also showed the translocation of C2CD4A to the plasma
membrane in response to elevated intracellular Ca?*, similar to several classical
proteins containing C2 domains such as e-Syt1 (ldevall-hagren et al.,
2015)(Corbalan-Garcia & Gomez-Fernandez, 2010). This argues against a previous
report (Omori et al., 2016) suggesting that the C2 domain of C2CD4A has lost the
ability to bind to Ca*". These data suggest that C2CD4A may have a role in the
transduction of signals arising from elevated Ca** levels at the plasma membrane in

the control of insulin secretion.

Considering the possible roles of these genes in signal transduction in insulin
secretion, PTPRN (PTP IA-2) and PTPRN2 (IA-283 or phogrin) might be strong
candidates interacting with C2CD4A and C2CD4B. PTPRN2 and PTPRN are
involved in the accumulation of secretory vesicles at the plasma membrane in the
hippocampus, pituitary gland and pancreatic islets (Marullo, EI-Sayed Moustafa &
Prokopenko, 2014; Kubosaki et al., 2006; Saeki et al., 2002). C2CD4A and C2CD4B
are also expressed in the latter tissues. Interestingly, the knockout of PTPRN family
members in mouse leads to a highly similar phenotype to C2cd4b knockout
(Kubosaki et al., 2006) (Saeki et al., 2002).

Showing the possible role of these genes in Ca?* signal transduction and in vesicle
formation, raises the possibility that these proteins might also play similar role(s) in
different endocrine tissues where these are expressed. Indeed, these genes are
expressed in several organs with endocrine function such as, the pituitary gland,
adipose tissue, gonads and hypothalamus. This might suggest the impairment in

C2CD4A and C2CD4B could also affect the secretory dynamics from these tissues.
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Therefore, understanding the possible roles of these genes in the secretory dynamic

in B-cells may open the possibility to understand their role in other tissues.

Importantly, we characterised the global null C2cd4b and C2cd4a mouse strains
made by the IMPC. We observed glucose tolerance impairment in C2cd4b null
females, indicating a role for this gene in glucose homeostasis. The glucose
impairment was a result of reduction of circulating insulin rather than insulin
resistance. However, direct insulin secretion in islets from these animals was not
affected by deletion of C2cd4b, suggesting the involvement of other circulating

factors such as leptin or FSH as the underlying cause of this phenotype.

Since the phenotypes observed in C2cd4b null mice were sex- and age- dependent,
and given the high expression of this gene in the pituitary gland, we also measured
FSH secretion in gonadectomised animals. Interestingly, we demonstrated that
C2cd4b deletion in female mice causes FSH deficiency which could be argued as

the core underlying reason behind the sexual dimorphism in glucose tolerance.

T2D is more prevalent in humans with higher BMI and lower physical activity (Anon,
n.d.). To simulate these conditions partially in mice, we maintained C2cd4b animals
on a high-fat and -sucrose diet from six weeks of age. The C2cd4b null males
maintained on HFD presented with significantly higher weight gain compared to their
WT littermates, a phenotype which was also linked to mutations at the
C2CD4A/C2CD4B/VPS13C locus (Boesgaard et al., 2010). Although in humans
HFD mediated weight gain is observed in both genders, in mouse it is specific to
males. This difference could be due to differences in the metabolism between mouse
and human or could be as a result of differences between the function of these genes
between the two species. We have not observed differences between the expression
of C2cd4b inislets between male and female mice (data not shown). Also, no gender-
specific differences in the expression of C2CD4A and C2CD4B has been
demonstrated in humans in different tissues including pancreas (GTEx database,
data not shown). However, since it has been shown in human islets that palmitate
induces an elevation in the expression of C2CD4A (Cnop et al., 2014), it would be
very interesting measure to the expression of these genes in animals maintained on

HFD compared to RC, as well as between human donors with different BMI.

Although the C2cd4b null mice showed glucose tolerance phenotype and elevated

plasma insulin, C2cd4a null mice were comparable to WT littermates in glycaemic
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traits. We did not find glucose intolerance or any deficiency in plasma insulin levels
nor any reduction in GSIS/KSIS from the isolated islets from these animals compared
to WTs. These results demonstrated opposite phenotypes compared to what was
shown by Kuo et al (Boesgaard et al., 2010). One could suggest that the differences
observed between these two lines are as a result of compensatory mechanism
caused by an increase in C2cd4b in the global C2cd4a null animals. However, we
showed in human B-cells (EndoC BH1), that deletion of C2CD4A decreases KCI- and
glucose and IBMX- induced insulin secretion (although no differences were observed
when the data were normalised as fold-change). More studies need to be carried out
to confirm the role of these genes in insulin secretion in human B-cells. For instance,
deletion or down-regulation of C2CD4A (and also C2CD4B) in human islets and/or
in EndoC BH3 cells (Benazra et al., 2015), which express both these genes, can to

be performed.

The relatively mild phenotype of the C2cd4b strain and lack of glycaemic phenotype
in the C2cd4a line, could also be due to compensatory mechanisms caused by an
increase in expression of C2cd4a or C2cd4b in these animals, respectively. This
possibility is highly probably since we have already observed an increase in C2cd4a
MRNA levels upon deletion of C2cd4b is the islets of C2cd4b null mice using RNA-
seq (Table 7). This phenomenon could be due to the fact that these genes have a
high sequence similarity and some functional redundancy. This similarity is more
striking at the C2 domains of these genes (Figure 1. 12). The similarities between
the two genes specifically in the C2 domains could suggest they could (partially)
compensate each other’s role in the absence of the other. Furthermore, this could
potentially suggest that these genes, perhaps indirectly, control the expression of
one another. Further experiments could examine these possibilities and give us a

better perspective on the functions and the regulatory dynamics of these genes.

To have a more comprehensive understanding of the role of these genes, a double
knockout line could be generated to eliminate the possible compensatory
mechanisms between C2CD4A and C2CD4B. The latter genes are expressed in
diverse tissues also in tissues having roles in glucose and metabolic homeostasis.
Therefore, it is essential to generate/use tissue-specific mouse models to shed light
of the role of these genes in specific tissues. To gain full advantage from a highly B-
cell specific mouse model, from the commonly used transgenic mouse models, it is

preferable to use Ins-Cre mouse line compared to RIP-Cre line which was used in
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Kuo et al. study (Kuo et al., 2019) . Among other factors, ectopic expression of RIP
in the hypothalamus as well as the glucose intolerance phenotype observed in these
mice in the absence of genes targeted by loxP sites (Brouwers et al., 2014), are the

disadvantages using the latter mouse model.

In summary, in this study we suggest a novel role for C2CD4A and C2CD4B in B-
cells compared to previous studies. We provide evidence that human C2CD4A plays
a role in insulin secretion in B-cells. More importantly, we showed that C2cd4b plays
a role in vivo in glucose homeostasis and controls circulating insulin levels in
response to increased glycaemia. More studies as mentioned in discussion chapters
could be carried out to understand the mechanism of action of these genes in the

control of insulin secretion from B-cells.

Importantly, the expression dynamics of these genes are poorly understood.
Although a super enhancer region has been discovered at the intronic region
between C2CD4A and C2CD4B (Miguel-Escalada et al., 2018), how B-cell-enriched
transcription factors regulate the expression of these genes remains to be
addressed. Furthermore, the effect of the causal SNP at this locus on the expression
of C2CD4A and C2CD4B is not well characterised. Previous eQTL studies (Mehta et
al., 2016)(Kycia et al., 2018) aimed to address the effect of the SNPs at the
C2CD4A/C2CD4B locus on mRNA expression. However, the results of these studies
are not consistent and are in the opposite direction in the two studies. More robust
studies, perhaps using a significantly larger sample size, are needed to investigate
the direct effect of the causal SNPs in this locus and the regulation of the expression
of these two genes in humans. Understanding how the SNPs mediate their effect in
this locus could give us a better insight into the function of these genes. Revealing
their unique functions specifically in B-cells in the control of insulin secretion in mice
and implicating these findings in humans, may highlight these genes as potential

targets to improve the treatments for T2D.
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Appendix1: List of Antibodies

Antibody Company Ref Dilution used
Mouse anti-FLAG Sigma F1804-200UG 1:1000
Guinea-Pig anti- Dako IR002 not diluted
insulin ready to use

Mouse anti- Sigma G2654-100UL 1:1000
glucagon

Rabbit anti-TGN46 | Abcam Ab16059 1:500

Rat anti-LAMP1 Santa Cruz Sc-19992 1:200
Alexa Fluor 488 Invitrogen A-11073 1:1000
goat anti-guinea-pig

Alexa Fluor 532 Invitrogen A11009 1:1000
goat anti-rabbit

Alexa Fluor 488 Invitrogen A11029 1:1000

goat anti-mouse
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Appendix 2: Western (immuno)blots to test C2CD4A
antibodies

Two antibodies against human C2CD4A were designed (Eurogentec). Proteins
extracted from MING6 cells, EndoC BH1 cells, and MING6 cells transfected with
C2CDA4A construct were used as negative and positive controls to test hC2CD4A
antibodies. Several bands were detected for each load of protein. However, no band
(39.75 kDa) which was highly marked in EndoC BH1 cells/MING:C2CD4A and absent
in MING cells was detected. 25 pg of protein was loaded in each well. Dilutions were
1:50 (and 1:500, not shown).

MING:C2CD4A

EndoC BH1
EndoC BH1
EndoC BH1

MING

(o] (o]
Z Z
= =

. MIN6:C2CD4A

©
<
=

50 KDa

37 KDa

Antibody #1 Antibody #2 Antibody #1 Antibody #2

146



Appendix 3: List of Publications

Original (peer reviewed) articles:

Salem V., Delgadillo Silva L., Suba K., Georgiadou E., Mousavy Gharavy S.N.,
Akhtar N., Martin-Alonso A., Gaboriau D., Rothery S., Stylianides T., Carrat G.,
Pullen T., Sinhj S. Hodson D., Leclerc |., Shapiro A.M.J., Marchetti p., Linford B.,
Distaso W., Ninov N., and Rutter G. A., Leader B cells coordinate Ca®" dynamics
across pancreatic islets 3 in vivo. Nature Metabolism 1, pages 615-629 (2019)

Janjuha S., Singh S. P., Tsakmaki A., Mousavy Gharavy S.N., Murawala P.,
Konantz J., Hodson D.J., Rutter G. A., Bewick G. A., Ninov N., Age-related islet
inflammation marks the proliferative decline of pancreatic beta-cells in zebrafish. e-
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