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Abstract  

Type 2 diabetes (T2D) affects 10% of the adult global population and is a multifactorial disease 

characterised by insulin resistance of peripheral organs. Insulin resistance results eventually in 

failure of pancreatic β-cells and subsequent apoptosis. Recent research revealed that β-cell 

dedifferentiation is contributing to decreasing their function in T2D. Dedifferentiated β-cells 

express atypical non-β-cell hormones, suggesting transdifferentiation into other cells. Our 

group previously showed that miR-7 levels are increased in T2D. Upregulation of miR-7a2 in 

β-cells of mice resulted in a diabetic phenotype and loss of key β-cell identity markers. 

The aims of this study were to 1) investigate if miR-7a2 triggers the dedifferentiation of β-

cells, 2) identify messenger RNA (mRNA) targets of miR-7 which contribute to induce β-cell 

dedifferentiation in T2D, and 3) assess how miR-7 targets impact on the functional identity of 

mature β-cells. 

Our results showed that elevated miR-7a2 levels impair β-cell identity in mouse and human, 

accompanied by the occurrence of polyhormonal β-cells. Furthermore, we demonstrated that 

miR-7a2 is a regulator of the chromatin remodelling mSWI/SNF complexes, through 

repression of the catalytic ATPase subunit Brahma-related gene 1 (Brg1) both in vitro and in 

vivo. Additionally, we revealed that miR-7a2 represses the expression of BAF60A, a regulatory 

subunit of mSWI/SNF complexes.  

β-cell-specific miR-7a2 overexpression in mice resulted in the closure of chromatin around 

genes involved in maintaining β-cell identity. Those regions overlapped with binding sites of 

β-cell specific transcription factors (TF). Knockdown of Brg1 in β-cell lines and β-cell specific 

Brg1 deletion in mice resulted in the loss of β-cell identity as revealed by the downregulation 

of β-cell markers, reduction of pancreatic islet insulin protein content and an impairment in 

glucose stimulated insulin secretion (GSIS). 
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Chapter 1: Introduction 

In 2011, the estimated number of people suffering from diabetes world-wide was 366 million, 

which is approximately 1 out of every 11 people in the adult population which is expected to 

rise to 550 million by 2030 (DiabetesUK 2011). Diabetes comes in two forms, named type 1 

(T1D) and type 2 diabetes (T2D), with T2D accounting for over 90% of diabetes cases (Tripathi 

and Srivastava 2006). While T1D is mainly described as an autoimmune disease, leading to the 

destruction of insulin (Ins) producing pancreatic β-cells (Tripathi and Srivastava 2006), T2D 

is characterised by insulin resistance in peripheral organs, like the muscle, which results in 

hyperglycaemia and eventually impaired insulin secretion by β-cells (Kahn 1998). T2D is 

characterised as a complex and multifactorial disease, which includes not only genetic, but also 

environmental and behavioural risk factors (Chen, Magliano and Zimmet 2011). The 

hyperglycaemic phenotype observed in individuals suffering from T2D leads to a heightened 

risk in developing retinopathy (Fong 2003), vasculopathy (Cooper 2001), neuropathy (Bansal, 

Kalita and Misra 2006), renal (Iseki et al. 2003) and cardiac disease (Sowers, Epstein and 

Frohlich 2001), as well as cancer (Satija et al. 2015). Together these morbidities affect the 

quality of life and lead to premature death. 

 

1.1.1 The pancreas 

The pancreas is a composite organ, with exocrine, performed by acinar cells, and endocrine 

function (Chandra and Liddle 2013). The majority of endocrine cells are organised within islets 

of Langerhans, first described by Paul Langerhans in 1969 (Ceranowicz et al. 2015). In human, 

it is estimated that, on average, 3.2 million islets are found within the pancreas (Ionescu-

Tirgoviste et al. 2015). The majority of the pancreatic islet is comprised of insulin producing 

β-cells (~60% in human), together with glucagon (Gcg) producing α-cells (~30% in human), 

somatostatin (Sst) producing δ-cells (<10%), pancreatic polypeptide (Ppy) producing γ-cells 

(<5%) and ghrelin producing ε-cells (Fig. 1.1A) (Orci et al. 1976, Brissova et al. 2005, Cabrera 

2006). Contrary to human islets, where no specific arrangement of endocrine cells is seen, 

mouse islets, not only consist of an increased number of pancreatic β-cells (70%) and a 

decrease in the number of pancreatic α-cells, but are also arranged in a particular manner, with 

β-cells forming the core of the islets and the remaining endocrine cells a surrounding mantle 

(Fig. 1.1B) (Cabrera 2006, Steiner 2010). Interestingly, islet size and cell numbers are highly 

conserved, ranging from 50-400 µm in diameter and 2000-4000 cells per islet (Jo, Choi and 
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Koh 2007, Steiner 2010). In mammals, β-cells are the only known cells to produce and release 

insulin into circulation (Kulkarni 2004), opposite to invertebrates like Drosophila 

melanogaster, where a cluster of 14 insulin producing cells, located in the pars intercerebralis 

of the brain, produce three different insulin-like peptides (Brogiolo et al. 2001, Cao and Brown 

2001, Rulifson, Kim and Nusse 2002, Kapan et al. 2012). In response to a rise in glycaemia, β-

cells secrete insulin into the circulation which binds to its receptor in peripheral tissues, mainly 

the liver, skeletal muscle and adipose tissue, and promotes cellular glucose uptake, regulating 

lipid, protein and carbohydrate metabolism (Prentki, Matschinsky and Madiraju 2013). In 

carbohydrate metabolism, insulin increases the rate of glucose transport across the cell 

membrane, induces hexokinase and 6-phosphofructokinase to increase glycolysis and promotes 

the rate of glycogen synthesis while inhibiting the breakdown of glycogen (Dimitriadis et al. 

2011). Insulin increases the rate of transport of certain amino acids across the cell membrane 

and promotes protein synthesis while inhibiting protein breakdown (Dimitriadis et al. 2011). 

Insulin effects lipid metabolism by decreasing the rate of lipolysis in adipose tissue, stimulates 

the uptake of triglycerides into adipose tissue and muscle and increases triacylglycerol and 

fatty acid generation while inhibiting breakdown of fatty acids (Dimitriadis et al. 2011). In 

addition, insulin is able to induce the proliferation of cells, for example by activation of 

farnesyltransferase. Through this, insulin potentiates the mitogenic response of cells to growth 

factors (Tennagels and Werner 2013, Goalstone et al. 1997). 

In contrast,  Gcg secretion is directly stimulated by hypoglycaemia (Quesada, Todorova and 

Soria 2006), and counteracts the function of insulin by binding directly to the Gcg receptor, 

found highly expressed in the liver, thus promoting hepatic glucose output by stimulating 

glycogenolysis and gluconeogenesis but inhibiting glycogenesis and glycolysis (Dunphy, 

Taylor and Fuller 1998, Jiang and Zhang 2003). In the islet Sst regulates the other endocrine 

hormones through binding to the Sst receptor, found in multiple pancreatic endocrine cells, 

with subtype 1, 3 and 4 found in all endocrine cells, subtype 2 found in α- and β-cells and some 

in δ-cells and subtype 5 in most β- and δ-cells (Portela-Gomes et al. 2000). Sst inhibits the 

release of insulin and Gcg from β- and α-cells respectively (Mortimer et al. 1974, Alberti et al. 

1973, Gerich et al. 1974) and is regulated by Ppy in a negative manner (Kim et al. 2014). 
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Figure 1.1: Schematic illustration of pancreatic islets of Langerhans. (A) Human islets. (B) pancreatic islets. 

While mouse islets show a strict organisation of β-cells forming the core of the islets surrounded by a mantle of 

other pancreatic endocrine cells, human islets miss this organisation. 

 

1.1.2 Pancreatic β-cell differentiation during development 

β-cells play a key role in the regulation of glucose homeostasis due to their ability to synthesise 

and secrete insulin. Therefore, many studies investigated the differentiation of pancreatic β-

cells during development, which led to the identification of specific sets of TFs directing the 

specification of pancreatic endocrine progenitor cells (Kaneto and Matsuoka 2015). 

Human pancreas development starts at around 4 weeks of gestational age with the formation 

of the pancreatic bud, followed by the ventral bud (Conrad, Stein and Hunter 2014). At this 

stage, specific TFs are activated (Fig. 1.2). High mobility group box TF SOX17 is an example 

of a TF that is expressed in a specific time window of formation of the pancreatic bud in 

pancreatobiliary progenitor cells from immediately before 4 weeks and is excluded from 

pancreatic cells at around the start of week 5 (Jennings et al. 2013, Spence et al. 2009). Similar 

to SOX17, SOX9 is expressed in the pancreatic bud in pancreatic and duodenal homeobox 1 

(Pdx-1) positive cells from about 4 weeks onwards, but is excluded from mature pancreatic 

endocrine cells (Piper et al. 2002, Piper et al. 2004, McDonald et al. 2012, Jennings et al. 2013). 

On the other hand, TFs like forkhead box A2 (FOXA2), or PDX-1 start being expressed in 

pancreatic budding from 4 weeks onwards (Lyttle et al. 2008, Jeon et al. 2009, Jennings et al. 

2013) and are maintained in the mature pancreatic endocrine cells (Pan and Wright 2011). 

During early development in rodents PDX-1 is expressed in the entire pancreatic epithelium 

and an increase of Pdx-1 is essential for commitment to β-cells in endocrine formation (Jonsson 
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et al. 1994, Holland et al. 2002, Pan and Wright 2011, Bernardo, Hay and Docherty 2008, Gao 

et al. 2008). In the islet in adulthood Pdx-1 is found in β-cells and δ-cells (Gao et al. 2014, 

Ahlgren et al. 1998). FOXA2 is detectable in the entirety of pancreatic progenitor cells in early 

development, becomes progressively restricted to endocrine progenitor cells and is essential 

for β-cell maintenance (Willmann et al. 2016, Lantz et al. 2004, Gao et al. 2010). The TFs 

involved in the development of the pancreas and β-cells are involved in a crosstalk regulating 

the expression of each other. For example, studies in mice, reported the regulation of PDX-1 

by SOX9, Hepatocyte nuclear factor 1 homeobox β (HNF1β) and FOXA2 in the early stages of 

pancreas development (Haumaitre et al. 2005, Lynn et al. 2007b, Gao et al. 2008). Additionally, 

SOX9 regulates the expression of FOXA2 and HNF1β and, in turn, both TFs regulate SOX9 

expression (Lynn et al. 2007b). The expression of homeobox protein NK-6 homolog 1 

(NKX6.1) starts in early multipotent pancreatic progenitors cells (MPCs) after 4 weeks, when 

Sox17 levels retract, and is maintained in β-cells (Sander et al. 2000, Jennings et al. 2013). 

Continued expression of GATA binding protein (GATA) 4, which starts to be expressed in early 

pancreatic budding between weeks 4 and 5 and remains only in mature acinar cells (Jennings 

et al. 2013), FOXA2, PDX-1, SOX9 and NKX6.1 leads to MPCs formation. MPCs will then be 

further specified into pancreatic ductal, exocrine and endocrine cell lineages (Cano et al. 2014). 

With the formation of MPCs, the expression of the TF GATA6 begins (Conrad et al. 2014). 

GATA6, together with GATA4, plays an important role in differentiating MPCs into acinar and 

endocrine cell lineages and is involved in β-cell differentiation, as shown in rodents (Watt et 

al. 2007, Carrasco et al. 2012). In the analysis of human pancreas at weeks 7-21, Hepatocyte 

nuclear factor 6 (HNF6) was shown to be constantly expressed in the developing pancreas, 

supporting MPCs formation (Lyttle et al. 2008, Jeon et al. 2009). Similar results are seen in 

mice where HNF6 expression eventually becomes restricted to pancreatic α- and acinar cells 

right before birth (Zhang et al. 2009). Additionally, HNF1β is expressed at high levels in the 

pre-pancreatic foregut endoderm and in MPCs, where it is essential for proliferation and 

survival of MPCs (Poll et al. 2006). Hnf1β is essential for early and late duct morphogenesis 

and required for endocrine progenitor specification (De Vas et al. 2015). In experimental 

setups, Hnf1β was measured at high levels in human from 7 weeks onwards and throughout 

pancreas development (Haumaitre et al. 2005, Jeon et al. 2009). Pancreas-specific transcription 

factor 1A (PTF1A) expression starts in MPCs in the early budding pancreas slightly after PDX-

1 expression is detected and becomes progressively restricted to acinar cells (Cras-Méneur et 

al. 2009). PTF1A regulates PDX-1 expression in a positive manner in pancreatic precursors 
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(Miyatsuka et al. 2007). Additionally, PTF1A plays a role in the endocrine versus exocrine cell 

fate decision, with low levels of PTF1A promoting the endocrine fate, whereas high levels 

promote the exocrine fate (Dong et al. 2008). 

For the commitment of MPCs into endocrine cells, another set of specific TFs is required. 

Coincidental with the loss of SOX9, Neurogenin 3 (NGN3) expression is induced in pancreatic 

epithelial MPCs committing to the endocrine cell fate (Lyttle et al. 2008, Jennings et al. 2013, 

Memon et al. 2018). In mice, a first wave of NGN3 expression takes place in early pancreas 

budding, recedes, and reoccurs in a second wave during endocrine cell lineage differentiation 

(Rukstalis and Habener 2009). In human, NGN3 expression is shown to start at around 8 weeks, 

is highly expressed around 11 weeks and declines to low levels at around 19 weeks (Jeon et al. 

2009, Capito et al. 2013, Jennings et al. 2013, Memon et al. 2018). NGN3 expression precedes 

the induction of the TFs involved in late endocrine cell differentiation starting around 15 weeks 

(ISL1, NEUROD1, MAFB, NKX2.2 and PAX6, discussed later) (Jeon et al. 2009). Other TFs 

involved in the endocrine cell lineage commitment are Regulatory factor X 6 (RFX6) (Smith 

et al. 2010, Taleb and Polychronakos 2011), Paired box gene 4 (PAX4) (Jeon et al. 2009), GLIS 

family zinc finger 3 (GLIS3) (Senée et al. 2006) and MAF BZIP TF B (MAFB) (Jeon et al. 

2009, Hang and Stein 2011, Dai et al. 2012). PAX4 is experimentally shown to be expressed 

from 9 weeks onwards (Jeon et al. 2009) and, while to be confirmed in human, is found in 

mouse endocrine progenitors and later in pancreatic β-cell precursors (Sosa-Pineda et al. 1997). 

In mice, the expression of MAFB diminishes in mature β-cells, opposite to in human where the 

expression of MAFB starts in MPCs at 7 weeks, increases during pancreatic endocrine cell 

differentiation to 21 weeks and then remains in pancreatic α- and β-cells (Jeon et al. 2009, 

Hang and Stein 2011, Dai et al. 2012).  

While the correct development of the pancreas relies on a crosstalk between TF, various 

signalling pathways contribute as well. For example, pancreas formation prior pancreatic 

budding is induced by morphogenic signals, including activin-βB and fibroblast growth factor 

(FGF) 2, released by the notochord (Kim et al. 2000, Kumar and Melton 2003, Martín et al. 

2005). Those signals suppress sonic hedgehog signalling which activates pancreatic gene 

expression (Hebrok, Kim and Melton 1998, Xuan and Sussel 2016). Sonic hedgehog signalling 

has also been reported to be inhibited by the TFs GATA4 and GATA6 in pancreatic development 

(Xuan and Sussel 2016). The pancreatic epithelium and the surrounding mesenchyme are also 

involved in signalling processes involved in pancreas development (Golosow and Grobstein 

1962). Factors like FGF10, produced by the mesenchyme, has been shown to act through its 
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receptor FGFR2 to enhance and maintain PDX-1 expression by activation of Notch signalling 

(Bhushan et al. 2001, Norgaard, Jensen and Jensen 2003). FGF10, FGF2R and Sox9 have been 

shown to regulated pancreatic cell differentiation during pancreatic bud formation, and 

disruption results in a change to the liver cell fate (Seymour et al. 2012). FGF10 maintains the 

expression of SOX9, and Sox9 induces FGF2R expression, which enables FGF10 signalling in 

a feed-forward loop (Seymour et al. 2012). 

The first insulin positive cells occur in human at a gestation age of 8 weeks (Polak et al. 2000, 

Jeon et al. 2009). In contrast to humans, mice show two waves of endocrine cell development 

with insulin and Gcg co-expressing cells in a first wave from about embryonic day (E) 9.5 to 

E12.5 and, in a second wave from E12.5 to birth, the generation of endocrine cells that form 

the mature islet (Herrera 2000, Cano et al. 2014, Jennings et al. 2013). In the differentiation of 

pancreatic progenitor cells into β-cells, additional TFs are involved  Homeobox Protein NK-2 

Homolog B (Nkx2.2) expression in human starts at around 8 weeks with an increased 

expression by 14-16 weeks (Jennings et al. 2013, Lyttle et al. 2008). In mice, Nkx2.2 is 

expressed from in MPCs at E9.5 and restricted to β-cells and a subset of α- and γ-cells in the 

mature islet (Sussel et al. 1998). A nonsense mutation of Insulin gene enhancer protein ISL-1 

(Isl1) in human T2D patients showed its involvement in the development of the pancreas and 

its function in the maturation of β-cells (Shimomura et al. 2000). Neuronal Differentiation 1 

(NEUROD1) expression starts at endocrine lineage commitment at around week 15 and is 

found in all endocrine cell types of pancreatic islets (Jennings et al. 2013, Lyttle et al. 2008, 

Jeon et al. 2009). Mutations of NEUROD1 in pancreatic β-cells show its importance for the 

maturation of  β-cells, as mutants remained in an immature state (Gu et al. 2010). Paired Box 

6 (PAX6) is required for the spatial organisation and correct development of islet endocrine 

cell precursors and is induced after endocrine progenitor cell commitment triggered by NGN3 

expression (St-Onge et al. 1997, Sander et al. 1997, Gradwohl et al. 2000). In experiments, 

PAX6 expression starts around week 14-16 in the human pancreas and is continued to be 

expressed in all pancreatic endocrine cells (Lyttle et al. 2008). Knockout of PAX6 in mice 

shows a reduction in islet cell mass, hormone synthesis and an impaired islet morphogenesis 

in the embryo (Sander et al. 1997). The expression of MAF BZIP Transcription Factor A 

(MAFA) arises relatively late in the pancreatic development, with MafA only detectable in the 

second wave of insulin positive cells in mice and after 21 weeks in human in β-cells (Jeon et 

al. 2009, Hang and Stein 2011, Guo et al. 2013). MAFA is specifically expressed in mature β-
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cells and controls the glucose responsiveness of β-cells through the regulation of INS and 

SLC2A2 genes (Dai et al. 2012, Hang and Stein 2011).  

 

 

Figure 1.2: Schematic illustration of the expression profile of TFs involved in pancreatic β-cell 

differentiation. Specific sets of TFs regulate the differentiation and maintain the identity of β-cells. Arrows indicate 

ongoing TF expression. MafB is not found in mouse mature β-cells. Adapted from Conrad et al. 2014. 

 

1.1.3 Insulin biosynthesis 

Insulin is synthesised  from a 110 amino acid long preproinsulin polypeptide with a weight of 

5.8 kDa, which, upon processing, leads to the production of mature insulin composed of 51 

amino acids (Fu 2013) (Figure 1.3). Preproinsulin contains a hydrophobic N-terminal signal 

peptide which interacts with ribonucleoprotein signal recognition particles, found on the 

cytoplasmic side of the rough endoplasmic reticulum (ER), thus allowing preproinsulin to cross 

the membrane of the rough ER through the peptide conducting channel (Fu 2013, Egea, Stroud 

and Walter 2005, Chan, Keim and Steiner 1976, Lomedico et al. 1977). Upon translocation in 

the ER, signal peptidases cleave off the signal peptide, producing proinsulin from preproinsulin 

(Patzelt et al. 1978). The tertiary structure matures, as found for the final insulin peptide, by 

folding of the proinsulin, as well as forming its three disulphide bonds through chaperone 

proteins, such as protein-thiol reductase (Munro and Pelham 1987, Huang and Arvan 1995). 

The immature form of insulin, proinsulin, has only a low affinity to the insulin receptor and 

requires additional proteolytic processing to become the bioactive hormone (Steiner 1969, 
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Galloway et al. 1992). Proinsulin enters the Golgi apparatus where packaging of proinsulin into 

immature secretory vesicles occurs (Huang and Arvan 1994). Cleavage of the connecting 

domain (C-domain) from the A- and B-domain of proinsulin (Fig. 1.3) does not take place 

within the trans Golgi network, but inside the immature secretory vesicles by prohormones 

 

Figure 1.3: Schematic illustration of processing of proinsulin into mature insulin. Cleavage by prohormone 

convertases and carboxypeptidase E between the A-domain (red), C-domain (black) and B-domain (green) forms 

the mature insulin and free C-peptide. Adapted from Weiss 2009. 

  

convertases 2 and 1/3 (PC2, PC1/3) and carboxypeptidase E (CPE) (Huang and Arvan 1994, 

Steiner 1998). PC1/3 cleaves between the B- and C-domain at the C-terminal side of the basic 

amino acid pair Arg31-Arg32 and PC2 cleaves the bond between the A- and C-domain at the C-

terminal side of the amino acid pair Lys64-Arg65 (Davidson, Rhodes and Hutton 1988). CPE 

then removes the leftover C-terminal basic residues generated by the cleavage of proinsulin, 

forming the mature insulin hormone and free C-peptide (Davidson and Hutton 1987). Insulin 

is then stored in specialised secretory vesicles in the form of hexamers stabilised by zinc (Zn2+), 

together with the free C-peptide, islet amyloid polypeptide (IAPP) and other pancreatic β-cell 

secretary products like glutamate (Nishi et al. 1990, Huang and Arvan 1995, Gheni et al. 2014). 

The Zn2+-insulin-hexamers are thought to be a prevention against toxic protein misfolding of 

insulin inside β-cells since the insulin monomer is susceptible to fibrillation (Brange et al. 1997, 

Dodson and Steiner 1998). Upon vesicle exocytosis, the hexamers dissociate freeing insulin 



28 
 

monomers which can then mediate its biological effects on glucose homeostasis (Gold and 

Grodsky 1984).  

 

1.1.4 Glucose-stimulated insulin secretion 

GSIS (Fig. 1.4) is initiated by the uptake of glucose into β-cells by the constitutively expressed 

glucose transporter (Glut) 2 (Newgard and McGarry 1995, Thorens et al. 2000). Glut2 displays 

a high capacity, but low affinity (KM ~17 mM), for glucose (Thorens et al. 2000), which ensures 

the controlled release of insulin in response to rising blood glucose levels and prevents 

inappropriate insulin release that could result in life threatening hypoglycaemia (Güemes and 

Hussain 2015). Upon its transport in the β-cell, glucose is phosphorylated by glucokinase (Gck, 

KM 6 mM), a pancreas and liver specific hexokinase (Dipietro, Sharma and Weinhouse 1962, 

Matschinsky and Ellerman 1968, Ashcroft and Randle 1970), which initiates metabolization 

through glycolysis and acts as the rate-limiting enzyme in glucose metabolism and insulin 

secretion (Iynedjian 1993, De Vos et al. 1995, Newgard and McGarry 1995, Matschinsky 

1996). In glycolysis, glucose gets converted to the metabolic substrate pyruvate, which was 

discovered among others by G. Embden, O. Meyerhof and J.K. Parnas (Kresge, Simoni and 

Hill 2005). Pyruvate is then transported into the mitochondria where it gets oxidised through 

the tricarboxylic acid (TCA) cycle to produce adenosine-5’-triphosphate (ATP) from adenosine 

diphosphate (ADP) (Berg, Tymoczko and Stryer 2002). The rise in cytosolic ATP 

concentration inside the β cells, and, subsequently, a decrease in magnesium (Mg) ADP that 

shifts the ATP:ADP ratio in favour of ATP, leads to the closure of  plasma membrane localised 

ATP-sensitive potassium (K-ATP) channels (Tarasov, Dusonchet and Ashcroft 2004, Henquin 

2009). The K-ATP channel is composed of two  tetramer forming subunits (Tarasov et al. 

2004). Four inward-rectifier potassium channel subunits (Kir6.2) form the centric pore of the 

K-ATP channel (Inagaki et al. 1995, Sakura et al. 1995). Each Kir6.2 subunit has an integrated 

ATP-binding site, enabling four possible ATP binding events to occur simultaneously (Tucker 

et al. 1997, Craig, Ashcroft and Proks 2008). The Kir6.2 subunits bind one regulatory 

sulfonylurea receptor (SUR)-1 subunit each, which are arranged in a tetramer and form the 

outer part of the K-ATP channel (Aguilar-Bryan et al. 1995). The binding sites for ATP on the 

Kir6.2 subunits have a high selectivity for the adenine base and, although possible, is  

guanosine-5'-triphosphate (GTP) binding less potent than ATP binding events as the half 

maximal inhibitory concentration (IC50) for GTP is 6 mM compared to the IC50 of ATP being 
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~100 µM (Trapp, Tucker and Ashcroft 1997, Tucker et al. 1998). A minimum of two phosphate 

groups are required for channel inhibition, as binding of ATP and ADP lead to similar K-ATP 

channel closures while adenosine monophosphate (AMP) is less effective (Tucker et al. 1998). 

In contrast to the nucleotide binding sites of SUR-1, Kir6.2’s binding sites do not require the 

presence of Mg (e.g. MgADP or MgATP) for inhibition of the K-ATP channel (Ashcroft and 

Rorsman 1989, Gribble, Tucker and Ashcroft 1997, Gribble et al. 1998). In the absence of ATP 

the K-ATP channel is spontaneously and ligand independently active in form of short bursts of 

opening and closing, with long closed states in between, allowing potassium (K+) to flow out 

of β-cells (Craig et al. 2008). ATP can bind to Kir6.2 in the open and closed state of the K-

ATP channel reducing the duration of the opening bursts and prolonging the overall closed 

state preventing K+ to exit the cell (Craig et al. 2008).  

Opposite to the inhibition of K-ATP channels through binding of ATP to Kir6.2, the regulatory 

subunit SUR-1, member of the ATP-binding cassette transporter family (Tarasov et al. 2004), 

activates K-ATP channels through binding of MgATP/MgADP via two cytosolic nucleotide 

binding domains (NBDs) (Nichols et al. 1996, Gribble et al. 1997, Shyng, Ferrigni and Nichols 

1997, Tucker et al. 1997). In contrast to MgADP, MgATP does not directly activate the K-

ATP channel, but hydrolysis of MgATP at the NBD2 results in the production of MgADP 

which then binds NBDs and activates the K-ATP channel (Zingman et al. 2001). In the 

presence of Mg2+ the half maximal inhibitory concentration (IC50) for ATP induced channel 

closure increases from 6-10 µmol/l to 10-30 µmol/l (Gribble et al. 1998). Contrary to the Kir6.2 

subunits, MgGTP/MgGDP are able to activate SUR-1 to a similar extent as MgATP/MgADP 

and guanosine diphosphate (GDP). Opposite to ATP, GTP is able to activate K-ATP channels 

to an even higher extent than MgGDP (Trapp et al. 1997). Although, according to literature, 

mainly involved in the activation of K-ATP channels, mutations in the SUR-1 encoding gene 

ABCC8 resulted in a loss of ATP sensitivity of the K-ATP channel and an impairment of 

glucose sensing, showing that SUR-1 is also involved in the ATP induced closure of K-ATP 

channels (Tarasov et al. 2008). In summary, the activity of the K-ATP channel does not only 

depend on the ATP:ADP ratio, but rather on the ratio of inhibitory binding events of ATP and 

ADP to the Kir6.2 subunits and activating events of MgADP and MgATP binding at the NBDs 

of the SUR-1 subunits (Tarasov et al. 2004). 

Glucose triggers closure of K-ATP channels resulting in a cytoplasmic increase of K+ levels. 

Such increase in intracellular K+ concentration leads to the depolarisation of the β-cell plasma 

membrane leading to an opening of voltage-dependent calcium channels (VDCC) including 
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dihydropyridine-sensitive L-type Ca2+ channels (L-VDCC) (Tarasov et al. 2004, Henquin 

2009, Tsien et al. 1988, Schulla et al. 2003). These are activated by strong membrane 

depolarisation events and are inhibited by low concentrations of Ca2+ antagonist drugs like 

dihydropyridines (Catterall and Striessnig 1992, Striessnig, Berger and Glossmann 1993). L-

VDCC consist of four subunits (α1, α2δ, β and γ) (Curtis and Catterall 1984, Curtis and 

Catterall 1986, Flockerzi et al. 1986, Hosey et al. 1987, Leung, Imagawa and Campbell 1987, 

Striessnig et al. 1987, Takahashi et al. 1987). The α1 subunits of L-VDCC are part of the CaV1 

type family (Snutch and Reiner 1992, Ertel et al. 2000, Catterall 2011) and consist of four 

homologous domains forming the pore of the channel (Takahashi et al. 1987, Tanabe et al. 

1987). Each domain contains six transmembrane segments (S1-6). Between S5 and S6 is a 

membrane associated loop (Takahashi et al. 1987). Depolarisation creates an electric field in 

which the S4 segments move outward and rotate, inducing the conformational changes required 

for L-VDCC opening (Catterall 2011). In contrast to the K+ concentration, intracellular levels 

of  Ca2+ are lower than the extracellular environment of the β-cell. Opening of L-VDCC results 

in Ca2+ influx into the cell and a subsequent rise in the cytosolic Ca2+ concentration (Rorsman, 

Braun and Zhang 2012). Cytosolic Ca2+ concentrations can also be influenced by the release of 

Ca2+ from intracellular stores like the ER controlled by ryanodine and inositol 1,4,5-

triphosphate receptors (Gilon et al. 2014, Yang et al. 2014). Increases in Ca2+ levels result in 

exocytosis of secretory vesicles transporting insulin to the plasma membrane (Hou, Min and 

Pessin 2009).  

Cytosolic Ca2+ is sensed by synaptotagmin III and VII found on the membrane of insulin 

vesicles (Gao et al. 2000, Gut et al. 2001, Fukuda et al. 2004, Wang et al. 2005). The family of 

synaptotagmins is made of two C2 regions which form the majority of its cytoplasmic region 

and are homologues of the regulatory C2 domain of protein kinase C (Perin et al. 1990, 

Fernandez et al. 2001). Both C2 subunits of synaptotagmins are involved in binding Ca2+ 

leading to exocytosis of insulin vesicles through the formation of the large soluble NSF 

attachment protein receptor (SNARE) complexes between the secretory vesicles and the 

plasma membrane (Chapman 2002). The SNARE complex is arranged as four SNARE motifs 

in a twisted parallel bundle of four helices by the interaction of vesicles-SNARE (v-SNARE) 

and target-SNARE (t-SNARE) proteins found on the vesicles and the plasma membrane, 

respectively (Hong 2005, Hou et al. 2009). In the β-cell VAMP2 (Regazzi et al. 1995) is 

identified as a v-SNARE protein and is shown to interact with the t-SNARE proteins syntaxin 
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1 (Martín et al. 1995) and SNAP25 (Gonelle-Gispert et al. 1999) to trigger fusion of the plasma 

membrane with the insulin vesicle, thus leading to insulin release in the circulation.  

Insulin secretion can be amplified by different signals, like glutamate (Maechler and Wollheim 

1999, Gheni et al. 2014) or the generation of cyclic AMP (cAMP) after activation of the Gcg-

like peptide-1 (GLP-1) receptor (GLP-1R) (Drucker 2006, Holst 2007). GLP-1, an incretin 

secreted by L-cells of the gut, promotes insulin gene transcription, the secretion of insulin and 

the loading of glutamate into insulin-containing secretory vesicles (Renström, Eliasson and 

Rorsman 1997, Mortensen et al. 2003, Gheni et al. 2014, Fu, Gilbert and Liu 2013). Studies 

have shown that oral glucose administration triggers a stronger insulin response than 

intravenous administration of glucose through the secretion of GLP-1, known as the incretin 

effect (Nauck et al. 1986, Nauck et al. 1993). Activation of the GLP-1R leads to an increase of 

cytosolic cAMP, generated by the α-subunit of the G-protein of the receptor (Drucker et al. 

1987, Yang, Lee Sr and Wand 1997), which can augment insulin secretion in protein kinase A 

(PKA) dependent and independent manners (Taylor, Buechler and Yonemoto 1990, Renström 

et al. 1997).  

PKA is made of a catalytic subunit and a regulatory subunit containing the cAMP binding site 

and inhibiting PKA function in the absence of cAMP (Taylor et al. 1990, Cheng et al. 2008). 

cAMP binding to the regulatory subunit of PKA induces intra-kinase conformational changes 

leading to its activation and phosphorylation of specific protein substrates  (Taylor et al. 1990). 

Among these are the SUR-1 subunits of the K-ATP channel which promotes inhibition of the 

channel by ADP, thus facilitating insulin secretion (Light et al. 2002). Additionally, L-VDCC 

are phosphorylated by PKA, leading to an increase in Ca2+ influxes into the β-cell (Ämmälä, 

Ashcroft and Rorsman 1993, Rorsman et al. 2012).  

On the other hand, cAMP can regulate insulin secretion in a PKA independent manner through 

the activation of exchange protein directly activated by cAMP (Epac), also known as cAMP-

regulated guanine exchange factor (cAMP-GEF) (Kawasaki et al. 1998, de Rooij et al. 1998). 

Two isoforms of the Epac protein exist, classified by the number of cAMP binding sites, with 

Epac1 having one and Epac2 having two cAMP binding domains (de Rooij et al. 1998, Cheng 

et al. 2008). Both isoforms are expressed in pancreatic β-cells, but only Epac2 regulates 

glucose-stimulated insulin vesicle exocytosis (Leech et al. 2000, Tengholm 2012). The GEF-

function of Epac2 is induced by cAMP binding to the cAMP binding domain of Epac2, which 

activates Rap1 (de Rooij et al. 1998). Rap1 is a member of the Ras superfamily of small 
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GTPases (de Rooij et al. 1998) and, while not directly inducing exocytosis of insulin vesicles, 

is involved in promoting the trafficking of insulin containing secretory vesicles to the plasma 

membrane and increases the number of insulin vesicles recruited and immediately docked to 

the plasma membrane (Shibasaki et al. 2007). Alongside this, Epac2 is able to inhibit the 

function of the K-ATP channels by interacting with SUR-1 subunits, thereby increasing 

cytosolic Ca2+ concentration (Kang et al. 2006). Epac2 is also involved in Ca2+ sensing in β-

cells through the formation of a complex with Rab3 interacting molecule 2 (Rim2) (Ozaki et 

al. 2000) and the cytoskeletal matrix associated with the active zone protein Piccolo (Fenster 

et al. 2000). In the Epac2-Rim2-Piccolo complex, the subunit Piccolo plays the role of the Ca2+ 

sensor, facilitating GLP-1R activated insulin secretion (Fujimoto et al. 2002), while the Epac2-

Rim2 subunits promotes the SNARE complex formation at the plasma membrane leading to 

fusion and exocytosis of insulin vesicles (Ozaki et al. 2000, Kwan et al. 2007). Furthermore, 

cAMP activates the TF cAMP-responsive element-binding protein (CREB), which is involved 

in promoting of β-cell survival by Akt activation, through generation of insulin receptor 

substrate 2, an intermediate of the insulin secretion pathway (Withers et al. 1998, Tuttle et al. 

2001, Jhala et al. 2003). 

Glutamate is described as a major excitatory neurotransmitter with modulatory function within 

pancreatic islets, where it acts as an intracellular messenger linking multiple stimuli for insulin 

secretion together, as well as participating in the exchange between β-cells and other endocrine 

cells of the pancreas (Fahien and Macdonald 2011, Maechler 2013, Prentki et al. 2013, Otter 

and Lammert 2016). Glutamate is produced from either deamination of glutamine by 

glutaminase 2 (Jenstad and Chaudhry 2013, Zhou et al. 2014), or from α-ketoglutarate (αKG) 

within the Malate-aspartate shuttle (Feldmann et al. 2011, Gheni et al. 2014). Alternatively, 

glutamate dehydrogenase (GDH) generates glutamate within the mitochondria from αKG by 

addition of an ammonium ion (Maechler and Wollheim 1999). The transport of glutamate into 

secretory vesicles requires the vesicular glutamate transporters VGLUT1 and VGLUT3 

(Gammelsaeter et al. 2011, Gheni et al. 2014).  
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Figure 1.4: Schematic illustration of insulin secretion from pancreatic β-cells. Glucose metabolism 

increases intracellular ATP levels leading to the closure of K-ATP channels, depolarisation of the plasma 

membrane and opening of voltage-gated L-VDCC . The resulting Ca2+ influx leads to insulin-containing secretory 

vesicle exocytosis. Glutamate, generated from the TCA cycle, gets incorporated into insulin-containing secretory 

vesicles, promoting insulin maturation and secretion. Activation of GLP-1R generates cAMP from ATP, which 

facilitates insulin release by β-cells via PKA and Epac2 activation in a glucose dependent manner. Adapted from 

Otter and Lammert 2016.  

Inside the secretory vesicles, glutamate is thought to contribute to the acidification of those 

vesicles, essential for the exocytosis through vesicles fusion with the plasma membrane, as 

well as the maturation of insulin from proinsulin (Maechler and Wollheim 1999, 

Gammelsaeter et al. 2011, Jenstad and Chaudhry 2013). In summary, while glucose 

metabolism remains the major contributor of insulin secretion, many factors, like incretin 

signalling and glutamate processing, contribute to regulate the release of insulin from β-cells. 
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1.1.5 Peripheral effects of insulin signalling 

The insulin receptor (IR) belongs to the superfamily of receptor tyrosine kinases (RTKs) (Ebina 

et al. 1985, Ullrich et al. 1985) and is part of a subfamily which also comprises the insulin-like 

growth factors I and II receptors and the orphan insulin receptor-related receptor (Jui, Accili 

and Taylor 1996, Pandini et al. 2002, Massoner et al. 2010). The subfamily of insulin receptors 

is an exception to the RTKs, as they exist as a dimer linked by covalent disulphide bonds in 

the absence of the ligand (i.e. insulin) (Berg, J.L. and Stryer 2002). The IR is organised as a 

tetrameric transmembrane protein consisting of two extracellular α-subunits, with ligand 

binding domains (like insulin), and two transmembrane β-subunits (Boucher, Kleinridders and 

Kahn 2014). Insulin binding to the IR induces a conformational change of the receptor, 

resulting in the activation of the kinase activity associated to β-subunits and subsequent 

transphosphorylation of the two β-subunits (Boucher et al. 2014). Phosphorylation allows the 

recruitment of receptor substrates, including the insulin receptor substrates (IRSs) (Sun et al. 

1991, Sun et al. 1995, Lavan et al. 1997, Cai et al. 2003, White 2006, Shaw 2011). IRS proteins 

are tyrosine phosphorylated and induce a cascade of phosphorylation events including the 

activation of the phosphatidylinositol 3-kinase (PI3K) / Akt pathway (Sun et al. 1993). IRS 

recruits and activates PI3K through the binding of the two Src-homology 2 (SH2) domains 

found in the regulatory domain of  PI3K (Sun et al. 1993). Binding of IRS to the SC2 domains 

activates the catalytic subunit of PI3K, which phosphorylates phosphatidylinositol 4,5-

bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3) (Myers et al. 1992, 

Alessi et al. 1997, Shaw 2011). PIP3 recruits 3-phosphoinositide-dependent protein kinase 1 

(PDK-1) to the plasma membrane. PDK-1 activates Akt through phosphorylation (Alessi et al. 

1997). Active Akt mediates the majority of metabolic effects of insulin, including glucose 

transport, lipid synthesis, gluconeogenesis and glycogen synthesis (Boucher et al. 2014). For 

instance, Akt induces phosphorylation of glycogen synthase 3, which results in glycogen 

synthesis in skeletal muscle and liver (Friedrichsen et al. 2013), or the translocation of glucose 

transporter type 4 (Glut4) from intracellular vesicles to the plasma membrane to facilitate 

glucose uptake in fat and muscle cells (Sano et al. 2003) 

Glucose homeostasis is controlled by two different, but interconnected mechanisms: 1) uptake 

of glucose by the liver, muscle and gastrointestinal,  and 2)  suppression of glucose release by 

the liver (Aronoff et al. 2004). The muscle is the major contributor of insulin stimulated glucose 

uptake in the postprandial state (Yang 2014).  
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In fasting condition, Gcg signals to the liver to promote the release of glucose to meet the 

demands of other tissues (Hancock et al. 2010). Gcg binds to its receptor, a member of the G 

protein-coupled receptor family. Activation of the Gcg receptor activates the Gα-cAMP-PKA 

pathway and increases cellular cAMP levels, leading to PKA activation (Jiang and Zhang 

2003). PKA then phosphorylates and activates p44/p42 mitogen-activated protein kinase 

(ERK1/2) which in turn phosphorylates and activates CREB (Dalle et al. 2004). Activation of 

the TF CREB promotes hepatic gluconeogenesis by inducing the expression of peroxisome 

proliferator-activated receptor-γ coactivator 1α (PGC1α) (Herzig et al. 2001). In response to 

feeding, increased circulating insulin and decreased circulating Gcg leads to the inhibition of 

hepatic glucose production (HPG) to prevent hyperglycaemia (Girard 2006). Glucose enters 

hepatocytes mostly through Glut2 and is subsequently phosphorylated by glucokinase to 

produce glycogen (Gould and Holman 1993, Polonsky and Burant 2016). 

The muscle, the major contributor of glucose disposal, is able to take up to 11 ± 0.1 mg of 

glucose per kg leg weight per min, as measured in the leg as the product of arterial-femoral 

venous blood glucose concentration difference and the leg blood flow (DeFronzo et al. 1985). 

Glucose is taken up by Glut4, found on the sarcolemma and transverse tubules (t-tubules) of 

myofibril bundles making the muscle cells (Marette et al. 1992, Wang et al. 1996a). Insulin, 

sensed by insulin receptors, increases the density of Glut4 in sarcolemma and t-tubules. In an 

insulin stimulated state 90% of the Glut4 occurrence is being accounted to the t-tubules (Wang 

et al. 1996a). Glucose is stored as glycogen in skeletal muscles (DeFronzo et al. 1981, Shulman 

et al. 1990). 

While the Adipose tissue only plays a minor role in the direct uptake of glucose, the release of 

free fatty acids (FFA) and adipocytokines by adipocytes play an essential role in preserving the 

insulin sensitivity of the  muscle and liver (Bays, Mandarino and DeFronzo 2004, Groop et al. 

1989, Bergman 2000, Boden 1997). Increases in circulating insulin decrease lipolysis in 

adipocytes, resulting in lowered FFA levels in the plasma (Groop et al. 1989). Lower FFA 

plasma concentrations stimulate the uptake of glucose by the muscle and suppresses HPG 

(Randle et al. 1963, Wititsuwannakul and Kim 1977, Cherrington 1999). 
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1.2 The pathogenesis of T2D 

T2D is characterised by insulin resistance of peripheral tissues, relative insulin deficiency due 

to failing β-cells and individuals therefore develop chronic hyperglycaemia as a result of a 

combination and interaction of genetic, environmental and behavioural risk factors (Maitra and 

Abbas 2005, Chen, Magliano and Zimmet 2012). In T2D the ability of the body to maintain 

normal glucose levels is impaired, resulting in the development of hyperglycaemia the 

characteristic of T2D patients (Kahn 1998). Maintaining normoglycemia is not only dependent 

on insulin secretion by pancreatic β-cells, but also relies on peripheral tissues being responsive 

to a rise in circulating insulin levels which promotes uptake of glucose and suppression of 

glucose production (Kahn et al. 1993, Kahn, Cooper and Del Prato 2014). Indeed, in the 

progression of T2D, it is generally believed that T2D is initiated by an insulin resistance of 

peripheral tissues associated with obesity which results in the need of the β-cells to compensate 

through increases in β-cell mass and elevated insulin secretion (Prentki and Nolan 2006, Weir 

2004).  

 

1.2.1 The aetiology of T2D 

T2D results from insulin resistance and impaired insulin secretion. This malfunction may be 

acquired, hereditary or a mixed form of both (Freeman, Soman-Faulkner and Pennings 2019). 

Acquired factors include aging (Rowe et al. 1983), physical inactivity and nutritional 

imbalance leading to obesity (Aronne and Segal 2002), air pollution (Rao et al. 2015) and 

excessive consumption of alcohol (Lindtner et al. 2013).  

Obesity is the leading risk factor of T2D in humans (Tsigos et al. 2011, Frühbeck et al. 2013). 

The increase in adipose tissue, and in particular visceral adipose tissue, in obese individuals 

leads to an increase in circulating FFA (Giorgino, Laviola and Eriksson 2005). In contrast to 

subcutaneous fat, the visceral adipose tissue  has an increased rate of lipolysis, the source of 

FFA (Giorgino et al. 2005). FFA uptake by muscle and liver promotes the accumulation of 

triglycerides (Perseghin, Petersen and Shulman 2003). The metabolites of triglycerides (i.e. 

fatty acyl-CoAs) have been shown to inhibit insulin function in muscle and liver, leading to 

insulin resistance and preventing the uptake of glucose (DeFronzo 1988, DeFronzo 1997, 

Prentki and Corkey 1996). While obesity and the other acquired risk factors apply to a large 
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portion of individuals practicing similar, unhealthy, lifestyles, T2D develops only in a 

proportion of those individuals (Franks 2011).  

It is believed that a concept of “gene x environment interaction” (GEI) plays a crucial role in 

the development of T2D (Franks 2011) (Fig. 1.5). The concept of GEI refers to differentiating 

susceptibilities of individuals to develop T2D coupled to genetic variations (The InterAct 

2011). 

 

Figure 1.5: Schematic illustration of GEI in the progression of T2D. Genetic variations in certain individuals 

make them more susceptible to T2D. This leads to the development of T2D in a subset of the population even 

though the environmental risk factors are similar. Environmental risk factors include (1) age, (2) excessive alcohol 

consumption, (3) fatty and high sugar diets, (4) sedentary lifestyle and (5) pollution.   
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1.2.2 Linkage, Candidate gene and GWAS studies on T2D 

The estimates for the heritability of T2D vary between 20-80% (Poulsen et al. 1999, Meigs, 

Cupples and Wilson 2000), and the risk to develop T2D in a lifetime is increased in individuals 

with one (40% risk to develop T2D) or two parents (70%) with T2D (Tillil and Köbberling 

1987).  

Linkage studies look at the relation between the inheritance of a locus and the disease (Dawn 

Teare and Barrett 2005). Linkage analyses identified multiple T2D risk genes, including 

Calpain 10 (CAPN10) (Hanis et al. 1996) and TF 7-like 2 (TCF7L2) (Duggirala et al. 1999, 

Reynisdottir et al. 2003, Grant et al. 2006). The function of CAPN10 in glucose metabolism in 

β-cells is still unknown (Song et al. 2004b). Mouse studies revealed many roles of TCF7L2 in 

β-cells including its role as a TF and regulator of the Wnt signalling pathway, that is associated 

with maintaining β-cell mass and the expression of β-cell identity genes such as  insulin 

receptor substrate 1 and 2 (IRS-1/IRS-2), the insulin genes INS1 and INS2 and TFMAF BZIP 

TF A (MAFA) (Takamoto et al. 2014). Further evidence showed the involvement of TCF7L2 

in regulating insulin exocytosis and through regulating the VDCC plasma membrane 

distribution (da Silva Xavier et al. 2009).  

Candidate gene studies investigate mutations and polymorphisms of pre specified genes of 

interest that are already suspected to be involved in the development of a disease. Candidate 

gene studies identified a range of genes associated with T2D, although with a minor role in the 

global burden. These include Peroxisome Proliferator Activated Receptor Gamma (PPARG) 

(Ringel et al. 1999, Clément et al. 2000, Ruchat et al. 2009), IRS-1 and IRS-2 (Clausen et al. 

1995, Le Fur, Le Stunff and Bougnères 2002), Wolframin (WFS-1) (Sandhu et al. 2007, Franks 

et al. 2008) and the Hepatic Nuclear Factors 1A, 1B and 4F (HNF1A, HNF1B and HNF4A) 

(Furuta et al. 2002, Zhu et al. 2003, Muller et al. 2005). Additionally, KCNJ11, the gene 

encoding for the Kir6.2 subunit of the K-ATP channel, was identified to be associated with 

T2D (Hani et al. 1998, Gloyn et al. 2003, Florez et al. 2004, Nielsen et al. 2003).  

T2D genome wide association studies (GWAS), linking commonly occurring single nucleotide 

polymorphisms with a common trait and are able to scan entire genomes for common genetic 

variants, enabled high throughput identification of genes associated to T2D (Ali 2013). GWAS 

studies confirmed the association genes like TCF7L2 to T2D and identified a range of new 

genes including haematopoietically expressed homeobox (HHEX) or the solute carrier family 

30 (SLC30A8) (Strawbridge et al. 2011, Manning et al. 2012, Xu, Wang and Chen 2012). 



39 
 

SLC30A8 encodes for the zinc transporter 8, responsible for the transport of Zn2+ into insulin-

containing secretory vesicles (Davidson, Wenzlau and O'Brien 2014). 

GWAS studies identified many gene variants associated with T2D. However, most of these 

were found in non-coding regions of the genome (Voight et al. 2010, Morris et al. 2012, 

Consortium et al. 2014). The findings imply a regulatory function for these regions. Indeed, 

single nucleotide polymorphisms associated with T2D were mapped closely to long non-

coding RNAs (lncRNAs) that could affect the function of surrounding genes (Morán et al. 

2012). 

In contrast to T2D which involves multiple dysfunctional genes and environmental factors, a 

small percentage (≤ 5%) of non-autoimmune diabetic cases are caused by a mutation within a 

single gene (Ledermann 1995, Shih and Stoffel 2002) also known as monogenic diabetes or  

maturity onset diabetes of the young (MODY) (Shih and Stoffel 2002, Ali 2013). MODY is 

characterised by an early onset of diabetes (< 25 years of age), an inheritance that is autosomal-

dominant and impaired insulin secretion (Shih and Stoffel 2002). The most common forms of 

MODY are mutations in the genes HNF1A (MODY1)(Stride et al. 2005) and GCK (MODY2) 

(Froguel et al. 1993, Pearson et al. 2001). Other genes include human insulin (INS) (MODY10) 

(Edghill et al. 2008, Meur et al. 2010), PDX-1 (MODY4) (Wright et al. 1993, Staffers et al. 

1997, Fajans et al. 2010) and neuronal differentiation 1 (NEUROD1, MODY6) (Malecki et al. 

1999, Kristinsson et al. 2001), a TF essential for β-cell maturation and maintenance of mature 

β-cell functionality (Gu et al. 2010). Although MODY only makes up for a small percentage 

of overall non-autoimmune diabetic cases, polymorphisms in or near those MODY genes 

contribute to the progression of T2D (Vaxillaire, Bonnefond and Froguel 2012). 

 

1.2.3 Alteration of glucose metabolism by insulin resistance in obesity and 

T2D 

Insulin resistance is defined as the reduced biological response, like glucose disposal, by 

peripheral tissues like the skeletal muscle, liver and adipose tissue, to normal or elevated insulin 

levels (Cefalu 2001, Reaven 2004). The link between obesity, insulin resistance and T2D is 

well established (Choi and Kim 2010).  

Although intramyocellular lipid (IMCL) content is a predictor of muscle insulin resistance, 

triglycerides are causative for insulin resistance in the muscle (Goodpaster et al. 2001, Russell 
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et al. 2003). Muscle insulin resistance is associated with an increase in cytosolic diacylglycerol 

(DAG) (Szendroedi et al. 2014). DAGs bind to and activate protein kinase C (PKC)-θ (Hayashi 

and Altman 2007). PKCθ phosphorylates IRS-1 at serine 1101, therefore blocking tyrosine 

phosphorylation by the insulin receptor tyrosine kinase (IRTK). This inhibits the function of 

IRS-1 and prevents downstream Akt activation (Li et al. 2004). Similar findings were reported 

for PKCε in skeletal muscles of obese rats after feeding (Qu, Seale and Donnelly 1999). In 

T2D patients the uptake of insulin stimulated glucose into the muscle is delayed by up to 40 

min and decreased up to 50% in comparison to healthy controls (Butterfield and Whichelow 

1965, Jackson et al. 1973, DeFronzo et al. 1985, Campbell, Mandarino and Gerich 1988, 

Mitrakou et al. 1990, Utriainen et al. 1998). 

In hepatic insulin resistance similar observations were made. In obese rats and patient samples 

of non-insulin-dependent diabetes mellitus PKCε, the primary liver PKC, was induced by 

DAGs (Considine et al. 1995, Samuel et al. 2004). Increases in PKCε were associated with a 

decrease in the activation of IRTK (Samuel et al. 2007). Deletion of the PRKCE gene, coding 

for PKCε, protected mice from diet induced insulin resistance in the liver (Raddatz et al. 2011). 

In T2D patients, HPG is upregulated compared to healthy controls, despite hyperglycaemia 

and elevated insulin levels are present, showing insulin resistance and glucose resistance of the 

liver as part of the progression of T2D (Sharabi et al. 2015). Additionally, hepatic glucose 

uptake after oral glucose administration is decreased in T2D (DeFronzo and Ferrannini 1987, 

Firth, Bell and Rizza 1987, Ferrannini et al. 1988). 

In adipose tissues, the deletion of PKCλ or PKCζ have been shown to inhibit insulin stimulated 

glucose transport and the translocation of Glut4 (Kotani et al. 1998, Bandyopadhyay et al. 

1997). The entry of glucose into adipocytes activates the carbohydrate response element 

binding protein (ChREBP). Adipose-ChREBP expression is directly associated with insulin 

stimulated glucose uptake, therefore improving systemic insulin sensitivity (Herman et al. 

2012). Those findings were confirmed by the implication of adipose-ChREBP to the synthesis 

of branched fatty acid esters of hydroxy fatty acids (FAHFAs) (Yore et al. 2014). The FAHFA 

palmitic-acid-9-hydroxy-stearic-acid (PAHSA) is reduced in adipose tissue and serum of 

insulin resistant humans (Yore et al. 2014). Administration of PAHSA in mice improved 

glycaemia, glucose tolerance and stimulated GLP-1 and insulin secretion (Yore et al. 2014). In 

T2D patients, circulating levels of FFA and lipolysis are increased to failure of insulin to 

mediate its action  (Golay et al. 1984, Golay et al. 1988, Felber et al. 1981). 
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1.2.4 The three stages of pancreatic β-cell failure 

Although initially β-cells can compensate for insulin resistance by secreting higher amounts of  

insulin, eventually hyperglycaemia and hyperlipidaemia associated with insulin resistance 

induces β-cell failure through glucose desensitisation, β-cell exhaustion and gluco- and 

lipotoxicity (Fig. 1.6) (Leahy 2005).  

Glucose desensitisation describes a rapid process in which β-cells lose their ability to sense 

changes in glycaemia after prolonged hyperglycaemia (Rustenbeck 2002, Björklund, Lansner 

and Grill 2000). Desensitised β-cells have a diminished response to additional glucose 

exposures, or other stimuli, like tolbutamide, as seen in human and rat islets (Bedoya and 

Jeanrenaud 1991a, Bedoya and Jeanrenaud 1991b, Davalli et al. 1992). In contrast, desensitised 

β-cells maintain their ability to respond to L-arginine (Bedoya and Jeanrenaud 1991a, Bedoya 

and Jeanrenaud 1991b, Davalli et al. 1992). These findings show, the difference between 

exhausted and desensitised β-cells, as the desensitised β-cells maintain insulin content, but lose 

their ability to respond to stimuli like glucose. The process of glucose desensitisation in β-cells 

is reversible in vivo and in vitro through normalisation of glucose concentrations (Grill, 

Westberg and Ostenson 1987, Anello et al. 1996). 

Exhaustion of β-cells relates to the depletion of intracellular insulin stores induced by exposure 

to prolonged hyperglycaemia (Sako and Grill 1990, Leahy, Bumbalo and Chen 1994). 

Exhaustion of β-cells is a reversible process, as shown on pancreatectomised rats treated with 

diazoxide, an activator of the K-ATP channel (Leahy et al. 1994). Pancreatectomy requires the 

remaining β-cells to compensate through an increase in insulin secretion, eventually exhausting 

the β-cell. Diazoxide was administrated 8-15 days post operation and prevents the secretion of 

insulin in the remaining β-cells. Diazoxide was removed 48h prior in vitro insulin secretion 

assays, allowing the degradation of diazoxide with an half-life of 28h. Islets treated with 

diazoxide maintained their ability to secrete insulin in the in vitro insulin secretion assay, 

opposite to the exhausted control islets (Leahy et al. 1994). The exhausted islet has no defect 

in insulin synthesis, in contrast to the stages of gluco- and lipotoxicity (Robertson et al. 2003). 

Prolonged exposure of β-cells to hyperglycaemia drives them through glucose desensitisation, 

β-cell exhaustion and eventually loss of β-cell function through glucotoxicity (Moran et al. 

1997, Gleason et al. 2000, Poitout and Robertson 2002). Chronic hyperglycaemia is sufficient 

to induce apoptosis of β-cells (Pick et al. 1998, Donath et al. 1999). Moreover, the major 

functional change of β-cells exposed to prolonged hyperglycaemia is the loss of insulin gene 
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expression. In the setting of glucotoxicity, loss of insulin gene expression is associated with a 

decline in the activity and expression of PDX-1 (Olson et al. 1993, Olson et al. 1995) and 

MAFA (Sharma et al. 1995, Poitout, Olson and Robertson 1996). Additionally, reports show 

the activation of the transcriptional repressor of insulin CCAAT/enhancer-binding protein β 

(Lu, Seufert and Habener 1997, Seufert, Weir and Habener 1998) and the proto-oncogene C-

MYC (Jonas et al. 1999) in response to prolonged hyperglycaemia. Biochemically, 

glucotoxicity is thought to induce β-cell failure through reactive oxygen species (ROS) 

generated in the glycation reaction step of glycolysis (Kaneto et al. 1996, Matsuoka et al. 1997, 

Tajiri, Möller and Grill 1997, Ihara et al. 1999, Tanaka et al. 1999). In vitro, treatment of insulin 

secreting HIT-T15 cells with the antioxidant N-acetyl-L-cysteine (NAC), or aminoguanidine 

(AG), an inhibitor of the glycation reaction, rescues insulin gene expression induced by 

hyperglycaemia. In isolated rat islets, treatment with NAC and AG after exposure to increased 

glucose levels in vitro prevented the loss of function and apoptosis of β-cells (Kaneto et al. 

1996, Tajiri et al. 1997). In vivo, NAC- or AG-treated Zucker diabetic fatty rats show a recovery 

of glycemia and insulin gene expression, insulin content and insulin secretion in and from β-

cells (Tanaka et al. 1999). 

The effects of prolonged exposure to hyperlipidaemia result in irreversible deterioration of the 

β-cells, similar to the effects of prolonged hyperglycaemia. While FFA are an essential energy 

source for β-cells in the healthy individual, ongoing exposure increases basal insulin secretion 

by β-cells and inhibits GSIS (McGarry and Dobbins 1999). In the presence of elevated glucose 

levels, FFA suppress insulin gene expression (Ritz-Laser et al. 1999, Gremlich et al. 1997, 

Jacqueminet et al. 2000). This is partially due to the downregulation of PDX-1 by increased 

FFA levels (Martinez et al. 2008). Loss of PDX-1 expression in response to FFA resulted in 

the decrease of Glut2 and Gck levels additionally to insulin levels, showing that FFA also 

induce glucose desensitisation of β-cells (Gremlich et al. 1997). Hyperlipidaemia promotes β-

cell apoptosis both in vitro in isolated rat islets (Maedler et al. 2001a, Cnop et al. 2001), as well 

as in vivo in rats (Pick et al. 1998, Shimabukuro et al. 1998). Biochemically, it shown that 

elevated FFA and glucose levels increase the generation of cytosolic citrate, a precursor of 

malonyl-CoA (Prentki and Corkey 1996, Prentki et al. 2000). Malonyl-CoA inhibits the 

carnitine-palmitoyl-transferase-1 which is responsible for the transport of FFA into the 

mitochondrion (Cook, Otto and Cornell 1983). Without the transport of FFA through the 

carnitine-palmitoyl-transferase-1 long chain fatty acyl-CoAs accumulate in the cytosol, thus 

impairing β-cell function and survival (Prentki and Corkey 1996). 
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Figure 1.6: Schematic illustration of the vicious cycle of insulin resistance and pancreatic β-cell failure. 

Insulin resistance in the liver (2) and peripheral tissues such as the muscle (3) leads to hyperglycaemia. 

Hyperglycaemia induces compensating insulin secretion by the β-cells (1). Insulin resistance in the adipose 

tissue (4) increases lipolysis and circulating FFA. Hyperglycaemia and hyperlipidaemia tip the β-cell over the 

edge. The failing β-cell is not able to secrete sufficient amounts of insulin to maintain euglycemia and normal 

lipid levels. 

 

Studies showed that malonyl-CoA/acyl-CoA accumulation has a lipotoxic effect in the 

presence of elevated glucose levels. This lead to the idea of glucolipotoxicity being the driving 

force of β-cell failure instead of glucotoxicity or lipotoxicity (Prentki and Corkey 1996, Poitout 

and Robertson 2002, Poitout et al. 2010). Indeed it has been shown that β-cells are able to 

compensate for elevated glucose levels (Roche et al. 1997, Roche et al. 1998) or increases in 

FFA concentrations (Prentki et al. 2002), explaining why hyperlipidaemia or hyperglycaemia 

by themselves do not cause clinical relevant β-cell failure according to the glucolipotoxicity 

hypothesis (Prentki and Nolan 2006). 

The decline of β-cell function induced by glucolipotoxicity, combined with hyperglycaemia-

induced apoptosis creates an imbalance in the available insulin to required insulin. The 

increased demand on the remaining β-cells drives them into failure. T2D is classified by this 
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loss of functional β-cell mass and if T2D progression is not treated, insulin replacement therapy 

eventually becomes unavoidable (Leahy 2005, Sakuraba et al. 2002). 

 

1.2.5 Apoptosis of β-cells in T2D  

In T2D, apoptosis has been reported in the pancreas of lean and obese patients (Butler et al. 

2003). Additionally, apoptosis is the main form of β-cell death in T2D as detected by TUNEL 

staining in human donor pancreatic section (Butler et al. 2003).  

Elevated glucose concentrations can cause the apoptosis of β-cells as seen in multiple animal 

models (Donath et al. 1999, Pick et al. 1998, Zini et al. 2008). In human islets, prolonged 

exposure to hyperglycaemia induced the expression of the pro apoptotic BH3-only genes BID 

and BAD and the repression of the anti-apoptotic gene BCL-XL (Federici et al. 2001). 

Interestingly, BAD has a dual role in apoptosis and insulin secretion, as deletion of BAD in 

mice resulted in impaired insulin secretion in response to glucose (Danial et al. 2008). Other 

studies showed the ability of high glucose concentrations to induce the generation of 

intracellular ROS, also through the NOX family of NADPH oxidases, that lead to apoptosis 

(Tanaka et al. 2002, Nakayama et al. 2005, Guichard et al. 2008). Glucose has also been 

reported to induce the gene expression thioredoxin-interacting protein (TXNIP), that induces 

β-cell apoptosis through activating caspase 3 (Chen et al. 2008). Studies in human islets showed 

a release of interleukin (IL)-1β induced by high glucose from intra-islet macrophages and β-

cells. IL-1β induces Fas-triggered apoptosis through activation of the TF Nuclear Factor kappa-

light-chain-enhancer of activated B cells (NF-κB) and increases in Fas receptor levels (Maedler 

et al. 2001b, Maedler et al. 2002). 

Fatty acids also have been shown to induce apoptosis of β-cells. Elevated levels of saturated 

fatty acids, like palmitate, activate ER stress pathways and induce the apoptosis of β-cells 

(Laybutt et al. 2007, Eizirik, Cardozo and Cnop 2008). Additionally, FFA in Zucker diabetic 

fatty rats have been shown to induce apoptosis through de novo ceramide formation and nitric 

oxide generation (Shimabukuro et al. 1998). ER stress can also be induced by overexpression 

of IAPP (Huang et al. 2007). Additionally, elevated IAPP levels have been associated to 

increase in ROS (Zraika et al. 2009). 

β-cells have a highly developed ER due to their role in synthesis and secretion of insulin and 

are therefore susceptible to ER stress (Eizirik et al. 2008). ER stress induces apoptosis through 
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activation of the pro-apoptotic BH3-only protein Bim (Puthalakath et al. 2007), as well as 

induction of the TF CCAAT-enhancer-binding protein homologous protein (CHOP) (Zinszner 

et al. 1998) and homo-oligomerisation of Bak and Bax, resulting in the release of cytochrome 

c from the mitochondria (Wei et al. 2001). 

 

1.2.6 Loss of β-cell identity in T2D 

In T2D, hyperglycaemia occurs as a result of a reduction in the functional β-cell mass (Chen 

et al. 2017). Reduced functional β-cell mass can be due to a reduction in the number or impaired 

identity of  β-cells (Pipeleers et al. 2008, Guo et al. 2013). For a long time, β-cell death has 

been proposed to be the cause for the reduction in β-cell mass (Butler et al. 2003). More recent 

studies indicated that β-cell dedifferentiation represents a novel pathological mechanism in 

T2D (Talchai et al. 2012, Spijker et al. 2013). The first indication for loss of β-cell identity 

induced by chronic hyperglycaemia was found in Sprague-Dawley rats. These animals 

displayed a reduction in the expression of key β-cell marker genes including insulin, GLUT2 

and Kir6.2 and the downregulation of a range of β-cell specific TFs including PDX-1 and 

NKX6.1 (Jonas et al. 1999). Years later,  the concept of β-cell dedifferentiation as a cause of 

T2D was brought back to the scene and shown to be an intrinsic pathological mechanism in 

several diabetic mouse models as well as in biopsies form human T2D patients (Talchai et al. 

2012, Spijker et al. 2015, Cinti et al. 2016a). Controversially, other reports, while not rejecting 

the existence of endocrine cells with altered identity, conclude that this dedifferentiated β-cells 

can’t account for the deficit in functional β-cell mass in T2D (Butler et al. 2016). 

Dedifferentiation of β-cells is characterised by a downregulation of insulin gene expression 

induced by prolonged exposure to hyperglycaemia (Olson, Qian and Poitout 1998, Briaud et 

al. 1999, Marshak et al. 1999). Loss of insulin gene expression has been attributed to reduced 

expression of PDX-1 and MAFA and binding of those TFs to the insulin gene promoter (Olson 

et al. 1998, Poitout et al. 1996, Pino et al. 2005, Matsuoka et al. 2010). 

In other studies, loss of insulin expression was prevented by treatment with antioxidants, 

prompting the idea of oxidative stress being causative for β-cell dedifferentiation (Tanaka et 

al. 1999, Robertson and Harmon 2006). Those findings are supported by reports showing the 

loss of PDX-1 and MAFA expression and DNA-binding activity by hydrogen peroxide (Kaneto 

et al. 2002b, Harmon, Stein and Robertson 2005, Guo et al. 2013). Further evidence was 
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presented in studies with transgenic expression of the antioxidant glutathione peroxidase 

showing rescue of reduced MAFA expression levels in db/db mice (Harmon et al. 2009, Guo 

et al. 2013) and prevention of loss of PDX-1 and MAFA expression in diabetic rat islets by 

administration of the glutathione peroxidase mimetic ebselen (Mahadevan et al. 2013). 

Additionally, it suspected that ER-stress affects the specificity of inositol-requiring enzyme 1 

(IRE1), resulting in the cleavage of RNAs of the ER, including insulin (Hollien and Weissman 

2006, Pirot et al. 2007, Lipson, Ghosh and Urano 2008, Han et al. 2009, Hollien et al. 2009). 

Recent studies showed the involvement of microRNAs (miRNAs) in the dedifferentiation of 

β-cells. The upregulation of miRNA (miR)-204 by high glucose induced TXNIP resulted in 

reduced MAFA expression (Shalev et al. 2002, Saxena, Chen and Shalev 2010, Xu et al. 2013). 

Other examples are the downregulation of NEUROD1 expression by upregulation of miR-30a-

5p (Kim et al. 2013b) and the reduction of insulin biosynthesis by miR-133 (Fred et al. 2010). 

Both, miR-30a-5p and miR-133, were induced by elevated glucose levels in cultured cells and 

human islets, respectively (Kim et al. 2013b, Fred et al. 2010). In islets of T2D patients miR-

124a was upregulated and shown to target FOXA2 and NEUROD1 in Min6 cells (Sebastiani et 

al. 2015). 

The expression of insulin gene expression has also been shown to be affected through activity 

of transcriptional repressor proteins. Elevated glucose levels have been demonstrated to induce 

the expression of V-Myc Avian Myelocytomatosis Viral Oncogene Homolog (C-MYC), which 

inhibited Neurod1 mediated activation of the transcription of insulin (Kaneto et al. 2002a). C-

MYC is a response gene of oxidative stress (Elouil et al. 2005, Jonas et al. 2009) that is associate 

with β-cell dedifferentiation and has been proposed to be negatively regulated by Pdx-1 (Jonas 

et al. 2001, Laybutt et al. 2002, Chen et al. 2007, Pascal et al. 2008, Robson et al. 2011). In 

recent studies, PDX-1 repression by V-ets avian erythroblastosis virus E26 oncogene homolog 

1 (ETS1) in a setting of glucotoxicity was observed (Chen et al. 2016). ETS1 was suggested to 

interact with transcription factor forkhead box O1 (Foxo1) to increase PDX-1 promoter binding 

(Chen et al. 2016). Previously, Foxo1 has been shown to repress Foxa2-dependent PDX-1 

expression and Pdx-1 translocation in the setting of oxidative stress (Kitamura et al. 2002, 

Kawamori et al. 2006). Interestingly, the role of FOXO1 is multifunctional. Contrary to the 

previous discussed role of ETS1/Foxo1, evidence shows a protective role for Foxo1 under 

oxidative stress through promoting NEUROD1 and MAFA expression (Kitamura et al. 2005). 

Those findings are supported by studies of FOXO1 deletion in β-cells of mice resulting in the 

dedifferentiation of β-cells (Talchai et al. 2012). 
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Dedifferentiation is not solely induced by TF action upstream of insulin gene expression. 

Indeed, studies have shown the involvement of various β-cell key TFs in inter-regulation and 

in maintaining β-cell enriched genes, like GLUT2 and GCK. In addition to PDX-1, MAFA and 

NEUROD1, TFs including HNF1α, HNF4α, FOXA2, NKX6.1 and PAX6  were demonstrated 

to play an important role in maintaining β-cell identity (Cha et al. 2000, Ben-Shushan et al. 

2001, Shih et al. 2001, Sund et al. 2001, Samaras et al. 2002, Shih et al. 2002, Samaras et al. 

2003, Pedersen et al. 2005). 

Due to the close relation between TFs expression patterns and the maintenance of β-cell 

identity, the effects of TF deletion, additionally to Foxo1 knockout (Talchai et al. 2012), were 

subsequently thoroughly investigated. Deletion of PDX-1 in mouse β-cells resulted in the loss 

of β-cell identity, severe hyperglycaemia within days and β-cells acquired α-cell features, 

including the expression of mouse α-cell TF MAFB (Gao et al. 2014). Similar to PDX-1 

deletion, genetic knockout of NKX2.2 in β-cells of mice resulted in the loss of β-cell enriched 

genes, like GLUT2 and NKX6.1, and occurrence of atypical hormones (Gcg, Sst and Ppy) in β-

cells (Gutiérrez et al. 2017). The selective deletion of PAX6 in β-cells of mice resulted in lethal 

hyperglycaemia and ketosis and were attributed to a loss of β-cell function, a switch from 

insulin to ghrelin synthesis and expansion of α-cells (Swisa et al. 2017) 

The correct activation of β-cell enriched gene expression is not only dependent on the 

expression of upstream TFs, but also in the correct assembly of transcriptional complexes. LIM 

domain-binding protein 1 (LDB1), regulator of the transcriptional activity of TFs with a LIM-

domain, was demonstrated to be enriched at DNA regions bound by Pdx-1, Nkx2.2, Nkx6.1 

and Foxa2 (Ediger et al. 2017). LDB1 enrichment in an active enhancer near GLUT2 was 

reduced in islets from T2D patients and deletion of LDB1 in mouse β-cells has been reported 

to decrease the expression of β-cell enriched genes including GLUT2, MAFA and the Kir6.2 

encoding gene KCNJ11 (Ediger et al. 2017). Additionally, increases in the repressive DNA 

methylation mark in T2D were reported at promoter and enhancer regions of PDX-1, as well 

as in the GLP-1R promoter (Yang et al. 2012, Hall et al. 2013). Together, the research shows 

the importance of correct TF expression and their regulation in maintaining the functional 

identity of β-cells.  

Additionally, inflammation is a potential factor in β-cell dedifferentiation.  Proinflammatory 

cytokines, released in chronic hyperglycaemia by immune cells, endothelial cells and adipose 

tissue, have been proposed to be involved in the dedifferentiation of β-cells (Donath and 
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Shoelson 2011, Nordmann et al. 2017). In islets of T2D patients, immune cell infiltration is 

increased (Nordmann et al. 2017). Mouse and human islets treated with pro-inflammatory 

cytokines, like IL-1β, IL-6 and TNFα, showed reduced mRNA levels of β-cell genes like 

insulin or Foxo1 (Nordmann et al. 2017). Db/db mice treated with anti-inflammatories (e.g. 

anti-IL-1β antibody) improved islet insulin content and glucose clearance of those animals 

compared to controls (Nordmann et al. 2017). 

Studies in mice showed that viral infections, like Coxsackievirus B4, induces a diabetic 

phenotype (Gerling, Nejman and Chatterjee 1988). Later, transfection of the human β-cell line 

(EndoC-βH1) with double strand RNA (PolyI:C) that mimics a by-product of viral replication, 

revealed the downregulation of β-cell gene expression in transfected cells (Oshima et al. 2018). 

This dedifferentiation of β-cells was accompanied with de-repression of progenitor cell 

markers, such as SOX9 (Oshima et al. 2018). Together, these studies show the involvement of 

viral infections in the dedifferentiation of β-cells. 

 

1.2.7 Current treatments for T2D 

While insulin treatment is only necessary for patients suffering from late stage T2D, the 

majority of T2D patients can be treated with oral drugs and changes in lifestyle (e.g. improved 

diet and increase in exercise)(Nathan 2002). Four common, of all currently available drug 

classes used for the treatment of T2D, are: 1) biguanides, 2) sulfonylureas, 3) incretin mimetics 

and 4) DPP-4 inhibitors (Tahrani et al. 2011). The most commonly prescribed drug, due to its 

cost effectiveness and safety, is the biguanide metformin (Rena, Hardie and Pearson 2017). 

Metformin improves insulin sensitivity in peripheral tissues including the muscle by increasing 

activity of the insulin receptor tyrosine kinase, elevated glycogen synthesis and an upregulation 

of glucose transporter 4 (Glut4) recruitment and activity (Giannarelli et al. 2003). Additionally, 

metformin activates AMP-activated protein kinase (AMPK) (Zhou et al. 2001). In hepatocytes, 

metformin-induced AMPK activation inhibits acetyl-CoA Carboxylase activity, which 

promotes the oxidation of fatty acids, thus decreasing HGP (Zhou et al. 2001). In skeletal 

muscles, activation of AMPK coincides with the increase of glucose uptake (Zhou et al. 2001). 

However, biguanides like metformin and phenformin have been shown to cause lactic acidosis 

(Blackshear 1977, Misbin 1977, DeFronzo et al. 2016). Therefore phenformin has been 

withdrawn in many countries, whereas metformin, only reported to affect a subset of 

susceptible individuals, is still available (Misbin 2004, Olokoba, Obateru and Olokoba 2012). 
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Sulfonylureas, like tolbutamide, inhibit the SUR-1 regulatory subunit of the K-ATP channel to 

induce a closure of K-ATP channels and resulting in the depolarisation of the plasma 

membrane, thereby promoting insulin secretion by β-cells (Proks et al. 2002). The risks 

associated with sulfonylurea usage include hypoglycaemia due sulfonylurea’s ability to 

effectively stimulation insulin secretion (Chiniwala and Jabbour 2011) as well as undesirable 

weight gain (Nathan et al. 2008).  

Similar to the incretin GLP-1, incretin mimetics potentiate glucose-stimulated insulin 

secretion, induce weight loss through appetite regulation and improve β-cell viability through 

their anti-apoptotic effects (Campbell and Drucker 2013). In contrast to tolbutamide, incretin 

mimetics have lower risks to induce hypoglycaemia due to their dependency on glucose 

(Jackson et al. 2010). However, incretin mimetics have adverse effects, including disturbance 

of  gastrointestinal tract, nausea and an increase risk to develop pancreatitis (Buse et al. 2009, 

Meier 2012, Meier and Nauck 2014). DPP-4 inhibitors, like sitagliptin, block the function of 

the enzyme dipeptidyl peptidase-4 (DPP-4) and increase the half-life of GLP-1 in the 

circulation (Deacon 2011). An increase in active circulating GLP-1 enhances glucose-

dependent insulin secretion and therefore improves glycaemic control in T2D patients (Ahrén 

et al. 2002). Adverse side effects reported for sitagliptin include upper respiratory tract 

infections, nasopharyngitis and headache (Pathak and Bridgeman 2010).  

 

1.3.1 Epigenetics and the development of pancreatic β-cells 

The differentiation of a cell requires a precise order of gene expression patterns to ensure the 

correct lineage commitment and cell fate determination required for organ function (Boland, 

Nazor and Loring 2014). Epigenetics, defined as “a stably heritable phenotype resulting from 

changes in a chromosome without alterations in the DNA sequence” (Berger et al. 2009), 

enable this kind of temporal control over the expression of specific genes. Epigenetic regulation 

of cell differentiation is mediated by DNA methylation of deoxycytidine residues, the 

posttranslational modification of histone tails, nucleosome remodelling and regulation of 

chromatin structure and chromosome organisation through long non-coding RNAs (Boland et 

al. 2014). 

DNA methylation is an epigenetic mark associated with transcriptional repression and was 

mainly studied at methylation of cytosine at the C5 position by DNA methyltransferases 
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(Bestor et al. 1988, Okano, Xie and Li 1998, Yoder and Bestor 1998, Bestor 2000, Cheng and 

Blumenthal 2008, Moore, Le and Fan 2013). Although methylation of the C5 position of  

cytosine is the most studied, methylation of other nucleobases like adenine at the N6 and 

guanine at the N7 position to be involved in gene transcription regulation has been shown 

(Herron and Shank 1981, Thomas et al. 2013, Iyer, Zhang and Aravind 2016). Additionally, 

while transcriptional repression is to date the more common function of DNA methylation, 

activation of gene transcription has been reported, as for example for FoxA2 in β-cells (Bahar 

Halpern, Vana and Walker 2014).  

C5 cytosine DNA methylation occurs at cytosines preceding a guanine nucleotide, so called 

CpG sites (Jaenisch and Bird 2003, Antequera 2007, Portela and Esteller 2010). DNA 

methylation in intergenic regions, like transposable and viral elements, results in their 

inactivation, preventing gene disruption and DNA mutation (Michaud et al. 1994, Kuster et al. 

1997, Wu et al. 1997, Gwynn et al. 1998, Ukai et al. 2003, Schulz, Steinhoff and Florl 2006). 

CpG islands are likely to enhance binding of TFs to transcriptional start sites, and 

approximately 70% of gene promoters are within CpG islands (Saxonov, Berg and Brutlag 

2006, Moore et al. 2013). Methylation of CpG islands is suggested to impair TF binding and 

recruit transcription repressing methyl binding proteins, like MeCP2 (Wade 2001, Moore et al. 

2013). DNA methylation in the gene body is, as in promoter regions, associated with 

transcriptional repression, particularly in differentiated cells (Aran et al. 2010, Brenet et al. 

2011, Guo et al. 2011, Xie et al. 2012). Studies propose that gene body DNA methylation is 

associated with increased gene expression in highly dividing cells (Hellman and Chess 2007, 

Ball et al. 2009, Aran et al. 2010). 

DNA methylation interacts with various other epigenetic modulators, including histone 

modifications (Suzuki and Bird 2008). Histone modifications are associated with either 

repressive or activating functions on transcriptional expression. For instance Histone 3 Lysine 

27 trimethylation (H3K27me3), catalysed by the SET domain of the Ezh2 component of the  

Polycomb Repressive Complex 2 (PRC2), catalyses the trimethylation of H3K27 to the 

repressive H3K27me3 mark (Wiles and Selker 2017). H3K27me3 can be recognised by the 

Polycomb Repressive Complex 1 (PRC1), which is proposed to be involved in transcriptional 

repression through monoubiquitinylation of H2AK119 and chromatin compaction (Cao et al. 

2002, Fischle et al. 2003, Min, Zhang and Xu 2003, de Napoles et al. 2004, Wang et al. 2004, 

Eskeland et al. 2010).  
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Acetylation of histones is controlled by histone acetyl transferases (HATs) and histone 

deacetylases (HDACs). H3K9 and H3K14 are present at active promoters and enhancers, as 

well as bivalent promoters and often occur in the same regions of the genome (Wang et al. 

2009, Anamika et al. 2010, Karmodiya et al. 2012) 

H3K4 is trimethylated by family members of the COMPASS methylases (Shilatifard 2012). 

H3K4me3 is associated with transcriptional activation through recruitment of the chromatin 

remodelling factors Chromodomain-helicase-DNA-binding protein (CHD) 1 (Flanagan et al. 

2005) and BPTF (Li et al. 2006) and prevents the binding of the repressive INHAT (Schneider 

et al. 2004) and nucleosome remodelling and deacetylase activities (NuRD) (Nishioka et al. 

2002a) complexes. 

Indeed, previous studies showed that epigenetic regulation of gene expression is crucial in early 

development of the pancreas and enables commitment of cells into either pancreatic or hepatic 

cell fates (Fig. 1.7) (Xie, Carrano and Sander 2015). Both the pancreas and the liver are formed 

from a subpopulation of cells in the ventral foregut during development (Xie et al. 2015). 

Specific chromatin modifications near pancreas specific regulatory sequences control the 

lineage commitment of the ventral foregut cells, including deposition of the repressive  

H3K27me3 and the active H3K9K14Ac (Xu et al. 2011). The combination of both marks 

results in a poised chromatin state for potential future activation (Xu et al. 2011). However, 

those marks are poorly represented in regulatory sequences driving hepatocyte differentiation. 

Inactivation of the histone methyltransferase Ezh2 favours the pancreatic fate (Xu et al. 2011). 

Additionally, inactivation of acetyltransferase p300 activity prevents the required de novo 

acetylation at liver specific elements and results in an increase in pancreatic lineage 

commitment (Xu et al. 2011). These findings demonstrate how epigenetics regulate cell lineage 

commitment regulation to ensure correct organ formation. 

In pluripotent embryonic stem (ES) cells,  a large number of developmental genes are found in 

a so-called bivalent state marked by repressive H3K27me3 and the active H3K4me3 (Bernstein 

et al. 2006). Recent studies showed that during the differentiation of ES cells into β-cells, the 

bivalent sate is resolved in favour of H3K4me3 at core β-cell genes leading to the activation of 

β-cell gene programs (Xie et al. 2013a, Bramswig et al. 2013, van Arensbergen et al. 2010). 

This epigenetic plasticity enables the reprogramming of pancreatic α-cells, which exhibit an 

increase in bivalent genes compared to the monovalent state of H3K4me3 modification at β-

cell genes in β-cells (Bramswig et al. 2013).  
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Other groups revealed the importance of HDAC in the differentiation of the different endocrine 

cell types. Indeed, different classes of HDAC were found to be essential for the development 

of pancreatic endocrine cells. HDAC class I (HDAC-I) members favour the development of 

pancreatic β- and δ-cells, while inhibiting the differentiation to α- and γ-cells (Haumaitre, 

Lenoir and Scharfmann 2008). In contrast, genetic deletion of HDAC class IIa (HDAC-IIa) 

members prompts the formation of β- and δ-cells (Lenoir et al. 2011). 

 

Figure 1.7: Schematic illustration of epigenetic factors involved in pancreas development. Loss of the 

repressive H3K27me3 marks drives foregut progenitor cells into the pancreatic and eventually endocrine progenitor 

cell fate. De novo acetylation in foregut progenitors favours the liver lineage fate. Histone acetylation/deacetylation 

dynamics determine the specification of the endocrine progenitors. Adapted from Xie et al. 2015.  

 

1.3.2 Epigenetics, pancreatic β-cell identity and T2D 

As discussed earlier, epigenetic regulation plays a crucial role in the differentiation of the β-

cell during development. Therefore, it is not surprising that dysregulation of key epigenetic 

modifiers is associated with the loss of mature β-cell identity genes and the development of 

T2D. For example, β-cell-specific Dnmt3a knockout mice show the de-repression of the 

developmental genes hexokinase 1 (HK1) and lactate dehydrogenase A (LDHA), which results 

in the loss of GSIS (Dhawan et al. 2015). Aging is a risk factor of T2D (Yakaryılmaz and 

Öztürk 2017) and DNA demethylation plays an essential role in the β-cell of aging mice 

(Unnikrishnan et al. 2019). When comparing young to old mice, reports showed a 
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demethylation of enhancers of key β-cell genes, such as insulin, and target genes of β-cell TFs 

like Pdx-1, Neurod1 and Foxa2 (Avrahami et al. 2015). 

Epigenetic regulation plays an important role in maintaining functional identity of mature β-

cells. The β-cell specific inactivation of Dnmt1 triggers the transdifferentiation of β- to α-cells 

and therefore the loss of functional β-cell mass (Dhawan et al. 2011). The α-cell marker Arx is 

repressed in β-cells through methylation of the promoter by the DNA methyltransferases 

Dnmt3a and Dnmt1 (Dhawan et al. 2011, Papizan et al. 2011). Dnmt3a also promotes silencing 

of Arx through the recruitment of HDAC-1 to the promoter, as it removes the activating histone 

acetylation mark (Papizan et al. 2011). In addition, methylation of the DNA enables methyl-

DNA binding protein MeCP2 to be recruited to the promoter of Arx. MeCP2 mediates the 

recruitment of a complex of proteins including the methyltransferase Prmt6, which mediates 

repression through histone arginine methylation (Dhawan et al. 2011).  

In previous studies, it has been demonstrated that the histone methyltransferase Set7/9 is 

required to maintain gene expression of genes involved in GSIS like INS1, INS2, GLUT2 and 

MAFA (Deering et al. 2009). Set7/9 is thought to interact with factors like Pdx-1 and its 

depletion results in the loss of the gene transcription activating H3K4me2 mark at GSIS genes 

like INS1, INS2, GLUT2 and MAFA (Deering et al. 2009). Studies have also shown an age-

dependent decrease in the Polycomb group of proteins Bmi1 and Ezh2 (Chen et al. 2009, 

Dhawan, Tschen and Bhushan 2009). Loss of Bmi1 and Ezh2 is associated with the de-

repression of Cdkn2a (Chen et al. 2009, Dhawan et al. 2009). Cdkn2a encodes for the cyclin-

dependent kinase inhibitor p16INK4a which has been shown to inhibit β-cell proliferation 

(Krishnamurthy et al. 2004). 

Recent studies investigating the DNA methylation profile in T2D patients compared to healthy 

controls identified a list of genes with alternated methylation patterns in the promoter of key 

β-cell genes (Volkmar et al. 2012, Dayeh et al. 2014). These results were confirmed by Lu et 

al. which they also extended into diabetic mouse models (Lu et al. 2018). In these studies, the 

authors show that the loss of β-cell markers, such as PDX-1, MAFA and NKX6.1 is associated 

with reduced levels of H3K27me3 due to the dysfunction of PRC2 (Lu et al. 2018). β-cell 

specific knockout of embryonic ectoderm development (Eed) PRC2 subunit in mice resulted 

in the loss of several β-cell markers, de-repression of pancreatic progenitor markers, such as 

GATA6 and GATA4, and the expression of the dedifferentiation marker GLI Family Zinc Finger 

2 (Lu et al. 2018). 



54 
 

1.4 Chromatin remodelling complexes 

Epigenetic control of gene expression is further achieved through nucleosomal repositioning 

by ATP-dependent chromatin remodelling complexes (Wu 1997). ATP- dependent chromatin 

remodelling complexes have an ATPase subunit that belongs to the family of SNF2 DNA 

helicases (Eisen, Sweder and Hanawalt 1995). These can be divided into four subfamilies based 

on sequence similarities of the ATPase subunit: 1) mammalian switch/sucrose non-fermentable 

(mSWI/SNF), 2) imitation SWI (ISWI), 3) chromodomain helicase DNA-binding (CHD, e.g. 

in the NuRD complexes) and 4) INO80 complexes (Hota and Bruneau 2016, Hoffmeister et al. 

2017). In addition to the catalytic  ATPase subunit,  several regulatory subunits are found to 

interact together and form large molecular complexes. (Hota and Bruneau 2016). The 

regulatory subunits modulate the ATPase activity and are involved in their recruitment to 

specific genomic regulatory sequences (Cairns et al. 1996, Clapier and Cairns 2012, Chen, 

Conaway and Conaway 2013, Hota et al. 2013, Sen et al. 2013).  

 

1.4.1 The mSWI/SNF complexes 

The mSWI/SNF complexes family was first discovered in yeast in genetic screens aimed at 

unravelling mutations in genes involved in mating-type switching (SWI) and sucrose 

fermentation (SNF) (Workman and Kingston 1998, Sudarsanam and Winston 2000). 

mSWI/SNF complexes are around 1.5-2 MDa large complexes (Workman and Kingston 1998, 

Vignali et al. 2000, Hargreaves and Crabtree 2011), and are in general thought to stimulate 

transcriptional gene  activity (Ryan, Jones and Morse 1998), although few reports have also 

shown a role in transcriptional repression (Wang et al. 1996b, Ho and Crabtree 2010). 

mSWI/SNF complexes are composed of evolutionary conserved subunits (Tang, Nogales and 

Ciferri 2010). In higher eukaryotes, the increasing complexity of the chromatin through an 

increase in genome size, DNA methylation and a more complex organisation of the genome 

required for the mSWI/SNF complexes to adapt through substitution or the addition of 

regulatory subunits (Tang et al. 2010). In mammals, the mutual exclusive Brahma (Brm) and 

Brg1 proteins form the ATPase core subunit of the mSWI/SNF complexes (Fig. 1.8) (Khavari 

et al. 1993, Muchardt et al. 1996, Tang et al. 2010).  
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Figure 1.8: Schematic illustration of the arrangement of the mSWI/SNF complex subunits in mammals. 

The potential different exclusive isoforms of the regulatory subunits are indicated (e.g. BAF60 A or B or C). The 

catalytic ATPase core subunit is either Brg1 or Brm. Adapted from Spaeth et al. 2019.  

 

Around the Brg1 or Brm core subunit are at least 14 different regulatory subunits arranged to 

form the mSWI/SNF complexes, also known as Brm/Brg1-associated factor (BAF) complexes 

in mammals (Fig. 1.8) (Hota and Bruneau 2016). A range of those regulatory subunits (BAF60, 

BAF45, BAF53, BAF250, Bcl7 and Bcl11) exist in different exclusive isoforms (Kaeser et al. 

2008, Tang et al. 2010, Middeljans et al. 2012, Kadoch et al. 2013, Wischhof et al. 2017). 

mSWI/SNF complex function depends on the incorporation of specific isoforms of regulatory 

subunits (Goljanek-Whysall et al. 2014, Saccone et al. 2014).  

mSWI/SNF complexes have essential roles in regulating cell differentiation during  

development in many different tissues, including  hair follicles and skin (Xiong et al. 2013, 

Indra et al. 2005), heart (Takeuchi et al. 2011, Li et al. 2013), skeletal muscle (Albini et al. 

2015, Mallappa et al. 2010), immune cells (Choi et al. 2012, Chi et al. 2003) and brain (Kim et 

al. 2001, Marathe et al. 2013). Interestingly, most of the mentioned studies, investigating the 

role of mSWI/SNF complexes in the development of different tissues revealed a dominating 
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role for Brg1 versus Brm to be the driver of differentiation. In those studies, deletion of Brg1 

affected the correct formation of the specific tissues 

 

1.4.2 Role of mSWI/SNF in cancer  

The role of the mSWI/SNF complexes in tumorigenesis is well confirmed, with recent studies 

showing a mutation in genes encoding for mSWI/SNF complex members in approximately 

20% of all human tumours (Kadoch et al. 2013). Extended research established the mSWI/SNF 

complexes as critical epigenetic regulators of metabolism, cell cycle and oncogenic pathways 

in cancer development (Wiegand et al. 2010, Li et al. 2011, Varela et al. 2011, Wilson and 

Roberts 2011, Shain et al. 2012, Shain and Pollack 2013, Masliah-Planchon et al. 2015). 

Pancreatic ductal adenocarcinoma (PDAC) accounts for 90% of pancreatic cancer cases (He et 

al. 2018). Activating mutations of KRAS are present in 95% of PDAC cases and often 

accompanied with loss of CDKN2A, TP53, SMAD4, and BRCA2 expression (Rozenblum et al. 

1997, Gharibi, Adamian and Kelber 2016). KRAS expression together with loss of GATA6 has 

been associated with dedifferentiation and stem cell-like properties in PDAC and acinar cells 

(Hermann et al. 2014). Additionally, dedifferentiation of pancreatic cancer cells has been 

associated through Dnmt1 induced silencing of Krüppel-like factor 4 (KLF4) (Xie et al. 2017b). 

Induction of miR-152 expression inhibited DNMT1 expression and subsequently induced 

KLF4 expression. Re-expression of KLF4 resulted in reduced cell growth in vitro and 

tumorigenesis mouse models of pancreatic cancer (Xie et al. 2017b). 

The regulatory subunit isoform BAF250A has been reported to be mutated in pancreatic cancer 

cells (Biankin et al. 2012). In a study assessing the clinical relevance of the mSWI/SNF in 

pancreatic cancer, high expression levels of BRG1 and BRM correlated with a worsened 

phenotype, including larger tumour size and increased invasiveness (Numata et al. 2013). 

Those findings suggest a similar role of Brg1 and Brm in pancreatic cancer. On the other hand, 

high levels of BAF180 were associated with a decrease in tumour size and BAF47 was related 

with negative lymphatic invasiveness. Additionally, high Brm and low BAF180 levels were 

independent indicators of poor survival (Numata et al. 2013). Those findings were supported 

by studies presenting intraepithelial neoplasia–derived pancreatic ductal adenocarcinoma 

(PDAC) that originated from acinar cells required positive regulation of SOX9 expression by 

Brg1 (Tsuda et al. 2018). Interestingly, other studies showed a tumour suppressive role for the 
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mSWI/SNF complexes, where re-expression of BRG1 and BRM in pancreatic cancer cell lines 

deficient for both genes show reduced cell growth and induction of senescence (Shain et al. 

2012). 

 

1.4.3 Role of mSWI/SNF in metabolic and insulin responsive tissues  

Surprisingly, not much evidence is found for the involvement of the mSWI/SNF complexes in 

the regulation of β-cell function in adulthood. McKenna et al. first showed the involvement of 

the mSWI/SNF complexes in glucose homeostasis, postulating an opposing role of Brm and 

Brg1 mSWI/SNF complexes in the regulation of genes involved in GSIS (McKenna et al. 

2015a). According to their studies, elevation of glucose levels induces a switch in the 

recruitment from the Brm to the Brg1 containing mSWI/SNF complexes. Following its 

interaction with the Brg1 subunit, mSWI/SNF induce transcription of insulin and other genes 

involved in insulin biosynthesis and secretion, such as GLUT2 and MAFA (McKenna et al. 

2015a). They identified Pdx-1 as a major TF recruited with the mSWI/SNF complexes. While 

BRG1 and BRM expression were not altered in T2D patient samples, interaction of Pdx-1 with 

Brg1 was perturbed in accordance with loss of PDX-1 expression. Interestingly, Pdx-1:Brm 

interaction was not altered in T2D patients, suggesting that the switch from Pdx-1:Brm to Pdx-

1:Brg1 is dysfunctional due to decreased Pdx-1 levels  (McKenna et al. 2015a).  

Very recent studies revealed that embryonic deletion of Brg1 reduced the proliferation 

capability of pancreatic progenitor cells and resulted in pancreas hypoplasia (Spaeth et al. 

2019). In adult mice, the combination of Brg1 and Brm β-cell specific deletion was necessary 

to perturb β-cell function, suggesting a redundant role of Brg1 and Brm in β-cells (Spaeth et 

al. 2019). Deletion of Brg1 and Brm resulted in reduced expression of insulin and other key 

metabolic genes (Spaeth et al. 2019). 

In the liver, Brg1 is involved in proliferation processes, as seen by upregulation of BRG1 

expression in mice subjected to partial hepatectomy. Hepatocyte specific deletion of BRG1 

resulted loss of liver to body weight ratio and decreases in hepatocellular proliferation 48 hours 

after partial hepatectomy compared to Wt mice (Wang et al. 2019a). Other studies show the 

involvement of BAF60A in fatty acid β-oxidation in the liver (Li et al. 2008) and determine it 

as a diet-sensitive subunit of the mSWI/SNF complexes in the liver controlling whole body 

cholesterol homeostasis (Meng et al. 2015a). 
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 In brown adipose tissue, inhibition of the histone reader regulatory subunit BAF45C resulted 

in the decrease of brown adipocyte specific gene expression, including UCP2 and DIO2 

(Shapira et al. 2017). BAF45C has been shown to interact with transcription factor early B-cell 

factor 2 (EBF2) in brown adipocytes and supports Brg1 binding to brown adipose genes UCP1 

and PPARA (Shapira et al. 2017). 

 

1.4.4 The mechanism of mSWI/SNF chromatin remodelling 

mSWI/SNF complexes utilise the energy liberated from  hydrolysis of ATP into ADP to move 

the position of nucleosomes (Fig. 1.9) (Wu 1997). In the first step, the mSWI/SNF complex 

binds to the nucleosome. This process of binding occurs with a nanomolar dissociation constant 

(Lorch et al. 1998) in a way that prevents nucleosomal DNA to be  digested by nucleases (Saha, 

Wittmeyer and Cairns 2005). The catalytic ATPase subunit, also named translocase domain, 

of the mSWI/SNF complexes is proposed to consist of a torsion and a tracking subdomain and 

binds approximately two turns from the dyad axis, the central axis of the nucleosome core 

particle (Schwanbeck, Xiao and Wu 2004, Zhang et al. 2006, Zofall et al. 2006). Hydrolysis of 

ATP induces loss of DNA – histone contacts and creates a transient DNA loop that transmits 

through the first DNA gyre onto the second DNA gyre and the loop resolves upon reaching the 

exit site on the other side of the nucleosome (Havas et al. 2000). This process shifts the 

nucleosome unidirectional, ensured by the tracking domain, along the DNA (Havas et al. 2000). 

Afterwards the mSWI/SNF complex resets its original position and is ready for a new cycle 

(Havas et al. 2000). 

 

Figure 1.9: Schematic illustration of the mechanism of chromatin remodelling by mSWI/SNF complexes. 

Hydrolysis of ATP induces DNA loop formation by the torsion subdomain of the translocase domain. The DNA loop 
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propagates through the two DNA gyres. The tracking subdomain ensures unidirectional movement of the DNA 

loop. Adapted from Tang et al. 2010.   

 

1.5 MicroRNAs (miRNA) 

1.5.1 miRNA identification and biogenesis 

MiRNAs are 18-25 nucleotide long single stranded RNA molecules (Lujambio and Lowe 

2012). The first discovered miRNA, lin-4, was found in Caenorhabditis elegans and shown to 

inhibit translation of the heterochronic protein lin-14, encoded by the gene lin-14, by 

interacting with a partial complementary sequence found in the 3’ untranslated region (UTR) 

of the lin-14 transcript (Lee, Feinbaum and Ambros 1993, Wightman, Ha and Ruvkun 1993, 

Ambros 2001). 

MiRNA biogenesis is initiated in the nucleus by the transcription of the miRNA gene into a 

long, capped and polyadenylated primary RNA transcript (pri-miRNAs) by RNA polymerase 

II (Fig. 1.10) (Lujambio and Lowe 2012). These RNA molecules are processed in the nucleus 

by the ribonuclease Drosha (Denli et al. 2004). In complex with the RNA binding protein 

DGCR8, Drosha cleaves the pri-miRNAs into hairpin RNAs of 60-100 nucleotides (Denli et 

al. 2004), also known as precursor miRNAs (pre-miRNAs), which are then transported by the 

Ras-GTP-dependent Exportin-5 transporter into the cytoplasm (Bohnsack, Czaplinski and 

Gorlich 2004, Yi et al. 2003). In the cytoplasm, the pre-miRNAs are further processed by the 

RNAse III endonuclease Dicer into 18-25 nucleotide long double stranded miRNAs (Bernstein 

et al. 2001, Ketting et al. 2001, Knight and Bass 2001). Double stranded miRNA is loaded onto 

an argonaute (Ago) protein to form the RNA-induced silencing (RISC) complex, where a single 

miRNA strand is selected, while the other one is degraded (Martinez et al. 2002). Loading of 

the miRNA duplex onto the Ago protein is supported by ATP-hydrolysis by heat shock 70 kDa 

protein 8 (Hsc70) and heat shock protein 90 (Hsp90) (Iwasaki et al. 2010, Miyoshi et al. 2010). 

The Ago protein consists of the N, PAZ, MID and PIWI domains and two linker regions (L1 

and L2) (Wang et al. 2008, Elkayam et al. 2012). The loading of the strand is asymmetric, as 

the strand with the less stable 5’ end binding to its complementary strand, also known as guide 

strand, is kept (Khvorova, Reynolds and Jayasena 2003, Schwarz et al. 2003). The 5’ end of 

the guide strand is hold between the MID and PIWI domain, whereas the 3’ end is anchored at 

the PAZ domain (Elkayam et al. 2012, Nakanishi et al. 2012, Schirle and MacRae 2012). The 

N domain and the L1 linker are the main binding sites for Hsc70/Hsp90 (Tahbaz, Carmichael 
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and Hobman 2001, Nakanishi 2016). The family of Ago proteins consists of 8 members and is 

divided into two subfamilies in human. One is the AGO subfamily, consisting of AGO1, AGO2, 

AGO3 and AGO4 with similarities to Arabidopsis thaliana AGO1 and the other is the PIWI 

subfamily, consisting of HIWI1, HIWI2, HIWI3 and HIWI4 with similarities to Drosophila 

PIWI (Schirle and MacRae 2012, Meister 2013). While the PIWI subfamily is only found to be 

expressed in germ-line cells, the AGO subfamily is broadly expressed in the majority of tissues 

(Schirle and MacRae 2012, Meister 2013). In human, AGO2 has been shown to be the only 

member with catalytic activity and an essential role in the RISC complex (Liu et al. 2004, 

Meister et al. 2004, Song et al. 2004a, Rivas et al. 2005). The miRNA incorporated into the 

RISC complex guides Ago2 to the mRNA target by complementary binding of the 6-8 

nucleotide seed sequence found at the 5’ end of the miRNA to its target site found in the 3’UTR 

of the mRNA (Lewis et al. 2003). The hybridisation of the RISC complex with the target 

mRNA results in degradation or translational repression (Lujambio and Lowe 2012). Glycine‐

tryptophan protein of 182 kDa (GW182), is recruited to the RISC complex and facilitates 

translational repression and recruitment of the mRNA degrading CCR4-NOT deadenylase 

complex (Huntzinger and Izaurralde 2011, Iwakawa and Tomari 2015, Jonas and Izaurralde 

2015). 
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Figure 1.10: Schematic illustration of miRNA biogenesis. Pri-miRNAs are transcribed by RNA polymerase 

II and processed by the Drosha enzyme into pre-miRNAs. Pre-miRNAs are then transported out of the nucleus 

by Exportin-5 (Exp-5). Processing of the pre-miRNA by Dicer results in mature miRNAs. The guiding strand is 

incorporated into the RISC complex to initiate mRNA degradation or translational repression through 

complementary binding of the seed sequence on the miRNA with the target sequence found in the 3’UTR of the 

mRNA target. Adapted from Yao, Chen and Zhou 2019.  

 

1.5.2 Biological function of miRNAs 

The role of miRNAs in cellular  differentiation and tissue development is well understood 

(Song and Tuan 2006). Similar to the expression profiles of TFs, miRNA expression is spatially 

and/or temporally controlled at specific stages of cell and tissue development (Lagos-Quintana 

et al. 2002, Aravin et al. 2003). For instance, while the miRNAs of the miR-290-295 cluster 

are expressed in undifferentiated ES cells, their expression is repressed in embryoid bodies of 

14 day cultured ES cells (Houbaviy, Murray and Sharp 2003).  
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Global knockout of the pre-miRNA processing Dicer enzyme in mice, which processes pre-

miRNAs, results in early lethality of the embryos and the lack of multipotent stem cells 

(Murchison et al. 2005). In accordance with that, deletion of Dicer enzyme in early pancreas 

development through a Cre recombinase under control of the PDX-1 promoter resulted in gross 

defect of all pancreatic lineages with more severe effects in the endocrine cell lineage and β-

cells in particular (Lynn et al. 2007a). Dicer deletion resulted in an increase in HES1 and a 

subsequent downregulation of NGN3 (Lynn et al. 2007a). 

Dicer deletion in insulin expressing cells through a Cre recombinase under control of the rat 

insulin II promoter (RIP) resulted in normal β-cells and insulin secretion at two weeks of age, 

suggesting no changes in β-cell development (Kalis et al. 2011). Contrary, in the adult animal, 

the RIP-Cre Dicer knockout resulted in hyperglycaemia and impaired insulin secretion, 

including reduced insulin gene expression, decreased β-cell mass and reduced insulin granules 

and granule docking events (Kalis et al. 2011). 

Martinez-Sanchez et al. deleted Dicer in β-cells of adult mice utilising a tamoxifen inducible 

Pdx1-Cre (Martinez-Sanchez, Nguyen-Tu and Rutter 2015). 2 weeks post recombination, β-

cell dysfunction was demonstrated by the de-repression of β-cell disallowed genes, including 

OAT, PDGFRA, and SLC16A1, preceding a decrease in islet insulin content and loss of β-cell 

mass (Martinez-Sanchez et al. 2015). 

MiR-375 is highly expressed in pancreatic islets and its global knockout in mice resulted in a 

30-40% reduction in β-cell mass as a result of impaired proliferation, as seen in the 

upregulation of genes of negative regulators of proliferation like RASD1 and CADM1 (Poy et 

al. 2009). Mir-375 knockout mice show an increase in α-cell mass and increases in circulating 

Gcg levels resulted in chronic hyperglycaemia and diabetes (Poy et al. 2009). Interestingly, 

follow up studies revealed, that the rescue of miR-375 expression in β-cells was sufficient to 

normalise β- and α-cell mass and restored the glucose clearance ability in comparison to miR-

375 global knockout mice (Latreille et al. 2015). 
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1.5.3 Regulation of epigenetic modulators by miRNAs 

The research into miRNA and their epigenetic regulation of pancreatic β-cell differentiation 

processes is mostly unknown. The first evidence has been provided by Mutskov and Felsenfeld, 

that showed a correlation between the abundance of non-coding RNAs and the activating 

H3K4me2  on the insulin gene in human donors (Mutskov and Felsenfeld 2009). 

MiRNAs have been reported to repress the expression of enzymes associated to the epigenetic 

regulation in cells. In recent studies, Zhang et al. showed that miR-29b inhibition in porcine 

early embryo development upregulated the expression of Dnmt3a/b and the ten eleven 

translocation (TET) enzyme TET1, while downregulating TET2/3, which increased the levels 

of global DNA methylation (Zhang et al. 2018). Similar results were seen in mouse models of 

bladder cancer, where suppression of miR-29 and subsequent upregulation of DNMT3A 

expression, resulted in gene silencing through DNA methylation at the promoter of the tumour 

suppressor PTEN (Palmbos et al. 2015). In lung cancer cells, miR-101 has been shown to 

suppress the proliferation of those cells by targeting the mRNA of Dnmt3a (Wang et al. 2017). 

The mRNA of Dnmt1 is targeted by miR-377 in human skin fibroblasts, where the upregulation 

of miR-377 promotes senescence (Xie et al. 2017a). 

Genes encoding subunits of histone modifying complexes are also subjected to miRNA 

regulation. For instance, Zhao et al. showed that miR-34a directly targets HDAC-I mRNA 

levels in foam cells. Loss of HDAC-1 increased global H3K9Ac levels, which was associated 

with increased lipid accumulation (Zhao et al. 2017). Additionally, bioinformatical analysis of 

the gene expression datasets obtained from hepatitis B virus infected hepatocellular carcinomas 

tissues, compared to hepatitis B virus tissue samples with no fibrosis revealed the altered 

expression of multiple miRNAs in the regulation of H3K9 methylation. Out of those, miRNAs 

14 were overexpressed and 16 downregulated compared with the control samples (Ding et al. 

2017).  

Furthermore, miRNAs have been reported to be involved in the regulation of chromatin 

remodelling processes involving the mSWI/SNF complexes by regulating the incorporation of 

specific isoforms of regulatory subunits. Studies demonstrated the switch of BAF60A and 

BAF60B, through the repression by microRNA (miR) – 133 (BAF60A) and miR-1/206 

(BAF60B), to BAF60C (Goljanek-Whysall et al. 2014, Saccone et al. 2014). The switch from 

BAF60A/B to BAF60C induces muscle specific gene expression (Goljanek-Whysall et al. 

2014, Saccone et al. 2014). Similar to the BAF60 switch in myogenesis, occurs a switch from 
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BAF53A, found in neural progenitor cells, to BAF53B, expressed in mature neuronal cells 

(Yoo et al. 2009). This switch is, again, mediated by miRNAs. MiR-9* and miR-124 repress 

the expression of BAF53A and therefore facilitate BAF53B expression (Yoo et al. 2009). 

 

1.5.4 The miR-7 gene family  

MiR-7 was first discovered in Drosophila melanogaster, where it was shown to be present only 

during embryogenesis and absent in later developmental stages (Lagos-Quintana et al. 2001). 

Later studies showed that miR-7 is highly conserved throughout the whole animal kingdom 

(Prochnik, Rokhsar and Aboobaker 2007). In mice, miR-7 is encoded and processed from three 

different genes named miR-7a1, miR-7a2 and miR-7b. The seed sequence in all three miR-7 

family members is conserved and miR-7a1 and miR-7a2 share the exact same sequence. MiR-

7b only differs in the 10th nucleotide compared to miR-7a1 and miR-7a2 (Fig. 1.11) (Lee, 

Palkovits and Young 2006, Pollock et al. 2014). MiR-7a1, 7a2 and 7b are transcribed from 

unlinked genomic loci on chromosomes 13, 7 and 17, respectively. Similar to the mouse, the 

human miR-7 is generated from three different precursors (pri-miR-7-1, pri-miR-7-2, pri-miR-

7-3) located on chromosomes 9, 15 and 19 (Kalinowski et al. 2014). Pri-miR-7-1, pri-miR-7-

2, pri-miR-7-3 are processed into pre-miR-7-1, pre-miR-7-2, pre-miR-7-3 and further into one 

mature, 23 nucleotide, miR-7, that is incorporated into the RISC complex (Fig. 1.11) 

(Kalinowski et al. 2014, Ahmed et al. 2017). 

 

Figure 1.11: Schematic illustration of the mature miR-7 sequence in mouse and human. The miR-7 seed 

sequence is highlighted in red. Mouse miR-7a1 and miR-7a2 and human miR-7 share the same sequence. The 

sequence for mouse miR-7b differs at the 10th nucleotide (highlighted in green) compared to mouse miR-7a1/7a2 

and human miR-7.  
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1.5.5 Physiological functions of miR-7  

Although  miR-7 is mainly expressed in neuroendocrine cells of the pituitary gland, adrenal 

gland, hypothalamus and islet of Langerhans (Landgraf et al. 2007, Joglekar, Joglekar and 

Hardikar 2009, Bravo-Egana et al. 2008, Kredo-Russo et al. 2012b) others reported expression 

in other tissues including brain cortex,  muscle and liver (Yan et al. 2014). MiR-7 is involved 

in the correct development of the cerebral cortex. Blocking of miR-7 function, utilising miR-7 

sponge transgenic mice, resulted in brain defects similar to those observed in microcephaly, 

which was associated with increased of AK1 and CDKN1A expression of the p53 pathway 

(Pollock et al. 2014). Knockdown of miR-7, utilising the same mouse miR-7 sponge, in 

proopiomelanocortin (POMC)-expressing neurons in the arcuate nucleus of the hypothalamus 

resulted in sex specific aggravation of high fat diet induced  obesity in female mice (Gao et al. 

2019). Interestingly, miR-7 blockage temporally improved glucose clearance in female mice 

at 18 weeks. In females of 35 weeks and male mice (both timepoints) no differences were 

observed (Gao et al. 2019). 

Global miR-7a2 knockout in mice disturbs sexual maturation and infertility in both male and 

females. Loss of miR-7a2 results in reduced gonadotropic and sex steroid hormones, small 

testes and ovaries and impaired spermatogenesis and ovulation in males and females, 

respectively. MiR-7a2 affects  gonadotropin synthesis by suppressing golgi glycoprotein 1 

GLG1) and prostaglandin F2a receptor negative regulator (PTGFRN) in the pituitary gland, 

resulting in dysregulation of prostaglandin signalling as well as that of  follicle-stimulating 

hormone (FSH) and luteinizing hormone (LH) (Ahmed et al. 2017). 

MiR-7 is one of the major miRNAs found in islets (Bravo-Egana et al. 2008) and has also been 

shown to be involved in the development of the pancreas and differentiation of β-cells. 

Stimulation of miR-7 expression in early pancreatic development in mice was addressed in 

studies utilising Pdx-1-Cre induced miR overexpression, resulting in miR-7 overexpression 

from E13.5 onwards (Kredo-Russo et al. 2012a). Pdx-1-Cre overexpressing miR-7 mice  

showed a decrease in mRNA and protein levels of the endocrine markers Ins and Gcg at E15.5, 

as well as the decreases in the expression of endocrine TFs ARX, PAX4 and the direct target of 

miR-7 PAX6. Of note, markers of exocrine cells, like CPA1 and PTF1A were not affected 

(Kredo-Russo et al. 2012a). 

 In human embryonic stem (hES) cells miR-7 overexpression resulted in upregulation of key 

β-cell genes including INS, FOXA2 and PDX-1 (López-Beas et al. 2018). miR-7 levels were 
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observed to be highly expressed in early differentiation stages of hES cells (5 days) and 

decreased progressively with maturation (11 days and 22 days), showing the importance of 

miR-7 in development, whereas the role of miR-7 in differentiated β-cell remained to be 

determined (López-Beas et al. 2018).  

In β-cells, miR-7 expression was reported to be under the control of NeuroD/Beta2 and Ngn3 

binding to conserved genomic DNA blocks, that exhibit promoter activity, upstream of pre-

miR-7a2 and pre-miR-7b (Kredo-Russo et al. 2012b). Additionally, recent studies showed a 

significant enrichment of miR-7 inside human T2D patients serum when compared to control 

samples (Wan et al. 2017) 

In previous work, our group discovered the involvement of miR-7 in regulating β-cell function. 

Conditional knockout mice with deletion of miR-7a2 in β-cells using the RIP-Cre (RIP-Cre 

miR-7a2fl/fl) show improved glucose clearance compared to control animals due to increased 

insulin secretion (Latreille et al. 2014). Overexpression of miR-7a2 in dissociated mouse β-

cells resulted in no changes in plasma membrane depolarisation but demonstrated reduced 

insulin granule exocytosis. Gene ontology analysis in miR-7a2 overexpressing immortalised 

mouse β-cells (Min6) showed clusters of downregulated genes in “Membrane”, “Cell-to-Cell 

signalling” and “Secretion” pathways. Among the genes repressed by miR-7 were several 

regulators of vesicle fusion and SNARE activity (SNCA, CSPA and CPLX1), calcium-regulated 

vesicular trafficking (PKCB), cytoskeleton rearrangement (PFN2, WIPF2, BASP1 and 

PHACTR1) and membrane targeting (ZDHHC9), supporting a role for mIR-7 in regulating 

insulin vesicle trafficking and fusion with the membrane. MiR-7a expression levels were 

initially decreased in normoglycemic and compensating db/db animals at 5 weeks but 

progressively increased in db/db mice compared to Wt mice reaching a 4-fold increase at 12 

weeks (Latreille et al. 2014). Moreover, human islets, grafted under the kidney capsule of mice, 

showed a decrease in miR-7 expression at 6 weeks and an increase at 10 weeks in mice on a 

high fat diet compared to chow diet controls. In accordance with that, gene expression of 

SNCA, SOX9, MAFA, PDX-1, NKX6.1, PAX6 and INS was initially increased (6 weeks) but 

decreased with time (10 weeks) (Latreille et al. 2014). Those results indicate that initially miR-

7 is downregulated in the compensating islets, facilitating the upregulation of genes involved 

in insulin synthesis and secretion. In the progression of the disease, miR-7 expression is 

upregulated, resulting in the loss of key β-cell genes. 
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Tg7a2 mice constitutively overexpressing miR-7a2 under the control of the rat Ins2 promoter 

(RIP) showed a 3-fold increase in miR-7a expression levels. Tg7a2 animals show a severe 

hyperglycaemic phenotype starting at 3 weeks of age. Hyperglycaemia was accompanied with 

reduced circulating insulin levels and a reduction in GSIS in 12w Tg7a2 mice. The expression 

of genes involved in vesicular trafficking and exocytosis, including CSPA, CPLX1 and PKCB, 

was decreased in Tg7a2 mice. Mutant animals also showed reduced expression of INS1 and 

INS2, as well as PDX-1, NKX6.1, MAFA, PAX6, GATA6 and NEUROD1. Those results were 

confirmed via immunostaining at 15 weeks, showing a reduction in detected Nkx6.1, MafA, 

Glut2 and insulin protein levels in Tg7a2, which mirrored the expression profile of islets from 

db/db animals. PAX6 and GATA6 were validated as targets of miR-7a. Interestingly, Tg7a2, 

and db/db, mice show a de-repression of the progenitor marker SOX9 at 15 weeks of age in 

immunostainings. These results strongly indicate a dedifferentiation of β-cells following 

overexpression of miR-7a2  in diabetes (Latreille et al. 2014).  

Recent gene set enrichment analysis (GSEA) (Subramanian et al. 2005) on RNA-Sequencing 

(RNA-Seq) performed by our group shows that downregulated genes in islets from Tg7a2 

animals compared to Wt mice are enriched in classes of core β-cell components, including 

“unfolded protein response” (like DNAJC3, ERO1B and ATF6), “pancreatic β-cell identity” 

(like UCN3, INS2 and NKX6.1) and “protein secretion” (like RABA2A, SNAP23 and VAMP3) 

(Fig. 1.12A, Mak et al. under review, data from M. Latreille). On the other hand, we found that 

upregulated genes in Tg7a2 islets enriched in classes like “epithelial to mesenchymal 

transition” (EMT), “inflammation” and “Kras activation” (Fig. 1.12B, Mak et al. under 

review). The loss of β-cell core components and the upregulation of EMT (luminal stem cells, 

breast cancer), inflammation (T2D, β-cells) and Kras (PDAC, acinar cells) have all been 

associated to dedifferentiation processes (Bai et al. 2014, Hermann et al. 2014, Nordmann et 

al. 2017)  
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Figure 1.12: GSEA in RNA-Seq of islets from Tg7a2 mice compared to Wt controls. (A) GSEA of MSigDB 

Hallmark genes in downregulated pre-ranked gene ratios (Tg7a2:Wt) from 2w (top) and 12w (bottom) Tg7a2 

islets. (B) GSEA) of MSigDB Hallmark genes in upregulated pre-ranked gene ratios (Tg7a2:Wt) from 2w (top) 

and 12w (bottom) islets. Gene sets with indicated FDR are plotted relative to normalized enrichment scores 

(NES). Circle size denotes the number of genes in each category and circle colour indicates FDR q values . 

Adapted from Mak et al. under review.  

 

The process of dedifferentiation to a progenitor-like cell state can proceed the 

transdifferentiation into other cell types, as seen in FOXO1 knockout mice, showing a 

subpopulation of dedifferentiated β-cells to acquire an α-cell fate (Talchai et al. 2012). 

We found further evidence of β-cell transdifferentiation in Tg7a2 animals crossed with 

tdTomatoRIP-Cre animals. tdTomatoRIP-Cre mice carry a Rosa26-floxed-Stop-tdTomato transgene 

(Luche et al. 2007), as well as the Cre recombinase behind the RIP (Herrera 2000).  

Consequently, Tg7a2 tdTomatoRIP-Cre express miR-7a2 and tdTomato in a β-cell specific 

manner, allowing lineage tracing of β-cells. Quantification showed an increase in the Sst / 

tdTomato co-stained area in islets of Tg7a2 animals compared tdTomatoRIP-Cre controls, 

indicative for transdifferentiation of β-cells into δ-like cells (Fig. 1.13, Mak et al. under 

review). In fact, increased expression of δ-cell markers is also found in islet of Tg7a2 mice 

further supporting the transdifferentiation of β-cells into δ-cells in diabetes.  
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Figure 1.13: Transdifferentiation of β-cell into δ-cells in islet of Tg7a2 mice.  animals show an increase in 

Sst / tdTomato expressing cells, indicating a transdifferentiation β-cells and  to δ-cells. Adapted from Mak et al. 

under review. 
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1.6 Aims of the project 

Our previous findings indicated a dedifferentiation and transdifferentiation of β-cells in δ-cells 

following induction of miR-7a in mice. In human, insulin, glucagon and somatostatin 

expressing cells in the developing, as well as adult pancreas, show similar levels of miR-7 

(Correa-Medina et al. 2009). We now aimed to address if elevated miR-7 levels trigger the 

dedifferentiation, as well as potential transdifferentiation, of mouse and human β-cells in vitro 

and ex vivo independently of circulating factors associated with hyperglycaemia and diabetes. 

Therefore, our first goal was to: 

Investigate if miR-7a2 triggers the dedifferentiation, and acquisition of an atypical cell 

fate, of β-cells in an β-cell only, as well as an islet, environment in both mouse and humans. 

Dedifferentiation of β-cells by miR-7a must involve one or multiple targets regulated by miR-

7a. In previous work our group identified PAX6, a β-cell TF and target of miR-7a2  in in vitro 

reporter assays (Latreille et al. 2014). However, the repression of expression of PAX6 is 

relatively modest in islets form Tg7a2 mice, indicating that the repression of other mRNA 

targets mediates the effect of miR-7 in β-cells. Therefore, our second goal was to: 

Identify mRNA targets of miR-7 which contribute in inducing β-cell dedifferentiation in 

T2D. 

Following up on the identification of novel miR-7 targets, we wanted to investigate whether 

those targets effect the identity of β-cells. Therefore, our last goal was to: 

Assess how miR-7 targets impact on the functional identity of mature β-cell. 

 

The majority of the presented results in this thesis are under revision at the Journal of Clinical 

Investigation in which T. Mak and I have co-first authorship (Mak et al. under review) and also 

uploaded to bioRvix: https://doi.org/10.1101/789461 
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Chapter 2: Material and Methods 

2.1 Cell culture 

In the studies the following cell lines were used: Immortalised mouse (Min6) and rat (Ins1E) 

pancreatic β-cell lines and human embryonic kidney cells expressing the large T antigen 

(HEK293T), which improves the viral replication of plasmids containing a SV40 origin of 

replication. Cells were cultured in a 37°C, 95% O2/5% CO2 incubator (37°C incubator, Triple 

red, Nuare ISO13485) and their specific media. Min6 cells were kept in Dulbecco’s Modified 

Eagle Medium with 4.5 g/l glucose and phenol red (DMEM, Thermo Fisher, UK) 

supplemented with 15% fetal bovine serum (FBS, Euro-Bio, UK), 1% Penicillin-Streptomycin 

(P/S, Thermo Fisher), 1% GlutamaX (Gx, Thermo Fisher), 1% sodium pyruvate 100mM 

(Thermo Fisher) and 0.0005% β-Mercaptoethanol (Sigma Aldrich, UK). Ins1E cells were kept 

in Roswell Park Memorial Institute medium 1640 (RPMI, Thermo Fisher) supplemented with 

10% FBS, 1% P/S, 1% Gx, 1% sodium pyruvate, 0.0005% β-Mercaptoethanol and 0.2% 1M 

Hepes pH 7.3 (Thermo Fisher). HEK293T cells were kept in DMEM with 5% FBS (Sigma 

Aldrich), 1% P/S and 1% Gx. 

 

2.2 Adenoviral transduction of microRNA-7a2 (miR-7a2) 

For overexpression of miR-7a2, transduction of Min6/Ins1E/pancreatic islets with adenovirus 

carrying mouse miR-7a2 expressing vectors as described in (Latreille et al. 2014) was 

performed. MiR-7a2 (Ad-7a2) (Viraquest, VQAd-mir-7a2 250) and control adenoviruses (Ad-

Ctrl) (Viraquest, VQAd EMPTY-eGFP) also carried the green fluorescent protein (GFP) under 

an independent promoter. Min6/Ins1E cells were plated in a 6-well plate at 1*106 cells/well 

and incubated overnight (ON) in a 37°C incubator. For whole and dissociated islets, we 

calculated for an average of 1000 cells per islet. The media was changed to one with 2% FBS 

and 1% P/S, the adenovirus added at a multiplicity of infection (MOI) of 200 and left in a 37°C 

incubator ON. Afterwards the media was changed to the full one used for the specific cell type 

and the cells were left in a 37°C incubator for an additional 36 h (48 h total). Successful 

transduction was verified by fluorescence microscopy and miR-7a2 mRNA expression in 

quantitative polymerase chain reaction (qPCR). 
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2.3 Transfection of Locked Nucleic Acid (LNA) 

For downregulation of miR-7 in cells, the miRCURY LNA Inhibitor has-miR-7-5p (LNA-7a, 

Exiqon, USA) was used. Transfection was done via lipofection. Cells were seeded into 6-well 

plates at a density of 1*106 cells/well (6-well plate) the day before the transfection in their 

respective media. For the transfection, the media was aspirated and replaced by 1.5 ml media 

without P/S. 244 µl of Optimem-media, reduced serum, no phenol red (Optimem, Thermo 

Fisher) buffer were combined with 6 µl Lipofectamine 2000 (Lipofectamine, Thermo Fisher)  

per well and incubated at room temperature (RT) for 5 min. The LNA-7a and control LNA 

(LNA-ctrl, non-targeting LNA) were pipetted into Optimem buffer at the concentration of 20 

nM and to a total volume of 250 µl. LNA and Lipofectamine were then combined and incubated 

at RT for 20 min. Afterwards 500 l of the LNA/Lipofectamine mix were pipetted into each 

well for a total volume of 2 ml. After 48 h the cells were lysed/Trizol RNA extraction for 

further analysis. 

 

2.4 Transfection of small interfering RNA (siRNA) 

siRNAs were transfected into 8*105 cells/well (6-well plate) following the protocol of 

Lipofectamine transfection described in Chapter 2.3 at a concentration of 50 nM for 72h total. 

A list of the utilised siRNA can be found in Table 2.1. 

Table 2.1: List of used siRNAs in this thesis.  

Name Company Identifier 

si-Non targeting (siCtrl) Dharmacon D-001810-10-05 

si-Brg1 Dharmacon  L-100544-02-0005 

si-Brm Dharmacon L-085701-02-0005 

 

2.5 Lentiviral small hairpin RNA (shRNA) production and applications 

The different shRNAs used in the experiment are listed below (Table 2.2) and were provided 

by the shRNA service unit of the MRC London Institute of Medical Sciences (LMS). shRNAs 

were transduced via the replication incompetent pGIPZ lentiviral vector (Shimada 1995) into 

Ins1E cells. PGIPZ lentiviral vector information can be found in the GIPZ Lentiviral shRNA 
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Technical Manual provided by the shRNA service unit of the LMS. In short: Ampicillin and 

ZeocinTM resistance allowed selection of bacterial colonies expressing the vector (Ampicillin 

100 µg/ml and ZeocinTM 25 µg/ml (Scientific Laboratory Supplies Ltd (SLS), UK). Successful 

introduction into the cells was verified by fluorescence microscopy (expression of GFP through 

the vector) and Puromycin selection (Puromycin resistance carried by the vector). DNA was 

extracted from Escherichia coli (E. coli) bacteria via Miniprep and Maxiprep. 10 µl DNA were 

digested with 2 µl KpnI or double digested with 1 µl XhoI / 1 µl NotI 2 µl 10x Buffer and 6 µl 

H2O (New England Biolabs, UK) for 1-3 h to verify a positive product. For the lentiviral 

production HEK293T cells were used. HEK293T cells were plated into 6-well plates at 1*106 

cells/well the night before. For the transfection the media on the HEK293T cells was replaced 

with 1.8 ml Optimem buffer. Lipofectamine was prepared at 4 µl Lipofectamine in 96 µl 

Optimem per well and incubated for 5 min. A volume of 100 µl/well, topped up with Optimem, 

with 1 µg lentiviral vector DNA, 100 ng pCMV-VSV-G envelopment plasmid and 900 ng 

psPAX2 packaging plasmid were combined with the 100 µl Lipofectamine/Optimem, inverted 

5 times and incubated for 20min at RT. The 200 µl of DNA/Lipofectamine mix were then 

added to the HEK293T cells and incubated at 37°C for 3.5 h. Afterwards the solution was 

replaced by Ins1E media and the cells left ON in a 37°C incubator. The following day the 

media, containing the lentivirus, was taken from the HEK293T cells, replaced with new Ins1E 

media, and filtered through a 22mm, 45µm Corning acetate filters (Sigma Aldrich, 

CLS431220). Polybrene (Sigma Aldrich) was added to the filtered media at 8 µg/ml and added 

to Ins1E cells plated out the previous day at 8*105 cells/well in a 6-well plate. HEK293T and 

Ins1E cells were left ON in a 37°C incubator. The following day the lentivirus containing media 

of the HEK293T cells was removed, treated as previously described and used to replace the 

media on the Ins1E cells. The Ins1E cells were then incubated at 37°C for 6 h before the media 

was replaced by Ins1E media and left in a 37°C incubator ON. The next day Puromycin was 

added at 100 µg/ml and the cells incubated at 37°C ON. The media was replaced by Ins1E-

media with Puromycin and the cells were left in a 37°C incubator for 48h before lysis/RNA 

extraction. 
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Table 2.2: List of used shRNAs in this thesis. Packaged into the replication incompetent pGIPZ lentiviral 

vector, from the shRNA service unit of the LMS. 

Name OBS 

Clone ID 

Vendor ID Library 

name 

Sense Sequence 

shnon-silencing 

(shNS) 

x x x ATCTCGCTTGGGCGAGAGTAAG 

shBAF60A 200392635 

 

V3LMM_422699 

 

CSHL Mm 

shRNAmir 

7.18 (Lenti) 

GCAAGAGACCTGCACCTCA 

shBrg1 200392891 V3LMM_427686 CSHL Mm 

shRNAmir 

7.18 (Lenti) 

AGCGACTCACTGACAGAGA 

 

2.6 Miniprep 

E. coli were grown in 3ml Lysogeny broth (LB, LMS) culture with specific antibiotics with 

one colony ON at 37°C. The next day 1.5 ml of the culture were transferred to a microtube and 

spun down at 13000 rounds per minute (rpm) at RT for 1min. The supernatant was discarded. 

The pellet was resuspended via vortexing in 250 µl resuspension buffer containing RNase. 250 

µl of lysis buffer were added and the tube 10x inverted before another 350 µl of neutralisation 

buffer were added. All buffers were taken from the PureLinkTM HiPure Plasmid Maxiprep Kit 

(Thermo Fisher). Afterwards the solution was spun down at 13000 rpm, RT for 5min and the 

supernatant transferred into a new microtube. The precipitate was discarded. The tubes were 

topped up to 1.5 ml with 100% Ethanol (Fisher, UK), 10x inverted and spun down at 13000 

rpm, RT for 5 min. The supernatant was discarded, 70% Ethanol were added and the microtube 

vortexed. The solution was then spun down at 13000 rpm, RT for 5min, the supernatant 

discarded, and the pellet dried on a dry bath at 50-60°C. The DNA was resuspended in 35 µl 

H2O. DNA concentration was determined via nanodrop (Thermo Scientific, NanoDrop One). 

 

2.7 Maxiprep 

Maxipreps were carried out following the protocol and with the materials provided in the 

PureLinkTM HiPure Plasmid Maxiprep Kit. DNA concentration was determined via nanodrop . 
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2.8 Cell-lysis, Protein quantification and Western blot 

Cells lysis was done with RIPA Lysis buffer containing in 1 ml: 50 µl TRIS-HCl pH 8.0, 30 µl 

NaCl 5M, 4 µl Ethylenediaminetetraacetic acid (EDTA) 0.5 M pH 8.0, 100 µl NP-40 10%, 100 

µl Na-deoxycholate 10%, 20 µl protease inhibitor (PI, Roche) and 716 µl H2O (Sigma Aldrich). 

The media was aspirated from the cells and the cells were washed with 2 ml of 1x phosphate 

buffered saline (PBS, LMS) before 200 µl of ice cold RIPA Lysis buffer were added. The cells 

were scraped (immortalised cell lines, for islets not necessary) and transferred inside the RIPA 

Lysis buffer into chilled microtubes and left on ice for 10 min. The lysed cells were spun down 

at 15000 rpm, 4°C for 10 min and the supernatant was transferred into a new microtube. For 

protein quantification to 2 µl of samples or standard (Bovine serum albumin (BSA, Sigma)), 

pipetted into a 96 well plate, flat bottom, 200 µl of BCA working solution were added, 

containing Bicinchoninic Acid solution and Copper(II) sulfate solution (1:49, Sigma Aldrich). 

The plate was closed, incubated at 37°C for 30 min and read at a set wavelength of 562 nm. 

SDS-PAGE gels percentage used in Western blot analysis depended on the size of the target 

protein. Acrylamide / Bis solution (30%/0.8%, Bio-Rad Laboratories, UK) determined the 

percentage of the gel. For example, an 8% gel contained 2.7 ml of Acryl. / Bis solution in a 

total volume of 10 ml. To this 2.5 ml 1.5M TRIS pH 8.8, 100 µl 10% sodium dodecyl sulfate 

(SDS, AppliChem Panreac), 50 µl 10% Ammonium Persulfate (APS, Sigma Aldrich) and 5 µl 

TEMED (Bio-Rad Laboratories) and filled up to 10 ml with H2O. A 4% stacking gel contained 

3 ml H2O, 0.7 ml Acryl. / Bis, 1.3 ml 0.5M TRIS pH 6.8, 50 µl 10% SDS, 50 µl 10% APS and 

5 µl TEMED. The Running Buffer consisted of 3g TRIS-Base, 14.4 g Glycine and 1 g SDS 

dissolved in 1 l H2O (Sigma Aldrich). Lysates were supplemented with Laemmli and the gels 

were run at 25 mAmp per gel. For the transfer on the membrane a transfer buffer was used 

containing 3 g TRIS-Base, 14.4 g Glycine, 200 ml Methanol (Fisher) and the transfer was run 

at 100 V for 2 h in an ice bucket. Membranes were blocked with 10% milk (Sigma Aldrich) in 

TRIS-buffered saline (TBS, LMS) with 0.1% Tween20 (TBS-T) (National diagnostics, USA), 

washed 3x for 10 min each with TBS-T and incubated with the primary antibody in 5% milk 

ON at 4°C. The following day the membranes were washed 3x with TBS-T for 10 min each 

and incubated with secondary antibody (Goat-anti-mouse) in 5% milk for 1 h at 37°C. 

Membranes were treated for 5 min with ClarityTM Western ECL Substrate (Bio-Rad 

Laboratories) and subsequently images were taken with an Image Quant LAS 4000 mini 

(GElifesciences, USA). The antibodies used in Western blot assays are listed in Table 2.3. 
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Table 2.3: List of used antibodies in Western blot.  

Name Dilution Company Identifier 

Mouse anti-BAF60A 1/1000 BD Bioscience 611728 

Mouse anti-Brg1 1/200 SantaCruz Sc-17796 

Mouse anti-γ-Tubulin 1/6000 Sigma T6557 

Goat-anti-Mouse HRP 1/3000 Calbiochem 401253 

 

2.9 Luciferase Assay 

Luciferase assays were performed on HEK293T at 5*104 cells / well (24-well plate) in 500 µl 

10% FBS DMEM without P/S. 1 µl of 100 ng/µl commercially available mouse Brg1 3’UTR 

reporter vector (GeneCopoeiaTM, MmiT075618-MT06) and 6 µl of 20 µM siRNA mimics 

(Table 2.4) were added into Optimem buffer to a total volume of 50 µl (per well). This results 

in a siRNA concentration of 50 nM in the final incubation volume in the wells. 0.75 µl 

Lipofectamine were added to 49.25 µl Optimem per well. Lipofectamine mix and Brg1 3’UTR 

/ siRNA mix were combined and incubated at RT for 15 min. 100 µl of the mix were added to 

each well and incubated for 48 h at 37°C. Transfected HEK293T cells were processed with and 

following the instructions of the Dual-Glo® Luciferase Assay System (Promega) and analysed 

in a FLUOstar Omega filter-based multi-mode microplate reader (BMG Labtech, FLUOstar 

OMEGA 415-1641). 

Table 2.4: List of siRNA miRNA mimics used for Luciferase Assay in this thesis. Forward (F) and Reverse 

(R) primer pairs are shown with according sequences.  

Name Company Identifier 

si-non-targeting (miR-NT) Dharmacon D-001810-10-05 

si-223 (miR-223) Sigma HA03868326 

si-7a (miR-7a) Sigma HA03868320 

si-7b (miR-7b) Sigma HA03868323 
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2.10 Animals 

All mice were derived from the C57BL/6 background. Transgenic-miR-7a2 (Tg7a2) animals 

express consistently miR-7a2 under the control of the rat Ins2 promoter (RIP), resulting in 

pancreatic β-cell specific overexpression of miR-7a2, and have been previously described by 

M. Latreille (Latreille et al. 2014). Brg1fl/fl;Ins1-Cre mice were generated by crossing floxed 

Brg1(Brg1fl/fl) animals, kindly provided by Dr. P. Chambon via M. Goetz (Helmholtz Institute 

Munich) (Sumi-Ichinose et al. 1997) with mice expressing the Cre recombinase behind the 

mouse Ins1 promoter (Ins1-Cre) (Thorens et al. 2015) for pancreatic β-cell specific Brg1 

knockout. tdTomatoRIP-Cre mice carry a Rosa26-floxed-Stop-tdTomato transgene (Luche et al. 

2007), as well as the Cre recombinase behind the RIP (Herrera 2000), resulting in the pancreatic 

β-cell specific expression of red fluorescent protein (RFP). db/db mice (Hummel, Dickie and 

Coleman 1966) were purchased from Jackson Laboratory. 

 

2.11 Housing conditions 

All animals were kept and bred in a pathogen-free animal facility according to the Home Office 

regulations as defined by the Animal (Scientific Procedures) Act, 1986. Mice were maintained 

at a maximum density of 7 animals per cage, or at a maximum of 4 animals per cage with a 

maximum bodyweight of over 30g in Allentown XJ individually ventilated cages. The animals 

were housed on a 12-hour light/dark cycle with constant environmental conditions 

(temperature: 21°C ± 2°C, humidity: 55% ± 10%) and had free access to standard rodent chow 

if not otherwise indicated. Dox was administered through the drinking water at a concentration 

of 2 g/l. 

 

2.12 Genotyping 

Ear clipping samples were used for identification of individual mice as well as the source of 

DNA for genetic identification. For post-mortem genotyping tail tips were used. DNA was 

obtained by heating the samples at 96°C for 10 minutes (min) in 300 µl of 0.06 M sodium 

hydroxide (NaOH, Sigma Aldrich). The samples were then neutralised with 50 µl of 1 M 

Trizma ®-base – hydrogen chloride (Tris-HCl), pH 8 (Sigma Aldrich). Samples were then used 

in polymerase chain reaction (PCR) experiments with Kapa Taq polymerase with dye (Kapa 

Biosciences/Roche, UK) and 0.2 mM dNTPS (Promega, UK) for Tg7a2 genotyping. GoTaq 
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Hot Start Green Master mix (Promega) with 5% dimethyl sulfoxide (DMSO) (Sigma Aldrich) 

was used for the remaining genotyping PCR. Primers were used at 0.5 mM and are listed below 

together with the used TProfessional TRIO Thermocycler (Thermocycler, Biometra, UK) 

programs. Example genotyping gels of 1.5% agarose (Appleton) TBE buffer (Fig. 2.1). A list 

of genotyping primers is provided in Table 2.5 (Appendices). 

 

Figure 2.1: Genotyping of mouse lines used in this thesis. (A-E) On top of the gel is the gene analysed and 

below the gel are the animals. Genotyping of mice with (A) Tg7a2, (B) RFP, (C) RIP-Cre, (D) Brg1fl/fl and (E) 

Ins1-Cre primer pairs, shown in Table 2.5. 

 

 

2.13 Blood glucose measurements, intra-peritoneal (IP) glucose/insulin 

tolerance test (IPGTT/IPITT) 

For IPGTTs, prior to the experiment, mice were fasted ON. 2g/kg of body weight of D-(+)-

glucose (Sigma Aldrich) were administered by IP injection. Blood samples were taken from 

the tail at 0, 15, 30, 60, 90 and 120 min after glucose administration. For IPITT, prior to the 

experiment, mice were fasted for 6h. 1U/kg of body weight of Insulin (Sigma, I9278-5ML) 

were administered by IP injection. Blood samples were taken from the tail every 15min starting 

at 0 min to 120 min. Blood glucose levels in random fed animals as well as IPGTT /IPITT were 



79 
 

measured using a Contour glucometer (Bayer, UK). Body weights were taken after blood 

glucose levels were measured, for IPGTT/IPITT at 0 min. 

 

2.14 Insulin serum assay 

For the measurements of Insulin serum content, experiments were carried out following the 

protocol and with the materials provided in the Insulin Mouse Serum Assay kit (Cisbio, 

62IN3PEF). Blood samples were taken from mice after a 6 h fast. Blood volumes were taken 

for approximately 10-15 µl of serum, taken off as supernatant after blood samples were spun 

down at 8000 rpm, RT for 8 min. 

 

2.15 Islet isolation 

Mice were culled by cervical dislocation. Islets were isolated by perfusion of the pancreas via 

the bile duct with ice cold Liberase (Roche, 5401127001), administered with a 30G needle on 

a 2 ml syringe. The recovered pancreas was digested at 37°C for 17 min in 1 ml Liberase in a 

50 ml falcon tube. The tube was filled to 40 ml with RPMI with 10% FBS and homogenised 

by shaking. The samples were then spun down quickly at 2700 rpm and the supernatant was 

discarded. The pellet was resuspended in 20 ml RPMI (10% FBS) via vortexing. The 

suspension was filtered and again quick spun at 2700 rpm, supernatant was trashed. The pellet 

was resuspended in 5 ml Histopack 1077 (Sigma Aldrich) via vortexing and another 5 ml 

Histopack 1077 were added. The suspension was overlaid with 10 ml RPMI and spun for 20 

mins at 2200 rpm without break up/down. The islets were collected into 40 ml RPMI (10% 

FBS) and quick spun at 2700 rpm, the supernatant was discarded. The islets were then 

resuspended in 5 ml RPMI (10% FBS) and filtered through a 70 µM strainer (Falcon, 352350). 

Islets were cultured in 6-well plates in 3ml RPMI (10% FBS, 1% P/S) in a 37°C incubator 

(Thermo Scientific, Midi40). 
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2.16 Fluorescence-activated cell sorting (FACS) 

The isolated islets were transferred into 1.5 ml microtubes with 1 ml 1x PBS (no Ca2+/Mg2+) 

(Sigma Aldrich), for dissociation, and incubated at 37°C for 9 min. The islets were pipetted 10 

times up and down with a P1000 pipette for better dissociation. FACS islet dissociation was 

non-enzymatic. The whole solution was then transferred into 15 ml falcon tubes and 9 ml RPMI 

were added. The falcon tubes were spun down for 5 min at 200 g, the supernatant discarded, 

and the cells resuspended in 500 µl 1x PBS (1% BSA). The samples were transferred through 

a strainer into FACS tubes (pluriSelect, 352235) and sorted by the LMS FACS facility in an 

FACS ARIA III machine. Sorted cells were stained for viability utilising 1 µM Calcein-AM 

(Santa Cruz, sc-203865). 

 

2.17 Dissociation of pancreatic islets (excluding dissociation for FACS, see 

2.16) 

For the dissociation of islets, islets were transferred to a 1.5 ml Eppendorf tube up to a 

maximum of 600 islets per tube. Pancreatic islets were washed three times with 1x PBS by 

spinning them down at 3000 rpm, RT for 2 min and removing the supernatant. 1 ml of Accutase 

(Thermo Fisher) were added per tube and incubated in a water bath at 37°C for 10 min. Islets 

were pipetted up/down 5 times with a P1000 pipette to support dissociation. 1 ml of 100% FBS 

was added to stop the reaction and everything was transferred in a 15 ml falcon tube. The 

dissociated islets were spun down at 1200 rpm, RT for 5 min. The pellet was resuspended in 

RPMI (10% FBS, 1% P/S), cells were counted in a Neubauer chamber (Hawkslex, BS748). 

 

2.18 Immunofluorescence staining on dissociated pancreatic islets and 

cultured cells 

Dissociated islets and cultured cells were plated out in their respective media at a maximum 

density of 2*105 cells / well (24-well plate) on 804G extra cellular matrix covered coverslips 

(VWR, 631-0149) the day before immunofluorescence staining. 804G cell conditioned media 

(Riddelle, Hopkinson and Jones 1992) was provided by M. Latreille and was added to 

coverslips the night before plating out cells. Before cells were plated out the 804G cell 

conditioned media was taken off and the coverslips were washed three times with sterile H2O. 



81 
 

On the day, the media was removed, and the cells washed three times with 1x PBS. The cells 

were fixed in 4% paraformaldehyde (PFA, Sigma) in 1x PBS at RT for 15 min. The PFA was 

removed and the cells were washed twice with 1x PBS. Cells can be stored in 1x PBS at 4°C 

until used. The cells were permeabilised with 0.1% Triton X-100 in 1x PBS solution at RT for 

15 min, followed by three washes with 1x PBS. Blocking buffer (1% BSA, 5% donkey or goat 

serum (SLS) in 1x PBS, serum depends on species of secondary antibody) was added and 

incubated at RT for 1 h. Primary antibodies were added in blocking buffer and incubated ON 

at 4°C. Cells were washed four times with 1x PBS and the secondary antibodies in blocking 

buffer were added and incubated at RT for 1 h, followed by four 1x PBS washing steps. 4 ′,6-

diamidino-2-phenylindole (Dapi, Sigma, D9543) diluted 1:10000 in 1x PBS was added for 5 

min and coverslips were mounted on slides with VECTASHIELD® Antifade Mounting Media 

(Vector Laboratories). A list of the utilised antibodies, primary and secondary, can be found in 

Table 2.6. 

 

2.19 Agar embedding of whole pancreatic islets 

For embedding of whole isolated islets, the islets were fixed for 15 min in 4% PFA. Islets were 

then spun down at 3000 rpm, RT for 3 min and the supernatant removed. Islets were 

resuspended in 10 µl of 3% UltraPure™ Low Melting Point Agarose (Thermo Fisher), kept at 

55-60°C, in PCR strip tubes. The agarose containing the fixed whole islets was left set at RT 

for 10 min before the PCR strip tubes were cut away. The islet containing agarose pellet was 

embedded in OCT compound (VWR) and left to set in dry ice. 10 µm sections were cut on a 

Leica cryostat (LEICA CM1950, Leica). Sections were stored at -20°C. 

 

2.20 Immunofluorescence staining on cryostat slides 

Slides were thawed at RT for 5 min and incubated at RT for 15 min in permeabilization buffer 

(0.1% Triton X-100 in 1x PBS, Perm buffer). Hydrophobic rings were drawn around the 

sections on the slide with a Pap pen (Invitrogen, 00-8899). Slides were blocked in blocking 

buffer (no BSA) at RT for 1 h. Primary antibody diluted in blocking buffer (no BSA) was put 

on sections and incubated ON at 4°C. The following day slides were washed three times in 1x 

PBS for 15 min each before hydrophobic rings were redrawn and secondary antibody diluted 

in blocking buffer (no BSA) was added and incubated at RT for 1 h. Secondary antibody was 
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removed and Dapi, diluted 1/10000 in 1x PBS, was added at RT for 5 min. Slides were washed 

three times at RT for 15 min each in 1x PBS and sections were mounted with 

VECTASHIELD® Antifade Mounting Media. A list of the utilised antibodies, primary and 

secondary, can be found in Table 2.6. 

 

2.21 Paraffin embedding of mouse pancreata and immunofluorescence 

staining 

Pancreata were removed from sacrificed mice and fixed ON at 4°C in 4% PFA. The following 

day the pancreata were moved into 70% ethanol. Pancreata were paraffinized in a Tissue-Tek 

VIP® tissue embedder (Sakura) and 4 µm sections were cut on a microtome (Microm HM355S, 

Thermo Scientific). Slides were incubated at RT two times in xylene (Honeywell, 534056-4L) 

for 10 min each, twice in 100% ethanol for 3 min each, in 95% ethanol for 3 min, 85% ethanol 

3 min, 70% ethanol 3 min, 50% ethanol 3 min and in H2O for 5 min. Antigen retrieval was 

performed in the LMS Decloaking Chamber NxGen (BioCare Medical) at 95°C for 5 min in 

0.01 M NaCitrate (Sigma), pH 6.0. Slides were left to cool at 4°C for 15 min before being 

washed three times in H2O for 5 min each. Pancreas sections were permeabilised at RT for 30 

min with Perm buffer. Hydrophobic rings were drawn around the sections on the slide. Sections 

were blocked in blocking buffer at RT for 1 h. Primary antibody was diluted in blocking buffer, 

applied to sections and incubated ON at 4°C. Slides were washed three times at RT for 15 min 

each in Perm buffer, the hydrophobic rings redrawn and sections incubated in secondary buffer 

diluted in blocking buffer at RT for 1 h in the dark. Secondary antibody was removed and Dapi, 

diluted 1/10000 in 1x PBS, was added for 5 min. Slides were washed three times for 7 min 

each in Perm buffer followed by five brief washes (approximately 10 sec) in H2O. Sections 

were mounted with VECTASHIELD® Antifade Mounting Media. A list of the utilised 

antibodies, primary and secondary, can be found in Table 2.6. 
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Table 2.6: List of antibodies used for immunofluorescence staining in this thesis. Primary and secondary 

antibodies with used dilution factors and source.  

Name Dilution Source Identifier 

Mouse anti-BAF60A 1/50 (sections) 

1/200 (cells) 

BD Bioscience 611728 

Mouse anti-Brg1 1/200 (both) Santa Cruz Sc-17796 

Rabbit anti-Glucagon 1/1000 (cells) Millipore AB932 

Mouse anti-IAPP 1/100 (sections) Abcam Ab115766 

Guinea-pig anti Insulin 1/500 (both) Millipore AB3440 

Rabbit anti-Ppy 1/150 (cells) Abcam ab77192 

Rabbit anti-RFP 1/200 (sections) Abcam ab62341 

Rabbit anti-Somatostatin 1/1000 (cells) 

1/200 (sections) 

Dako a0566 

Donkey Anti-Guinea-pig 

Alexa Fluor 488 

1/500 Jackson 706-545-148 

Donkey anti-Guinea-pig 647 1/200 Millipore AP193SA6 

Donkey Anti-Mouse IgG 

Cy3 

1/200 Jackson 715-166-150 

Donkey Anti-Rabbit Alexa 

Fluor 567 

1/500 Life Tech A21207 

Donkey Anti-Rabbit Alexa 

Fluor 647 

1/500 Jackson 711-605-152 

 

2.22 Trizol RNA extraction 

Islets or cells were suspended in 1 ml Trizol (Lifetechnology; ambion, 15596018). The samples 

were vortexed for 20 seconds (sec) at RT and incubated at RT for 5 min. At this point samples 

can be stored in Trizol at -80°C. 200 µl Chloroform (Sigma Aldrich) were added and the 

solution vortexed for 15 sec and incubated for 2-3 min at RT. The samples were spun down for 

15 min at 15000 rpm, 4°C. The aqueous phase, containing the RNA, was transferred into a 

fresh 1.5 ml microtube. For islets 5-10 µg Glycogen blue (Thermo Fisher) were added. 1 ml 
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Isopropanol (VWR, UK) were added and the microtubes inverted 10x. Samples were 

precipitated at -20 °C for a minimum of 15 min and up to ON for a better RNA yield. Samples 

were then spun down for 15 min at 15000 rpm, 4°C, the supernatant was discarded. The pellet 

was washed once for islets and twice for cells. Washing was done with 75% Ethanol, vortexing, 

followed by spinning at 15000 rpm, 4 °C. The supernatant was discarded and the pellet air 

dried. The RNA was resuspended in H2O (10 µl for islets, 25 µl for cells) and left at RT for 5 

min. RNA concentration was determined via nanodrop. 

 

2.23 DNAse I treatment (for mRNA) 

DNAse I treatment was done using the RNAse-free DNAse set (Thermo Fisher). 10 µg of RNA 

were incubated for 20 min at 37°C with 5 µl 10x Buffer, 1 µl DNAse I and filled up to 50 µl 

with H2O. After incubation 5 µl of inactivation reagent were added and incubated at RT with 

occasional flicking for 2 min. The samples were spun down at 10000 g for 2 min and 48 µl of 

the supernatant were recovered into fresh tubes. 

 

2.24 Reverse Transcription (RT) of mRNA 

RT of mRNA was done using the High-Capacity cDNA Reverse Transcription Kit (Thermo 

Fisher). To 10 µl of the DNAse I treated RNA-solution were 10 µl of the RT mix (following 

the protocol) added and incubated for 10 min at 25 °C, 120 min at 37 °C, 5 min 85 °C and hold 

at 4 °C in a Thermocycler. 

 

2.25 Reverse Transcription of micro RNA (miRNA) 

RT of miRNA was done using the TaqmanTM MicroRNA Reverse Transcription Kit (Thermo 

Fisher). To 5 µl of the RT mix (following the protocol) 2.5 µl of RNA (4 ng/µl) were added 

and incubated in a Thermocycler for 30 min at 16°C, 30 min at 42°C, 5min at 85 °C and hold 

at 4 °C. Taqman primers for SnoRNA202 (RT: 001232, PN4440887, lot: P170515-005 A06), 

dme-miR-7 (RT: 000268, PN4440887, lot: P170515-005 A06) and mmu-miR-7b (RT: 002555, 

PN4427975, lot: P170301-000 E11) were used. 
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2.26 Quantitative PCR (qPCR) of RT of mRNA (RT-qPCR) 

For qPCR, 4 µl of RT complementary DNA (cDNA) at differing dilutions (1:10 – 1:100, 

depending on gene abundance in cell type) were used. 6 µl of Kapa Sybr fast 2x mix (Kapa 

Biosystems, KK4611), 1 µl of a 6 µM primer mix and 1 µl of H2O were added. qPCR was 

performed in a LightCycler® 480 Instrument (Roche) using the following program: 95°C 5 

min, 45x (95°C 10 sec, 60°C 10 sec, 72°C 10sec), 95°C 5 sec, 65°C 1 min followed by a 97°C 

melt curve. Table 2.7, 2.8 and 2.9 (Appendices) show the cDNA qPCR primers pairs for mouse, 

rat and human, respectively, used in this thesis. 

 

2.27 qPCR of miRNA 

For qPCR of miRNAs, 4 µl of 1:4 diluted miRNA RT were used. 0.5 µl of 20x Taqman probes, 

5 µl 2x Master mix and 0.5 µl H2O were added and qPCR was performed in a LightCycler® 

480 Instrument using the following program: 95°C 10 min, 40x (95°C 15 sec, 60°C 1min), 

40°C 30 sec. Taqman probes for snoRNA202 (TM: 001232, PN4440887, lot: P170515-005 

A06), dme-miR-7 (TM: 000268, PN4440887, lot: P170515-005 A06) and mmu-miR-7b (TM: 

002555, PN4427975, lot: P170301-000 E11) were used. 

 

2.28 Statistical Analysis 

Data are represented as mean ± SEM and tested with Student t-test or ANOVA if not otherwise 

indicated. All figures and analyses were generated using GraphPad Prism 7. p<0.05 was used 

to indicate statistical significance. 
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2.29 Human donor information 

Table 2.10: List of human donors of pancreatic islets used in this thesis. Shown are the figures the in which 

the islets were used in, where they come from (source), age, sex, body mass index (BMI) and cause of death of 

the donor. 

Figure Source Age Sex BMI (kg/m2) Cause of death 

3.5 Pisa 76 Male 26.6 Stroke 

3.8 Milan 60 Male 26.3 Cerebral bleeding 

4.7 Pisa 66 Female 26.4 Trauma 

4.12 Edmonton 

(McDonald) 

66 Female 18.5 Unknown 

4.17 Oxford 44 Male 36 Unknown 

5.9 Edmonton 

(Shapiro) 

48 Female 38.5 Unknown 

 

2.30 Assay for Transposase-Accessible Chromatin with high-throughput 

sequencing (ATAC-Seq) library preparation from mouse pancreatic islets  

ATAC-Seq library preparation was performed based on published instructions (Buenrostro et 

al. 2015b). For the preparation of ATAC-Seq libraries, 50 islets per sample were used. 

Pancreatic islets were picked into low binding 1.5 ml Eppendorf tubes (Eppendorf, 022431021) 

and placed on ice. The samples were spun down at 200 g, 4°C for 1 min and the supernatant 

was removed. The samples were washed twice in 500 µl of ice-cold 1x PBS by resuspending 

them through five up and down pipetting steps with a P200 pipette and low binding tips 

(Starlab, S1183 - 1810) and spinning them down at 200 g, 4°C for 1 min. The samples were 

resuspended in in 300 µl of ice cold ATAC lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM 

NaCl, 3 mM MgCl2 (Sigma), 0.1% NP-40 in H2O) and incubated on ice for 20 min with gentle 

shaking at 25 rpm (StuartTM Gyratory rocker, SSL3, Sigma). The lysed islets were resuspended 

with a 1 ml syringe and 30G needle to free the nuclei (approximately 15 times up and down). 

The nuclei were spun down at 500 g, 4°C for 10 min and the supernatant carefully removed. 

The nuclei pellet was resuspended in 100 µl of ice-cold ATAC lysis buffer and passed through 

a FACS cell strainer. The nuclei were spun down at 500 g, 4°C for 10 min and the supernatant 

carefully removed. The nuclei pellet was resuspended in transposase reaction mix (per sample: 

25 µl 2x TD buffer, 2.5 µl Transposase, 22.5 µl nuclease-free H2O) (Illumina Nextera Library 
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Prep kit #15028212) and incubated at 300 rpm, 37°C for 30 min. After the incubation the 

samples were put on ice and proceeded with DNA purification using the Qiagen MinElute 

Reaction Cleanup kit (Qiagen, 28204), following the kit’s instruction, but eluting in 11 µl. At 

this point samples can be stored at -20°C. For amplification of the transposed DNA fragments 

to 10 µl of transposed DNA, 10 µl nuclease-free H2O, 2.5 µl 25 µM Primer-Adapter 1, 2.5 µl 

25 µM Primer-Adapter 2.x (Table 2.11) and 25 µl NEB Next High-Fidelity 2x PCR Master 

Mix (New England Biolabs, M0541S) were added. Samples were put in a thermocycler at 72°C 

for 5 min, 98°C for 30 sec, 5 cycles of 98°C for 10 sec, 63°C for 30 sec and 72°C for 1min and 

4°C on hold. After the 5 cycles samples were put on ice and prepared for qPCR that allows 

calculation how many additional PCR runs per sample are required to even out sample 

concentrations and to stop amplification before the saturation is reached. To calculate the 

number of cycles needed the relative fluorescence is plotted against the number of cycles in 

qPCR. The optimal number of additional cycles corresponds to the cycle number at a third of 

when the maximum relative fluorescence is reached, subtracted by the 5 cycles already run 

previously. To 5 µl of previously PCR-amplified DNA 4.41 µl nuclease-free H2O, 0.25 µl 25 

µM Primer-Adapter 1, 0.25 µl 25 µM Primer-Adapter 2.x, 0.09 µl 100x SYBR Green I 

(Thermo Fisher, #S7563) and 5 µl NEB Next High-Fidelity 2x PCR Master Mix. qPCR was 

performed in a LightCycler® 480 Instrument at 98°C for 30 sec, 20 cycles of 98°C for 10 sec, 

63°C for 30 sec and 72°C for 1 min. The amplified library was purified with the Qiagen 

MinElute Reaction Cleanup kit and eluted twice with 10 µl elute buffer provided in the kit. 15 

µl per sample were used for sequencing, 1 µl for determining the concentration and the rest for 

analysing fragment size distribution in a Bioanalyser (Genomic Facility of the LMS, Machine 

1 and 2, Type: G2938B and G2939A, High Sensitivity DNA Assay). Concentration was 

determined via qPCR and an 80 µl 10 nM pool of all samples was submitted. 
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Table 2.11: List of adapters used in ATAC-Seq.  

Sample Identifier Sequence 5’-‘3 Source 

All samples Ad1_noMX AATGATACGGCGACCACCGAGATCTACACTCG

TCGGCAGCGTCAGATGTG 
Sigma 

WT-12A Ad2.1_TAAGGCGA CAAGCAGAAGACGGCATACGAGATTCGCCTTA

GTCTCGTGGGCTCGGAGATGT 
Sigma 

WT-12B Ad2.2_CGTACTAG CAAGCAGAAGACGGCATACGAGATCTAGTACG

GTCTCGTGGGCTCGGAGATGT 
Sigma 

WT-12C Ad2.3_AGGCAGAA CAAGCAGAAGACGGCATACGAGATTTCTGCCT

GTCTCGTGGGCTCGGAGATGT 
Sigma 

WT-12E Ad2.5_GGACTCCT CAAGCAGAAGACGGCATACGAGATAGGAGTC

CGTCTCGTGGGCTCGGAGATGT 
Sigma 

Tg7a2-12G Ad2.7_CTCTCTAC CAAGCAGAAGACGGCATACGAGATGTAGAGA

GGTCTCGTGGGCTCGGAGATGT 
Sigma 

Tg7a2-12I Ad2.9_GCTACGCT CAAGCAGAAGACGGCATACGAGATAGCGTAG

CGTCTCGTGGGCTCGGAGATGT 
Sigma 

Tg7a2-12J Ad2.10_CGAGGCTG CAAGCAGAAGACGGCATACGAGATCAGCCTC

GGTCTCGTGGGCTCGGAGATGT 
Sigma 

Tg7a2-12K Ad2.11_AAGAGGCA CAAGCAGAAGACGGCATACGAGATTGCCTCTT

GTCTCGTGGGCTCGGAGATGT 
Sigma 

WT-2A Ad2.13_GTCGTGAT CAAGCAGAAGACGGCATACGAGATATCACGAC

GTCTCGTGGGCTCGGAGATGT 
Sigma 

WT-2B Ad2.14_ACCACTGT CAAGCAGAAGACGGCATACGAGATACAGTGGT

GTCTCGTGGGCTCGGAGATGT 
Sigma 

WT-2E Ad2.17_TGCTGGGT CAAGCAGAAGACGGCATACGAGATACCCAGC

AGTCTCGTGGGCTCGGAGATGT 
Sigma 

WT-2F Ad2.18_GAGGGGTT CAAGCAGAAGACGGCATACGAGATAACCCCTC

GTCTCGTGGGCTCGGAGATGT 
Sigma 

Tg7a2-2G Ad2.19_AGGTTGGG CAAGCAGAAGACGGCATACGAGATCCCAACCT

GTCTCGTGGGCTCGGAGATGT 
Sigma 

Tg7a2-2I Ad2.21_TGGGTTTC CAAGCAGAAGACGGCATACGAGATGAAACCCA

GTCTCGTGGGCTCGGAGATGT 
Sigma 

Tg7a2-2J Ad2.22_TGGTCACA CAAGCAGAAGACGGCATACGAGATTGTGACCA

GTCTCGTGGGCTCGGAGATGT 
Sigma 

Tg7a2-2K Ad2.23_TTGACCCT CAAGCAGAAGACGGCATACGAGATAGGGTCA

AGTCTCGTGGGCTCGGAGATGT 
Sigma 

 

2.31 ATAC-Seq analysis (performed by Y. Wang, Genomic Facility MRC 

LMS and part of a manuscript under review, Mak et al. under review) 

The ATAC-Seq libraries were submitted to the LMS Genomics facility and sequencing was 

done with Hiseq2500, paired end, 100 bp reads. Basecalling and demultiplexing was one with 

Illumina CASAVA 1.8.4 software and raw reads were trimmed with Trim Galore! 

(trim_galore_v0.4.4; https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/


89 
 

afterwards. With bowtie2 the trimmed reads were aligned to Ensembl mus musculus genome 

reference sequence assembly (mm9) (bowtie2/2.1.0, with –very-sensitive -X 2000; (Langmead 

and Salzberg 2012)) and R Bioconductor package ARACseqQC (Ou et al. 2018) was used to 

remove duplicated reads, as well as reads mapped to mitochondrial chromosomes. The reads 

were further split into nucleosome-free (fragment length ≤ 100 bp), mononucleosome, 

dinucleosome and trinucleosome bins and the nucleosome-free bin was used for downstream 

analysis. Peak calling was done with the MACS2 peak-calling function (with -f BAMPE; 

(Zhang et al. 2008) and peaks overlapping with the ENCODE Project Consortium blacklist 

(Dunham et al. 2012) were removed. Only peaks appearing in all biological replicates were 

used. The featureCounts function (Liao, Smyth and Shi 2013a) from the Rsubread 

Bioconductor package (Liao, Smyth and Shi 2013b) was used to obtain peak-based read counts. 

The DESeq2 Bioconductor package (Love, Huber and Anders 2014a) was used to find 

differentially accessible chromatin regions. The ChIPseeker Bioconductor package ((Yu, 

Wang and He 2015) was used for peak annotation and HOMER (Hypergeometric Optimization 

of Motif EnRichment) findMotifsGenome.pl (with -size 200 -mask) was performed to find 

enriched TF binding motifs. 

 

2.32 RNA-Sequencing analysis (RNA-Seq, performed by M. Latreille, 

analysed by Y. Wang, Mak et al. under review) 

RNA-Seq was performed on 2 and 12-week-old Tg7a2 animals and aged matched Wt controls. 

Pancreatic islets were isolated, and 10 ng RNA total were used to prepare RNA-Seq libraries 

with a NEB Ultra II RNA library kit (Illumina). As with the ATAC-Seq, RNA-Seq was done 

with Hiseq2500, paired end, 100 bp reads by the LMS Genomics facility. For base calling and 

demultiplexing, the Illumina CASAVA 1.8.4 software was utilised and Trimmomatic was used 

on raw RNA-Seq reads to trim, removing adaptor and low-quality reads. (v.0.33) (Bolger, 

Lohse and Usadel 2014). The RNA-Seq data was aligned against Ensembl mus musculus 

genome reference sequence assembly (mm9) and transcripts were annotated with Tophat2 

(2.0.11) (Kim et al. 2013a), followed by performing the featureCounts function (Liao et al. 

2013a) from the Rsubread Bioconductor package (Liao et al. 2013b) to obtain gene-based read 

counts. Differential gene expression of Tg7a2 vs Wt mice was analysed with the DESeq2 

Bioconductor package (Love et al. 2014a) and a list of ranged genes, based on Wald statistics, 

of those results was set up. GSEA was performed on this list with MSigDB gene sets from the 
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‘H’ collections (Mootha et al. 2003, Subramanian et al. 2005). A list of stemness genes was 

put together from the Cancer stem cell database (CSCdb) at 

http://bioinformatics.ustc.edu.cn/cscdb/. Literature review and web research done to generate 

the epithelial gene list. 

 

2.33 Software 

Cellprofiler 2.2.0 (Carpenter et al. 2006) was used to analyse relative intensities in 

immunofluorescence stainings, pipelines were mainly written by C. Whilding of the LMS 

Microscopy facility. ImageJ (Schneider, Rasband and Eliceiri 2012) was used to prepare 

images of immunofluorescence stainings. TargetScan (Agarwal et al. 2015) was utilised for 

predicting miR-7a2 targets. Integrative Genomics Viewer (IGV) (Robinson et al. 2011) was 

used to view ATAC-Seq traces of chromatin regions. CLC Main Workbench 7 

(https://www.qiagenbioinformatics.com/) was used to investigate gene sequences, e.g. for 

primer design. Adobe Illustrator CC 2018 (Adobe) was used to make the figures. Primers were 

designed with the ncbi primer blast tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

Schematic illustrations in the introduction were generated utilising the biorender app 

(https://app.biorender.com/) 

 

2.34 Microscopes 

Images of Figure 3.1, 3.3, 5.1, 5.2 and 5.5 were taken with LEICA DMIRE2 (Leica). All other 

images were taken with a Leica TCS SP5 confocal microscope (Leica, DM6000 CS). 

 

 

 

 

 

 

 

http://bioinformatics.ustc.edu.cn/cscdb/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://app.biorender.com/
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Chapter 3-5: Results 

3. Regulation of pancreatic β-cell identity by miR-7a 

3.1 Introduction 

Previous studies investigating the pathophysiological mechanism underlying type 2 diabetes 

showed that not only apoptosis, but also dedifferentiation of pancreatic β-cells results in  

insufficient amounts of Ins to maintain euglycemia (Talchai et al. 2012, Dor and Glaser 2013). 

β-cell dedifferentiation is accompanied with the reduction in the expression of β-cell enriched 

genes as well as biosynthesis of atypical hormones, resulting in transdifferentiation (Talchai et 

al. 2012, Dor and Glaser 2013). This dedifferentiation of β-cells was confirmed in mouse 

models (Blum et al. 2014, Brereton et al. 2014, Wang et al. 2014), and more recently in human 

T2D (Cinti et al. 2016a, Md Moin et al. 2016).  Our group previously showed increased miR-

7 levels in islets of several mouse models of diabetes as well as in human islet transplanted in 

mice exposed to an obesogenic diet (Latreille et al. 2014). Mice with β-cell-specific 

overexpression of miR-7a2 display elevated blood glucose levels associated with the loss of 

key β-cell identity markers (e.g. Ins and Glut2), thus revealing induction of miR-7a expression 

as a novel mechanism triggering the dedifferentiation of β-cells (Latreille et al. 2014).  

Furthermore, our laboratory recently showed that β-cells from Tg7a2 mice started expressing 

the non-β-cell hormone Sst, thus indicative of β- to δ-cell transdifferentiation. Although Tg7a2 

indicate a dedifferentiation, it is still unclear if this process is induced by the hyperglycaemic 

phenotype or an effect of miR-7a2 overexpression. Additionally, further research is required 

to clarify if miR-7a2 overexpression induces dedifferentiation in human islets. In the presented 

thesis, we investigated how miR-7a expression affects β-cell identity. Moreover, we have 

profiled the genetic signature and epigenetic landscape of islets isolated from Tg7a2 mice and 

identified new miR-7 targets causing β-cell dedifferentiation in diabetes. To accomplish this, 

we first manipulated the expression of miR-7a in different experimental models (cell lines, 

mouse islets, human islets and mice) to model miR-7a-mediated β-cell dedifferentiation. We 

utilised our different models of β-cell dedifferentiation to confirm those findings of potential 

transdifferentiation induced by miR-7a. 
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3.2.1 Alteration of miR-7a levels in immortalised pancreatic β-cell lines 

To identify the miR-7a targets responsible for the dedifferentiation of β-cells, we first sought 

to establish an in vitro model of miR-7a-mediated β-cell dedifferentiation. To accomplish this, 

we overexpressed miR-7a in the Min6 mouse immortalized β-cell line using miR-7a2 

overexpressing (Ad-7a2) or control adenoviruses (Ad-ctrl). Both adenoviral vectors carried an 

EGFP reporter gene under an independent promoter, which enabled us to control for infection 

efficiency. As an alternative approach, we inhibited miR-7a function using locked nucleic acid 

inhibitor (LNA-7a). qPCR was then utilized to measure mRNA levels of genes maintaining β-

cell identity in cells in which we manipulated miR-7a levels. We also used 

immunofluorescence microscopy to determine the expression of Ins and β-cell markers at a 

subcellular resolution.  

Infection of Min6 cells with Ad-7a2 resulted in a significant increase in MIR-7a (p=0.0001) 

expression in Ad-7a2 infected Min6 cells compared to Ad-Ctrl measured in qPCR (Fig. 3.1A). 

Min6 cells infected with Ad-7a2 show significant downregulation of the β-cell identity markers 

INS1 (p=0.0064), INS2 (p=0.0004), GLUT2 (p≤0.0001), NKX6.1 (p=0.0456) and PDX-1 

(p≤0.0001) in comparison to Ad-Ctrl (Fig. 3.1B). Immunofluorescence microscopy was then 

used to determine if changes in mRNA levels correlate with alteration of protein levels. 

Quantification of images via CellProfiler showed a significant decrease in Ins intensity 

(p=0.0500) in Min6 cells infected with Ad-7a2 in comparison to Ad-Ctrl (Fig. 3.1E,F). This 

indicates, that miR-7a2 induces the dedifferentiation of β-cells through suppressing the 

expression of key β-cell enriched genes. 

In contrast, loss-of-function of studies revealed a significant decrease of miR-7a mRNA levels 

(p=0.0014) in Min6 cells in transfected with miR-7a LNA compared to LNA-Ctrl transfected 

cells. (Fig. 3.1C). LNA-7a Min6 cells displayed a significant increase in Ins2 (p=0.0482) and 

Glut2 (p=0.0024) mRNA levels, whereas a tendency for increased expression of NKX6.1 

(p=0.2260) and PDX-1 (p=0.0630) could be observed, although the effect did not reach 

statistical significance (Fig. 3.1D).  
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Figure 3.1: Alterations of miR-7a lead to changes in β-cell markers in Min6 cells. (A) Relative miR-7a 

expression in Min6 cells infected with Ad-7a2 compared to Ad-Ctrl for 48h. Data was normalised to Small 

nucleolar RNA MBII-202 (Sno202) expression. (B) Relative expression of β-cell identity genes in Min6 cells 

infected with Ad-7a2 compared to Ad-Ctrl. Data was normalised to Ribosomal phosphoprotein P0 

(RPLP0/36B4). (C) Relative miR-7a expression in Min6 cells transfected with LNA-7a compared to LNA-Ctrl.  

Data was normalised to Sno202. (D) Relative expression of β-cell identity genes in Min6 cells transfected with 

LNA-7a compared to LNA-Ctrl. Data was normalised to RPLP0/36B4. (E) Representative immunofluorescence 
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microscopy images of Min6 cells infected with Ad-7a2/Ad-Ctrl and subjected to immunofluorescence for Ins 

expression. EGFP shows successful infections. (F) Quantification of Ins intensity in EGFP positive cells obtained 

in E (A-D) n = 6; (F) n = 3 (Ad-Ctrl), n = 5 (Ad-7a2) images of 3 independent biological replicates. Data are 

means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student's t-test. 

 

To confirm these results, we infected rat Ins1E cells with Ad-7a2, resulting in a significant 

increase in miR-7a mRNA levels (p=0.0101) in comparison to Ad-Ctrl (Fig. 3.2A). Ins1E cells 

infected with Ad-7a2 show a significant decrease in the β-cell identity markers GLUT2 

(p=0.0008), NKX6.1 (p=0.0020) and PDX-1 (p=0.0350), whereas the expression of INS1 

(p=0.1172) and INS2 (p=0.4158) tend to be decreased but did not reach statistical significance 

(Fig. 3.2B). Together these results show that overexpression of miR-7a2 is sufficient to induce 

loss of β-cell identity in the course of 48h. Conversely, inhibition of miR-7a upregulates gene 

involved in maintaining β-cell identity. Both gain- and loss-of function in vitro models were 

used to investigate mRNA targeted by miR-7 and triggering β-cell dedifferentiation.  

 

Figure 3.2: Overexpression of miR-7a2 leads to loss of β-cell identity in Ins1E cells. (A) Relative miR-7a 

expression in Min6 cells infected with Ad-7a2 in comparison to Ad-Ctrl, normalised to Sno202. (B) Relative 

expression of β-cell identity genes in Min6 cells infected with Ad-7a2 in comparison to Ad-Ctrl, normalised to 

RPLP0/36B4. n = 3. Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student's t-test. 
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3.2.2 Overexpression of miR-7a2 in isolated mouse islets 

Most models of diabetes are affected by secondary effects of metabolic stress, resulting in 

dysregulation of β-cell enriched genes (Zhao et al. 2016, Ottosson-Laakso et al. 2017). 

Additionally, in vivo work can be influenced by secondary effects of other organs. We therefore 

isolated islets from non-diabetic mice tdTomatoRIP-Cre and infected them with Ad-7a2 / Ad-Ctrl 

to trigger the dedifferentiation. tdTomatoRIP-Cre label β-cells specifically through the expression 

of tdTomato under control of the rat Ins II promoter (Fig. 3.3A). Isolated islets from 

tdTomatoRIP-Cre show red fluorescence under the microscope in comparison to tdTomatowt 

control mice (Fig. 3.3A), indicating the successful expression of tdTomato in β-cells. We then 

confirmed those results by sorting islet endocrine cells from tdTomatoRIP-Cre/ tdTomatowt islets 

using FACS. For FACS a yellow green (561nm) laser was used with a 582/15nm bandpass. 

The representative histogram of the FACS experiment, sorted by tdTomato, shows a clear 

differentiation between tdTomato positive (tdTomato+) and tdTomato negative (tdTomato-) 

cells (Fig. 3.3B). When sorted, around 50% of the islet endocrine cells were classified as 

tdTomato+ cells in tdTomatoRIP-Cre mice, compared to 0% in the tdTomatowt (Fig. 3.3C). 

Importantly, tdTomato+ cells from tdTomatoRIP-Cre show a significant enrichment in gene 

expression levels for β-cell markers like INS2 (p≤0.0001), PDX-1 (p=0.0010) and UCN3 

(p≤0.0001), while the α-cell markers GCG (p≤0.0001), MAFB (p=0.0013) and ARX (p=0.0009) 

are significantly less abundant (Fig. 3.3D), indicating that sorting successfully separated β-

cells from other endocrine cells, as indicated by α-cell markers. 
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Successful labelling of β-cells with tdTomato allowed us to trace these cells in studies of miR-

7a2 overexpression, where typical β-cell markers, like Ins, are lost. To investigate the effect of 

miR-7a2 overexpression on β-cells in islets, we infected whole islets from tdTomatoRIP-Cre mice 

(Fig. 3.4A). We analysed the intensity of Ins in the tdTomato-labelled β-cells that were 

successfully infected with Ad-7a2/Ad-Ctrl (EGFP+). Quantitative analyses revealed a 

significant decrease in Ins intensity (p=0.0002) in Ad-7a2 infected islets compared to Ad-Ctrl 

(Fig. 3.4B). Together with the results found in immortalised β-cell lines, our results show that 

we can dedifferentiate β-cells ex vivo and that miR-7a2 induced dedifferentiation is 

independent of metabolic stress and/or of intrinsic signals from other organs and tissues. 

 

Figure 3.4: miR-7a2 overexpression decreases Ins content in β-cells of tdTomatoRIP-Cre mice. (A) 

Representative microscopy images of whole isolated islets from tdTomatoRIP-Cre mice infected with Ad-Ctrl/Ad-7a2 

and stained for Ins. (B) Quantification of the measured intensity of Ins in the images from (A). (B) n = 9 (Ad-Ctrl), n 

= 7 (Ad-7a2); n = number of islets. ***p < 0.001, unpaired Student's t-test. 

 

 

 

 

Figure 3.3: tdTomato allows tracing of β-cells in tdTomatoRIP-Cre mice. (A) Representative microscopy 

images (left: Brightfield, right: Red fluorescence) of tdTomatoRIP-Cre mice in comparison to tdTomatowt mice. (B) 

Representative histogram of FACS sorted dissociated islets of tdTomatowt / tdTomatoRIP-Cre mice showing the 

cell count on the y-axis and red fluorescence intensity on the x-axis. (C) Percentage of tdTomato- /  tdTomato 

+ cells of the total of FACS sorted cells from dissociated islets isolated from tdTomatowt / tdTomatoRIP-Cre mice. 

(D) Relative gene expression of β-cell and α-cell identity markers in  tdTomato+ cells compared to  tdTomato- 

cells from FACS sorted tdTomatoRIP-Cre dissociated islets, normalised to RPLP0/36B4. (C) n = 5 (tdTomatowt), 

n = 6 (tdTomatoRIP-Cre); (D) n = 7 ( tdTomato-), n = 6 ( tdTomato+); n = animal number.  Data are means ± SEM, 

**p < 0.01, ***p < 0.001, unpaired Student's t-test. 
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3.2.3 Overexpression of miR-7a2 in human islets 

While cell lines come with the advantage of quantity, allowing to perform wide screens in the 

identification of targets, factors or pathways related to the investigated question and mouse 

work gives a valuable insight into the effects in vivo and in the complexity of a whole organism, 

the overall goal of every medical related study is to expand its research into man. Until now, 

the knowledge of miR-7 inside the human islets in relation to T2D is uncharted. Recent studies 

show a significant enrichment of miR-7 inside human T2D patients serum when compared to 

control samples (Wan et al. 2017). Together with the findings relating miR-7a2 elevation inside 

islets to diabetes in mice (Latreille et al. 2014), it encouraged us to investigate if miR-7 is 

actively involved in the progression of T2D in human. We therefore sought to continue our 

experiments in islets of human donors, kindly provided by Prof. G. A. Rutter. We utilised IAPP 

as a marker for β-cells, since we observed no significant regulation of IAPP in Tg7a2 mice at 

2 and 12 weeks of age in RNA-Seq performed by M. Latreille and analysed by Y. Wang.  

We continued with infecting human donor islets with Ad-7a2/Ad-Ctrl and investigated Ins 

expression using immunofluorescence microscopy (Fig.3.5A). Ad-7a2 infected β-cells 

(EGFP+, IAPP+) show a significant downregulation of measured Ins intensity (p=0.0366) 

when compared to Ad-Ctrl samples (Fig. 3.5B). Our findings indicate elevated miR-7a2 levels 

can trigger the dedifferentiation of both mouse and human primary β-cells.  

 

Figure 3.5: miR-7a2 overexpression decreases Ins content in human β-cells (A) Representative 

microscopy images of whole isolated islets from human donors infected with Ad-Ctrl/Ad-7a2 and stained for Ins 

and IAPP. (B) Quantification of the measured intensity of Ins in IAPP+/EGFP+ cells in the images from (A). (B) 

n = 14 (Ad-Ctrl), n = 17 (Ad-7a2); n = number of islets. *p < 0.05, unpaired Student's t-test. 
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3.2.4 Insulin islet content in mouse models of diabetes 

Our group previously showed that Ins expression, as well as circulating Ins, is reduced in Tg7a2 

mice at 12 weeks of age (Latreille et al. 2014). However, Ins content in islets of Tg7a2 animals 

at 2 weeks of age is still unexplored. Onset of hyperglycaemia in Tg7a2 animals is from 3 

weeks onwards (Latreille et al. 2014). Therefore 2-week-old (2w) animals allow the 

investigation of miR-7a2 effects on β-cells without secondary effects by metabolic stress. 

Tg7a2 animals of 2 and 12 weeks of age were used for ATAC-Seq studies presented in Chapter 

4.4.  

We investigated Ins content in islets of Tg7a2 animals at 2 and 12 weeks of age using 

immunofluorescence microscopy. We hypothesised that miR-7a2 overexpression reduces Ins 

content in Tg7a2 animals from 2 weeks onwards. Immunostaining in 2 weeks of age did not 

shows any significant difference in Ins content in Tg7a2 and Wt littermate controls. (Fig. 

3.6A,B). Interestingly, we were able to observe that 12-week-old (12w) Wt animals contain 

significantly higher amounts of Ins when compared to 2w Wt mice (p=0.0090), while there is 

no significant difference between Tg7a2 mice of 2 and 12 weeks of age. At 12 weeks of age, 

Tg7a2 animals show a significant reduction in Ins content compared to Wt animals (p=0.0157) 

(Fig. 3.6A,B). Our results show, that miR-7a2 overexpression induces loss of Ins content after 

2 weeks of age. While Ad-7a2 and Tg7a2 induced overexpression of miR-7a2 provide 

interesting models for the investigation of T2D, we sought to confirm our results in db/db mice, 

a well-established mouse model of diabetes  with increased miR-7 levels (Hummel et al. 1966, 

Latreille et al. 2014, Burke et al. 2017). Interestingly, we found that 12w diabetic db/db animals 

displayed decreased islet Ins content in comparison to age matched db/+ control animals (Fig. 

3.6C). 
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Figure 3.6: Decreased Ins content in Tg7a2 and db/db islets. (A) Representative microscopy images of islets 

from Wt control and Tg7a2 animals at 2 and 12 weeks of age stained for Ins. (B) Quantification of Ins staining from 

mice represented in (A). (C) Representative microscopy images of islets from db/+ control and db/db animals at 12 

weeks of age stained for Ins. (B) n = 3. Data are means ± SEM, *p<0.05, **p < 0.01, Two-way ANOVA. 
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3.2.5 Analysis of polyhormonal cells in miR-7a overexpressing islets 

Following up on the findings by T. Mak, showing that elevated miR-7 levels cause a 

transdifferentiation of β-cell into δ-cells (Mak et al. under review), we sought to investigate if 

miR-7a2 overexpression ex vivo is sufficient to induce transdifferentiation, therefore excluding 

secondary effects induced by metabolic stress and/or other organs and tissues. Our first 

approach was to dissociate the islets of tdTomatoRIP-Cre mice, infect the cells with Ad-7a2/Ad-

Ctrl and stain them with a cocktail of antibodies against non-β-cell hormones (Sst/Gcg/Ppy) 

(Fig. 3.7A). Although not significant, our data raised our interest whether miR-7a2 increases 

Sst/Gcg/Ppy positive cells in Ad-7a2 infected β-cells (tdTomato+, EGFP+) compared to Ad-

Ctrl infected samples of tdTomatoRIP-Cre mice (Fig. 3.7A,B), leading us to continue 

investigating the imminent effect of miR-7a2 to induce a polyhormonal β-cell state in human 

islets (Fig. 3.8) We utilised the db/db mouse model as an independent model of diabetes, 

without artificially increasing miR-7a2 expression, to further investigate the occurrence of 

polyhormonal cells in T2D. We stained 12w db/db and db/+ control animals for Ins and Sst 

(Fig. 3.7C). When comparing db/db mice to db/+ control animals our data shows a significant 

increase in the number of Sst positive cells (p=0.0229) in comparison to age matched db/+ 

controls (Fig. 3.7D), confirming our results, as well as previous studies (Talchai et al. 2012), 

stating an occurrence of polyhormonal cells in T2D mice. 
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To recapitulate our findings in man we dissociated human donor islets and infected them with 

Ad-7a2/Ad-Ctrl (Fig. 3.8A). Dissociated islets were used to increase the effectiveness of 

infection. Infected islets were stained for Ins and a Sst / Gcg antibody cocktail to mark 

 

Figure 3.7: Occurrence of polyhormonal cells and increases in δ-cell mass in mice. (A) Representative 

microscopy images of dissociated islets from tdTomatoRIP-Cre infected with Ad-Ctrl/Ad-7a2 and stained for an antibody 

cocktail containing anti- Sst/Gcg/Ppy. (B) Quantification of Sst/Gcg/Ppy positive cells in the EGFP positive cell 

population in the images from (A). (C) Representative microscopy images of islets from ~12w db/+ and db/db mice 

stained for Ins and Sst. (D) Quantification of the proportion of Sst positive cells inside the islets of ~12w db/db animals 

in comparison to db/+ shown in (C). (B) n = 14 (Ad-Ctrl, 81 EGFP+ cells), n = 13 (Ad-7a2, 78 EGFP+ cells); n = 

number of images.  (D) n = 4 (db/+), n = 3 (db/db); n = number of animals. *p < 0.05, unpaired Student's t-test. 
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polyhormonal cells (Fig 3.8A). Confirming our previously results in whole human islets 

infected with Ad-7a2/Ad-Ctrl (Fig. 3.5), quantification revealed a significant reduction in the 

percentage of Ins positive cells (p≤0.0001) in Ad-7a2 infected cells (EGFP+) in comparison to 

Ad-Ctrl samples (Fig. 3.8B). In contrast to that the number of Sst/Gcg positive cells in the 

infected cell population (EGFP+) is significantly increased (p=0.0008) when comparing Ad-

7a2 to Ad-Ctrl samples (Fig. 3.8C). Next we wanted to address, if the increase in Gcg/Sst 

positive cells we observe (Fig. 3.8C) is due to an increase in Sst/Gcg cell proliferation or β-

cells losing their identity. We therefore quantified the number of Ins/Sst/Gcg positive cells in 

the total number of Ins/EGFP positive cells, resulting in a significant increase in polyhormonal 

Ins/Sst/Gcg positive cells (p≤0.0001) in Ad-7a2 samples in comparison to Ad-Ctrl samples 

(Fig. 3.8D), showing that the increase in non-β-cell specific hormones observed is due to a loss 

of mature β-cells, rather than an increase of α and δ cells. 

 

Figure 3.8: miR-7a2 overexpression increases polyhormonal cells in human islets in vitro (A) 

Representative microscopy images of dissociated human islets infected with Ad-Ctrl/Ad-7a2 and stained for Ins 

and an antibody cocktail containing anti- Sst/Gcg. (B) Quantification of Ins positive cells in the EGFP positive 

cell population in the images from (A). (C) Quantification of Sst/Gcg positive cells in the EGFP positive cell 

population in the images from (A). (D) Quantification of Ins/Sst/Gcg positive cells in the Ins/EGFP positive cell 

population in the images from (A).  (B-D) n = 97 (Ad-Ctrl, 456 EGFP+ cells), n = 41 (Ad-7a2, 554 EGFP+ cells); 

n = number of images. ***p < 0.001, unpaired Student's t-test. 
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3.3 Discussion 

Throughout this thesis an adenovirus based miR-7a2 overexpression system was utilised which 

allows the effective manipulation of miR-7a2 levels, but also comes with potential drawbacks 

that need to be kept in mind. In general, the overexpression of the miRNA in those systems can 

be potentially unnatural and therefore needs to be carefully optimised to avoid unwanted 

effects. In previous studies it has been shown that oversaturation of miRNA pathways by 

consistent overexpression can lead to fatality in mice (Grimm et al. 2006). Therefore, it is to 

assume that wrong dosage, while not necessarily fatal, leads to side effects. In previous studies 

we showed that db/db mice have 4fold increased miR-7 levels compared to wt control mice at 

12 weeks of age and human islets grafted under the kidney capsule of high fat diet fed mice 

express approximately 1.7fold higher miR-7 compared to chow fed mice after 10 weeks of diet. 

Obese mice and human showed no significant changes (Latreille et al. 2014). In the adenovirus-

based system, inducing a 7fold increase in miR-7a2 levels, those differences could affect the 

results and need to be considered when comparing Ad-7a2 overexpression and other forms of 

T2D models. Of note, Tg7a2 animals have an approximately 3fold increase in miR-7a2 levels. 

Additionally, while we assume that miR-7a1/miR-7a2/miR-7b function is redundant, due to 

their similarity in their sequence, we previously showed that the expression of the different 

miR-7 family members is different inside the pancreatic islets, showing an enrichment for miR-

7a2, and differs between different organs, with a 2fold higher expression in the pituitary 

compared to the hypothalamus or islet (Latreille et al. 2014). Due to the enrichment of miR-

7a2 in the islet we utilised a miR-7a2 overexpressing adenovirus, but while we focused on 

miR-7a and miR-7a2 in particular, it would be interesting to investigate how miR-7b is affected 

in T2D and if overexpression of miR-7a2 alternates the balance between the miR-7 family 

members. Another drawback of adenovirus based delivery systems is, that they are not able to 

integrate into the host genome and induce an immune response, which not only can cause 

additional side effects, but also limits their usage for long term miRNA effect studies (Bessis, 

GarciaCozar and Boissier 2004). An alternative would be the adeno-associated virus, which 

can integrate into the host genome and induces a milder immune response (Rutledge and 

Russell 1997, Grimm and Kay 2003). 

Historically the loss of functional β-cells was thought to be caused by apoptosis, therefore 

decreasing the overall β-cell mass of the pancreas (Butler et al. 2003). While apoptotic β-cells 

are irreversibly lost in diabetes, dedifferentiated β-cells, although non-functional, may be 

targeted by agents improving their functional identity through  re-differentiation into functional 
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β-cells (Talchai et al. 2012, Wang et al. 2014, Cinti et al. 2016a). Interestingly, while there are 

studies showing the loss of β-cell identity through selected knockout of key genes in mice, for 

example FOXO1 (Talchai et al. 2012), little evidence has been provided on the mutation 

triggering β-cell dedifferentiation in humans. In previous work we showed, that miR-7a levels 

are increased in db/db mice, as well as human islets grafted under the kidney capsule of mice 

fed a high fat diet and provided first evidence that miR-7a2 is able to trigger β-cell 

dedifferentiation (Latreille et al. 2014). MiR-7a2 could therefore be one of the first reported, 

in human T2D naturally elevated occurring, factors causing β-cell dedifferentiation (Wan et al. 

2017).  

The initial goal of my study was to establish experimental models to study miR-7a mediated 

β-cell dedifferentiation which could be used to identify mRNA targets underlying the effect of 

miR-7a. In our first models, we used immortalised mouse and rat β-cell lines, Min6 and Ins1E, 

respectively. On top of the obvious advantages like cost efficiency, their ease to culture and 

unlimited supply, these cell lines also present us the opportunity to research the effects of miR-

7a2 on a pure population of β-cells, eliminating potential effects of other cells. When we 

overexpressed miR-7a2, in both β-cell lines (Fig. 3.1A and 3.2A) we observed a loss of key β-

cell identity genes via mRNA levels (Min6 + Ins1E) and on a protein level (Min6) (Fig. 

3.1B,E,F and 3.2B). The loss of these key β-cell identity genes: GLUT2 (Thorens 2015), 

NKX6.1(Taylor, Liu and Sander 2013), PDX-1 (Ahlgren et al. 1998, Brissova et al. 2002) and 

the Ins genes (Duvillié et al. 1997) have all been associated with the progression of diabetes. 

Additionally, dedifferentiation of human β-cells through fibroblast growth factor 2, showed 

reduced expression of key master β-cell markers, including INS, MAFA, PAX6 and GLUT2 

(Diedisheim et al. 2018). While miR-7 is known to be present in the development of the 

pancreas and β-cells and is upregulated in diabetic models (Wienholds et al. 2005, Nieto et al. 

2012, Liao et al. 2013, Wei et al. 2013, Nesca et al. 2013, Latreille et al. 2014), it would be 

interesting to investigate in future experiments, whether an induced dedifferentiation of β-cells, 

by e.g. fibroblast growth factor 2, results in an upregulation of miR-7. 

Decrease in mRNA levels of those genes provided us with the necessary evidence for the 

occurrence of β-cell dedifferentiation following miR-7a2 overexpression. On the other hand, 

we were interested, if downregulation of miR-7a2 in Min6 cells, could improve the function of 

the β-cell. In previous work, we demonstrated that β-cell specific knockout of miR-7a2 

improved glucose tolerance in mice (Latreille et al. 2014). We aimed to exclude any secondary 

effects by other organs and tissues. We therefore utilised the miR-7a2 inhibitor LNA-7a to 
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reduce miR-7a2 levels in Min6 cells (Fig. 3.1C). The observed changes in mRNA levels of β-

cell identity genes were not as strong as for the miR-7a2 overexpression, which could be 

explained by the fact, that the levels of miR-7a2 in normal-state Min6 cells are too low to affect 

regulators of β-cell key genes in the first place. Therefore, a downregulation of miR-7a2 has 

no significant effect, whereas upregulation of miR-7a2 shows severe effects on the expression 

of these genes. 

For our next step, we sought to investigate miR-7a2 overexpression on the whole islets, while 

excluding secondary effects induced by metabolic stress or other organs and tissues. To do so,  

we tdTomato labelled β-cells using the tdTomatoRIP-Cre mouse model (Fig. 3.3). Although the 

accuracy of the RIP-Cre recombinase has been reported before (Kulkarni et al. 1999), evidence 

shows  that leakage of the labelling efficiency can occur (Estall and Screaton 2015). To ensure 

the faithfulness of the system we FACS sorted the cells via tdTomato intensity. Our results 

confirm, due to an enrichment of β-cell identity markers in the tdTomato+ population, and 

lower levels of α-cell markers, that tdTomato expression is in indeed specifically inside the β-

cell. Interestingly, while it has been reported, that miR-7 is selectively expressed in 

neuroendocrine tissues (pituitary glands, pancreatic islets, hypothalamus and adrenal glands) 

(Landgraf et al. 2007, Bravo-Egana et al. 2008, Joglekar et al. 2009, Kredo-Russo et al. 2012b, 

Latreille et al. 2014), in situ hybridisation demonstrated that miR-7 is expressed preferentially 

in endocrine cells and the embryonic neural tube (Nieto et al. 2012). Infection of whole 

tdTomatoRIP-Cre mouse islets with Ad-Ctrl/Ad-7a2, shows that the dedifferentiation of β-cells 

ex vivo is reproducible in whole islets (Fig. 3.4). Differentiating results between single cells 

(Min6) and whole islets is necessary, as function of the endocrine cells relies on the structural 

integrity of the islets (Cirulli et al. 1994, Esni et al. 1999, Olofsson et al. 2009, Aamodt and 

Powers 2017). These results exclude that the dissociation plays aa role in miR-7 mediated β-

cell dedifferentiation. We furthermore confirmed that our results from Ad-7a2 infected 

tdTomato+ β-cells are indeed an effect of the miR-7a2 overexpression and not an artefact of 

the infection with viral particles itself, by comparing the effect of Ad-7a2 to Ad-Ctrl (Fig. 

3.4A,B). 

In human islets we utilised the pancreatic β-cell marker IAPP (Blodgett et al. 2015) to identify 

β-cells after Ad-7a2 infection since our RNA-Seq analysis performed on isolated islets from 

Tg7a2 animals did not show any changes in IAPP expression in comparison to Wt controls. 

This also shows that the diabetic phenotype induced by miR-7a2 is not a developmental defect 

of the whole islet, but rather a quite specific process leading to decreased expression of only a 



107 
 

subset of β-cell markers. Our results in human islets confirm our findings in cells and mice. 

Those findings are important for the progression of the research project, due to the fact that it 

has been reported that, while there are many mouse models available, none model the 

pathophysiological characteristics of human T2D in its entirety (Cefalu 2006), showing the 

need of human samples in diabetic research.  

While in vitro work provides insights into cellular aspects of the β-cell dysfunction in diabetes, 

we also wanted to explore how miR-7a impacts on the identity of β-cells in vivo. For this, we 

used Tg7a2 and db/db which both overexpress miR-7a2 in β-cells (Fig. 3.6) (Latreille et al. 

2014). While Tg7a2 animals express a hyperglycaemic phenotype from 3 weeks onwards, and 

the islets in 15-week-old Tg7a2 animals show a decrease in Ins content and other β-cell markers 

(MafA, Nkx6.1, Glut2), 2w normoglycaemic mice allowed us to investigate how miR-7a2 

induces β-cell dedifferentiation, while excluding potential effects induced by the diabetic 

phenotype itself (e.g. hyperglycaemia). In future experiments, the glucose response of Tg7a2 

animals should be investigated at 2 weeks of age to determine if miR-7a2 overexpression has 

a pathological effect on pre-weaned mice. 

Our results suggest that, as Ins content is reduced in 2w Wt mice compared to 12w WT mice, 

but not between 2w Tg7a2 and Wt mice, overexpression of miR-7a2 does not affect the 

remaining Ins synthesis. It has been previously reported, that maturation of the β-cells and 

establishment of β-cell mass is triggered by the change in diet composition at the weaning 

period (Tarussio et al. 2014, Stolovich-Rain et al. 2015). Those changes are most likely due to 

the switch from a high fat milk diet to the carbohydrate rich chow diet, coming with the need 

for functional islets to compensate changing blood glycaemia levels. This enables β-cells to 

respond to changes in circulating glucose levels and secrete appropriate amounts of Ins in the 

circulation. Additionally, single cell transcriptomic analysis of β-cells shows significant 

differences between β-cells at different stages of development in mice, including genes crucial 

for insulin synthesis and secretion (e.g. Ins2 and Ucn3) (Qiu et al. 2017). As miR-7a2 induces 

dedifferentiation to a more progenitor-like cell type (e.g. SOX9 expression, Latreille et al. 

2014), the effects on the “premature” β-cell pre-weaning are not affecting Ins content. 

Insulin content analysis was performed utilising immunofluorescence approaches only. Other, 

more conventional, methods can be used in combination with immunofluorescence to assess 

insulin content and provide further confirmation, including insulin secretion assays, western 

blots or ELISA. 
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The db/db mouse is a well-established model of diabetes (Hummel et al. 1966, Burke et al. 

2017). The reduced Ins content compared in diabetic db/db animals (Fig. 3.6C), was not 

unexpected, as db/db animals have previously been reported to have reduced insulin content in 

islets. Nevertheless, db/db mice confirm our findings so far and represents another valuable 

diabetic mouse model with miR-7a overexpression. 

While we established the loss of key β-cell identity markers through the overexpression of 

miR-7a2, we also sought to address the occurrence of polyhormonal cells, indicating 

transdifferentiation of β-cells, in a diabetic mouse models as previously reported (Talchai et al. 

2012, Blum et al. 2014, Brereton et al. 2014, Wang et al. 2014, Cinti et al. 2016a, Md Moin et 

al. 2016). Contrary to expectations, we could not detect an increase in the number of 

polyhormonal cells in tdTomatoRIP-Cre mice (Fig. 3.7.A,B). These experiments will need to be 

repeated with larger number of islet samples to uncover its significance. 

The increase in polyhormonal cells in human endocrine cells, induced by upregulation of miR-

7a2, confirms our expectations that miR-7a2 is able to not only dedifferentiate endocrine and 

in particular β-cells, but also induces the expression of atypical hormones and potential 

transdifferentiation. Our results prove that β-cell dedifferentiation is not exclusively found in 

mouse models of diabetes but expands into human and may underlie an important pathological 

mechanism in T2D. These observation, and previous data obtained in mice indicating the β-

cell that have lost their identity can redifferentiate into functional β-cells (Blum et al. 2014, 

Wang et al. 2014), may open up novel therapeutic possibilities in humans. Surprisingly, the 

number of polyhormonal cells in our controls is higher than expected (Fig. 3.7/3.8). This could 

be an artefact of the isolation (and transport) of the mouse and human islets, resulting in 

increased cell stress. Additionally, the infection of the islet cells with adenovirus itself could 

result in an increase in the overall number of polyhormonal cells. Indeed it has been reported 

that stress is able to induce the dedifferentiation and therefore potential transdifferentiation of 

cells (Shoshani and Zipori 2011). 

We utilised db/db mice to confirm T. Mak’s finding in Tg7a2 animals describing a 

transdifferentiation of β- to δ-cells, induced by miR-7a2 overexpression (Mak et al. under 

review). The increase in the number of Sst+ δ-cells in islets of db/db mice could be due to 

transdifferentiation or increases in δ-cell proliferation. Previous work suggests an increase in 

α- but not δ-cell mass in T2D (Saito, Yaginuma and Takahashi 1979, Rahier, Goebbels and 

Henquin 1983, Kilimnik et al. 2011). Therefore, our results in db/db indicate to confirm our 
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findings in Tg7a2 showing that miR-7a2 overexpression triggers the transdifferentiation of β-

cell into δ-cells. Analysis of the co-expression of Ins and Sst, or lineage tracing experiments in 

db/db animals, will be required. The experiments in db/db animals used antibodies against Sst 

and Ins, in opposite to the experiment performed on isolated islets (mouse and human) infected 

with Ad-7a2/Ad-GFP, where antibodies against Ins, Sst, Gcg and Ppy were used. Further 

experiments with Ins, Sst, Gcg and Ppy antibodies in db/db animals or a separate quantification 

of Ins+, Sst+ positive cells in isolated islets would be needed  to allow comparison between 

those experiments. Initial studies were performed with a cocktail of Ins, Sst, Gcg and Ppy 

antibodies. Later findings of our group suggested that Sst+ cell counts increase in Tg7a2 

animals, resulting in our following experiments on db/db mice to use the combination of Ins 

and Sst antibodies. 

In summary, the data presented in this chapter shows that miR-7a2 overexpression is able to 

induce the dedifferentiation of β-cells and additionally trigger a polyhormonal state in those 

cells opening up potential new avenues for the treatment of T2D by targeting the 

dedifferentiation or inducing re-differentiation processes through miR-7a2 inhibitors. Further 

research in the function of miR-7a2 and the mRNA target it represses in β-cells is required to 

fully understand the pathways inducing β-cell dedifferentiation and ensure a risk-free 

admission of miR-7a2 inhibitors as a potential treatment option. 
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4. Epigenetic modulation of β-cell identity by miR-7a2 

4.1 Introduction 

The findings presented in Chapter 3 provide evidence for the involvement of miR-7a2 in the 

dedifferentiation of mouse and human β-cells which is associated with cellular 

polyhormonality. However, the molecular mechanisms through which miR-7a induces these 

changes have yet to be completely elucidated. Given that miRNAs repress genetic expression 

on a post-transcriptional level through binding to its target 3’UTR (Cannell, Kong and Bushell 

2008) we sought to identify mRNA targets repressed by miR-7a2. Interestingly, miR-7a2 

induces a loss of β-cell identity and a reduction of insulin biosynthesis, without directly 

targeting the majority of β-cell identity marker genes. For example, INS1 and INS2 show no 

potential miR-7 binding sites in their respective 3’UTRs (Fig. 4.1).  

 

Figure 4.1: Predicted miRNA targets in the 3’UTR of INS1 and INS2 in mice. Screening of the 3’UTR of 

mouse INS1 and INS2 via TargetScan shows no miR-7a binding sites. 

 

Therefore, we hypothesised that miR-7a2 must regulate the expression of an intermediary 

mRNA target responsible for β-cell dedifferentiation. During  development, it is well 

established that cell differentiation is accompanied by epigenetic changes (Atlasi and 

Stunnenberg 2017).  

Furthermore, active remodelling of epigenetic marks has been reported in the development of 

β-cells (Xie et al. 2013b) and the specific distribution of epigenetic marks exert a pivotal 

function in maintaining the identity of islet endocrine cells (Bramswig et al. 2013). Recent, 
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findings have demonstrated the involvement of a loss-of-function of the Polycomb complex 

leading to  the dedifferentiation of mouse and human β-cells (Lu et al. 2018).  

As a result, we hypothesize that miR-7 alters β-cell identity through regulation of epigenetic 

modulators. Another focus of the present investigation was to further explore changes in the 

epigenetic landscape induced by miR-7a2 in islets from Tg7a2 mice, in order to gain an 

improved understanding of the epigenetic processes involved in the dedifferentiation of β-cells. 

 

4.2 Identification of potential epigenetic regulators targeted by miR-7a 

To identify epigenetic regulators as miR-7a2 targets, we used the publicly available TargetScan 

database predicting epigenetic targets of miR-7 (Table 4.1). The different epigenetic 

modulators were grouped into different categories related to their function which included:  

1) “Histone Acetylation”: Brd3 (LeRoy, Rickards and Flint 2008), Phf21a (Iwase et al. 2004), 

Phf17 (Panchenko, Zhou and Cohen 2004), Tada2b (Gamper, Kim and Roeder 2009) and Rest 

(Huang, Myers and Dingledine 1999),  

2) “Histone Methylation”: CHD5 (Paul et al. 2013), Setd8 (Nishioka et al. 2002b) and 

JHDM1D (Klose, Kallin and Zhang 2006),  

3) “Histone Ubiquitination”: Rnf20 (Hwang et al. 2003), 

4) “DNA Methylation”: Dnmt3a (Masaki, Shaoping and En 1998), MeCP2 (Lewis et al. 1992), 

Zbtb4 and Zbtb38 (Filion et al. 2006) and  

5) members of the mSWI/SNF complexes “Chromatin remodelling”: Arid2 (Xu, Flowers and 

Moran 2012), Brm, Brg1 and BAF60A (Tang et al. 2010) (Fig. 4.2A,B). 
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Table 4.1: Identification of potential miR-7a targets. Predicted bindings sites of miR-7a in the 3’UTR of 

epigenetic regulators and log2 fold-changes of predicted genes in RNA-Seq of Tg7a2 animals in comparison to 

Wt controls at 2w and 12w of age. Conserved sites are conserved broadly among vertebrates and poorly 

conserved sites are found in m = mouse, r = rat, h = human as predicted by TargetScan. RNA-Seq: n = 3, Wald 

test with adjusted p values. Initial TargetScan search by M. Latreille, reanalysed by me; RNA-Seq performed by 

M. Latreille (Mak et al. under review). 

Gene Predicted sites Tg7a2 2w 

log2 fold  

Adjusted 

p-value 

Tg7a2 12w  

log2 fold 

Adjusted 

p-value 
Conserved Poorly 

conserved 

Brd3 1 1 (m) 0.079949518 0.65517198 0.126588 0.385948 

Phf21a/ 

BHC80 

1 0 0.109169643 0.693687247 0.352727 0.06058 

Phf17/ 

Jade1 

1 0 -0.826688118 0.00038255 -0.66326 0.003734 

Tada2b 1 0 -0.578181404 0.04238607 -0.8013 0.001231 

Rest 1 1 (m/r) 0.709632324 0.032710444 0.625771 0.071548 

CHD5 0 1 (m/r) 1.610789658 1.98e-08 1.282118 7.34e-06 

Setd8 1 1 (m/r/h) 0.079932557 0.690289891 -0.34444 0.007591 

JHDM1D/

KDM7a 

1 1 (m/r/h) -0.185645667 0.583196723 -0.46783 0.052807 

Rnf20 1 2 (m/r) -0.287681182 0.147093254 -0.27398 0.137286 

Dnmt3a 0 1 (m) -0.403246738 0.057197346 0.0357 0.910328 

MeCP2 0 1 (m/r/h) -0.186273371 0.495317945 -0.65171 0.00048 

Zbtb4 0 1 (m/r/h) -0.321833147 0.078532806 -0.45489 0.00387 

Zbtb38 1 0 -0.066774439 0.828722078 -0.50838 0.004288 

Arid2 1 0 0.060010874 0.851718706 -0.08466 0.757444 

Brm/ 

Smarca2 

0 0 0.121062632 0.608978592 0.213593 0.248624 

Brg1/ 

Smarca4 

1 (not r) 2 (2m/1r) -0.371894451 0.015731945 -0.4703 0.000666 

BAF60A/ 

Smarcd1 

1 2 (m/r/h) -0.048240116 0.860381703 -0.22357 0.214249 

 

We then screened the epigenetic targets in Min6 cells infected with Ad-7a2/Ad-Ctrl followed 

by RT-qPCR. Overexpression of miR-7a2 by Ad-7a2 revealed a significant decreased mRNA 

levels of Tada2b (p=0.0132), Setd8 (p=0.0003), MeCP2 (p=0.0034), Zbtb4 (p≤0.0001) in 
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addition to members of the chromatin remodelling mSWI/SNF complexes: Brm (p≤0.0001), 

Brg1 (p=0.0338) and BAF60A (p=0.0002) (Fig. 4.2A,B) when compared to Ad-Ctrl samples. 

Additionally, a significant upregulation of CHD5 (p=0.0008) and DNMT3A (p=0.0145) 

expression levels was observed in Ad-7a2 samples compared with Ad-Ctrl (Fig. 4.2A,B). 

 

 

Figure 4.2: Identification of epigenetic regulators in Min6 cells overexpressing miR-7a2. (A) qPCR results 

of epigenetic regulators involved in Histone Acetylation, Methylation and Ubiquitination processes in Min6 cells 

infected with Ad-7a2 compared to Ad-Ctrl, normalised to RPLP0/36B4. (B) qPCR results of epigenetic regulators 

involved in DNA Methylation and Chromatin remodelling processes in Min6 cells infected with Ad-7a2 compared 
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to Ad-Ctrl. normalised to RPLP0/36B4. n = 6. Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, 

unpaired Student's t-test. 

 

To complement these studies, we determined whether loss-of-function experiments would 

upregulate miR-7a targets. Therefore, miR-7a inhibitors were utilized to block miR-7a function 

levels in Min6, and its effect on the mRNA levels of epigenetic modulators described in Table 

4.1 was measured by qPCR (Fig. 4.3A,B)  

Inhibition of miR-7a by LNA-7a led to a significant upregulation of the mRNA levels of Brd3 

(p=0.0093), Tada2b (p=0.0248), Setd8 (p=0.0405), Brm (p=0.00998) and BAF60A (p=0.0241) 

in comparison to LNA-Ctrl samples (Fig. 4.3A,B). This confirmed the previous findings of 

Tada2b, Setd8, Brm and BAF60A mRNA levels in Ad-7a2 overexpression samples (Fig. 

4.2A,B). The results also revealed that there was a significant downregulation of Phf21a 

(p=0.0133) and Rest (p=0.0145) mRNA levels in LNA-7a samples compared to LNA-Ctrl (Fig 

4.3A).Surprisingly no significant differences were observed in the mRNA levels of CHD5, 

Dnmt3a, MeCP2, Zbtb4, or Brg1 in LNA-7a, when compared with LNA-Ctrl (Fig. 4.3A,B), 

which was the opposite of the findings in Ad-7a2 infected Min6 cells (Fig. 4.2A,B). Of note, a 

significant regulation of BRM expression was observed in the Ad-7a2 (Fig. 4.2B) and LNA-7a 

(Fig. 4.3B) experiments, despite Brm not carrying any predicted miR-7a target sites in its 

3’UTR (Table 4.1). 



115 
 

 

We compared our findings of Ad-7a2 and LNA-7a treated Min6 cells with RNA-Seq in 2 and 

12w old Tg7a2 animals (Mak et al. under revision). This allowed to investigate the effects of 

miR-7a2 on potential target expression levels without secondary effects induced through 

metabolic stress or other organs and tissues (Min6 experiments) and to address if the repressive 

 

Figure 4.3: Identification of epigenetic regulators in Min6 with inhibited miR-7a function. (A) qPCR results 

of epigenetic regulators involved in Histone Acetylation, Methylation and Ubiquitination processes in Min6 cells 

transfected with LNA-7a compared to LNA-Ctrl, normalised to RPLP0/36B4. (B) qPCR results of epigenetic 

regulators involved in DNA Methylation and Chromatin remodelling processes in Min6 cells infected with LNA-

7a compared to LNA-Ctrl, normalised to RPLP0/36B4. n = 6. Data are means ± SEM, *p < 0.05, **p < 0.01, 

unpaired Student's t-test. 
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effect of miR-7a2 on potential targets translates to in vivo. Our findings obtained from the 

RNA-Seq in islets of Tg7a2 animals at 2 and 12 weeks of age compared to age matched Wt 

controls are listed in Table 4.1. The entirety of the RNA-Seq results will be published in Mak 

et al. under revision. Significant changes were observed for the expression of PHF17 (2w: 

padj=0.0004; 12w: padj=0.0037 ), TADA2B (2w: padj=0.0424; 12w: padj=0.0012), ZBTB4 

(2w: padj=0.0785; 12w: padj=0.0039) and BRG1 (2w: padj=0.0157; 12w: padj=0.0007) being 

downregulated at both timepoints and CHD5 (2w: padj=1.98e-08; 12w: padj=7.34e-06) and 

REST (2w: padj=0.0327; 12w: padj=0.0715), which were upregulated at both time points in 

Tg7a2 mice compared age matched Wt controls. With the exception of Phf17 and Rest, the 

results in Min6 cells infected with Ad-7a2 (Fig. 4.2A,B) were in accordance with the data in 

Tg7a2 animals. 

Taken together, the results show that miR-7a regulates the expression of several epigenetic 

regulators in vitro and in vivo. 

 

4.3 Identification of the mSWI/SNF complex subunits BAF60A and Brg1 as 

targets of miR-7a 

We decided to follow up on the members of the mSWI/SNF complexes carrying miR-7 target 

sites: BAF60A and Brg1. The mSWI/SNF complexes are one of the four major protein families 

responsible for chromatin remodelling and therefore exert pivotal functions in epigenetic 

regulation (Längst and Manelyte 2015). They are hypothesised to be responsible for the 

dedifferentiation of β-cells, as mSWI/SNF has been reported to be involved in the 

differentiation processes in muscle (Puri and Mercola 2012).  Furthermore, mSWI/SNF 

complexes are thought to be involved mainly in promoting transcriptional activation (Ryan et 

al. 1998), whereas dysfunction of the mSWI/SNF complex may explain the loss of the 

expression of key β-cell markers, as observed in the progression of T2D. BAF60A has also  

been demonstrated to act in a diet sensitive manner, resulting in elevated BAF60A expression 

and protein levels in the liver of mice fed a western diet, compared to chow fed animals (Meng 

et al. 2015b) and its regulation by miRNAs has previously been reported (Goljanek-Whysall et 

al. 2014).  

However, there is little data regarding the function of mSWI/SNF complexes within β-cells. 

Recent findings have reported a switch between Brg1 and Brm in β-cells, which is dependent 
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on glucose concentration and the perturbation of this switch is observed in T2D (McKenna et 

al. 2015b). Although BAF60A mRNA levels were not differentially altered in the RNA-Seq 

obtained in islets from Tg7a2 mice (Table 4.1), we pursued this target due to the clear 

regulation of BAF60A mRNA levels in Min6 cells infected with Ad-7a2 or treated with LNA-

7a (Fig. 4.2 and 4.3). 

 

4.3.1 Effects of miR-7a alterations on BAF60A and Brg1 protein levels in 

Min6 

Since mRNA and protein levels are not automatically correlated, we next sought to test if 

alteration of miR-7a levels trigger changes in BAF60A protein levels using western blotting, 

with γ-tubulin serving as a loading control (Fig. 4.4). Min6 cells infected with Ad-7a2 

presented with a decrease in detected BAF60A protein levels when compared to Ad-Ctrl 

infected cells, while γ-Tubulin was not affected (Fig. 4.4). With our research focussing on Brg1 

rather than BAF60A, while BAF60A protein levels were investigated in Ad-7a2 treated Min6 

cells, we decided to not analyse BAF60A protein levels in LNA-7 treated Min6 cells. Future 

work should investigate whether BAF60A protein levels are changed also in miR-7a 

downregulating experiments. 

 

Figure 4.4: BAF60A protein levels in Min6 cells overexpressing miR-7a2. Min6 cells infected with Ad-

7a2/Ad-Ctrl and levels of BAF60A and γ-Tubulin determined by western blotting. 

 

In contrast, we did not find any difference in Brg1 protein levels (Fig. 4.5A). Conversely, miR-

7a inhibition through the transfection of LNA-7a increased Brg1 protein levels in comparison 

to LNA-Ctrl (Fig. 4.5B). While the infection with Ad-7a2 had no effect on Brg1 levels in Min6 

cells, the downregulation of miR-7a clearly affects the protein level of Brg1. This could be due 

to the half-life of Brg1 exceeding the length of the experiment in Min6 cells. Indeed, recent 

findings demonstrated that the half-life of Brg1 in HEK293T cells exceeded 32h (Tatarskiy et 

al. 2017). In comparison, while only data was available in Arabidopsis thaliana, the half-life 
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of BAF60A in a light dark cycle was less than 9h (Jégu et al. 2017). Of note, the switch between 

light and dark could induce BAF60A degrading proteins in Arabidopsis thaliana. 

Taken together, those results show that BAF60A and Brg1 protein levels are regulated by 

alterations in miR-7a expression Min6 cells. 

 

Figure 4.5: Brg1 protein levels in Min6 cells with alternated miR-7a expression. (A) Western Blot of Min6 

cells infected with Ad-7a2/Ad-Ctrl and stained for Brg1 and γ-Tubulin. (B) Western Blot of Min6 cells transfected 

with LNA-7a/LNA-Ctrl and stained for Brg1 and γ-Tubulin. 

 

 

4.3.2 Effects of miR-7a2 overexpression on BAF60A and Brg1 protein levels 

in dissociated pancreatic islets 

After establishing the regulation of BAF60A and Brg1 by miR-7a at the mRNA and protein 

levels in immortalised β-cell lines, we next aimed to confirm our findings in the islets of mice. 

Therefore, islets were isolated from Wt animals at 12 weeks of age, dissociated and plated 

before being infected with Ad-7a2 or Ad-Ctrl. When infected with Ad-7a2, a downregulation 

of protein levels for BAF60A (Fig. 4.6A) and Brg1 (Fig. 4.6B) were observed when compared 

to Ad-Ctrl samples. γ-tubulin was used as a loading control (Fig. 4.6). This shows, that miR-

7a2 overexpression is sufficient to inhibit BAF60A and Brg1 protein translation in isolated 

islets of mice. 

While islets of mice provide a promising insight into the effects of miR-7a2 on the expression 

levels of BAF60A and Brg1, we next sought to establish the relevance of BAF60A/Brg1 

regulation by miR-7a2 in human islets (Fig. 4.7). For this, we dissociated and infected human 
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islets kindly provided by Prof. G. A. Rutter (Fig. 4.7). Dissociated human islets infected with 

Ad-7a2 presented a downregulation of BAF60A protein levels in comparison to Ad-Ctrl 

infected samples (Fig. 4.7A). 

Similar to the findings for BAF60A, our results showed a decrease of Brg1 protein levels in 

Ad-7a2 infected human islets in comparison to Ad-Ctrl samples (Fig. 4.7B). The 

cytoarchitecture of islets, which consist of multiple types of endocrines cells, prevents cellular 

resolution of protein levels in β-cells in western blotting. We therefore used 

immunofluorescence microscopy to assess how overexpression of miR-7a2 impacts on Brg1 

protein levels in dissociated human islets (Fig. 4.7C). The quantification of GFP+ (infected 

with Ad-7a2/Ac-Ctrl) / insulin positive (Ins+) cells (β-cells) revealed a notable downregulation 

of insulin intensity (p=0.055) (Fig. 4.7D) and a significant downregulation of Brg1 intensity 

(p≤0.0001) (Fig. 4.7E) in Ad-7a2 infected samples in comparison to Ad-Ctrl samples. 

Together, these results show, that the regulation of BAF60A and Brg1 protein levels by miR-

7a2 is conserved in humans. 

 

Figure 4.6: BAF60A/Brg1 protein levels in 12w Wt mouse pancreatic islets overexpressing miR-7a2. (A) 

Western Blot of 12w Wt mouse islets infected with Ad-7a2/Ad-Ctrl and stained for BAF60A and γ-Tubulin. (B) 

Western Blot of 12w Wt mouse islets infected with Ad-7a2/Ad-Ctrl and stained for Brg1 and γ-Tubulin. n = 2 

animals. 
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Figure 4.7: BAF60A/Brg1 protein levels in human pancreatic islets overexpressing miR-7a2. (A) Western 

Blot of dissociated human islets infected with Ad-7a2/Ad-Ctrl and stained for BAF60A and γ-Tubulin. (B) Western 

Blot of dissociated human islets infected with Ad-7a2/Ad-Ctrl and stained for Brg1 and γ-Tubulin. (C) 

Representative microscopy images of dissociated human islets infected with Ad-7a2/Ad-Ctrl and stained for Brg1 

and Ins. (D) Quantification of the relative Ins intensity in GFP+/Ins+ cells of Ad-7a2 infected samples compared to 

Ad-Ctrl samples represented in (C). (E) Quantification of the relative Brg1 intensity in GFP+/Ins+ cells of Ad-7a2 

infected samples compared to Ad-Ctrl samples represented in (C). (D) n = 129 (Ad-Ctrl), n = 268 (Ad-7a2); (E) n = 

56 (Ad-Ctrl), n = 84 (Ad-7a2); n = number of GFP+/Ins+ cells. Data are means ± SEM, ***p < 0.001, unpaired 

Student's t-test. 

 

4.3.3 mRNA and protein levels of BAF60A and Brg1 in mouse models of 

diabetes 

Following up on the findings of miR-7a2 overexpression in vitro in immortalised β-cells as 

well as in dissociated mouse and human  islets, our interest was subsequently focussed on the 

regulation of BAF60A and Brg1 in vivo in the diabetic mouse models Tg7a2 and db/db 

(Hummel et al. 1966). Based on our RNA-Seq data, we predicted that islets of Tg7a2 would 

show reduced levels of mRNA and protein of BAF60A and Brg1. We previously showed that 

miR-7a is also induced in islets from diabetic db/db mice (Latreille et al. 2014).We then used 
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this diabetic model to measure the expression of  BAF60A and Brg1. We performed RT-qPCR 

to address BAF60A and Brg1 mRNA levels and utilised immunofluorescence microscopy to 

investigate BAF60A and Brg1 protein levels inside islets. 

Based on our RNA-Seq data, 12-well-old Tg7a2 animals exhibited no significant changes in 

BAF60A mRNA levels in comparison to age matched Wt controls. We confirmed those 

findings in RT-qPCR, showing no significant difference in BAF60A mRNA levels (Fig. 4.8A). 

For Brg1 we detected a notable decrease in its mRNA levels (p=0.1052) in Tg7a2 mice 

compared to age matched Wt controls (Fig. 4.8A). In order to investigate BAF60A and Brg1 

protein levels in Tg7a2 animals and age matched Wt controls at 2 weeks and 12 weeks of age, 

the animals were stained for Ins and BAF60A (Fig. 4.8B) or Brg1 (Fig. 4.8D). Quantification 

of the relative BAF60A intensity in β-cells revealed no significant differences between Tg7a2 

and Wt controls at 2 weeks and 12 weeks of age (Fig. 4.8C). Of note, we observed a significant 

increase in BAF60A intensity (padj=0.0215) in 12w Wt animals compared to 2w Wt animals 

(Fig. 4.8C), indicating that upregulation of BAF60A is involved in the postnatal maturation of 

β-cells. Finally, Brg1 intensity was notably reduced (padj=0.0599) in 2w Tg7a2 animals 

compared to age matched Wt controls (Fig. 4.8E). However, we measured a significant 

reduction in Brg1 intensity (padj=0.0035) in 12w Tg7a2 mice compared to age matched Wt 

controls (Fig. 4.8E). No significant change in Brg1 intensity was observed between 2 weeks 

and 12 weeks in Tg7a2 or Wt animals (Fig. 4.8E). Together these results indicate that Brg1, 

but not BAF60A protein levels are regulated by miR-7a2 in vivo. Additionally, our results 

suggest that BAF60A, not Brg1, upregulation is induced in postnatal β-cell maturation.  
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Figure 4.8: BAF60A/Brg1 levels in the diabetic Tg7a2 mouse model. (A) qPCR results of BAF60A and Brg1 mRNA 

expression levels in 12w Tg7a2 mice compared to age matched Wt controls, normalised to RPLP0/36B4. (B) 
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We subsequently quantified the expression of BAF60A and BRG1 in db/db mice using RT-

qPCR (Fig. 4.9). Our RT-qPCR data showed a significant downregulation of Brg1 (p=0.0374) 

and a notable reduction of BAF60A (p=0.0627) mRNA levels in db/db animals compared to 

db/+ controls (Fig. 4.9). Taken together, our results show that unlike BAF60a, Brg1 expression 

is regulated on a mRNA level in both Tg7a2 and db/db mice. 

4.3.4 Luciferase Assay of Brg1 3’UTR 

We next sought to investigate if the regulation of Brg1 by miR-7a is mediated through its 

3’UTR. To demonstrate this, we transfected HEK293T cells with pmirGLO plasmid containing 

the 3’UTR of Brg1 cloned downstream of the Firefly luciferase gene together with miR-7a, 

miR-7b, miR-223 and a non-targeting scramble control miRNA (miR-NT) (Fig. 4.10). In 

accordance with our data in Min6 and islets we expected miR-7 to reduce luciferase activity in 

comparison to miR-223 and miR-NT controls.  

Representative microscopy images of 2w and 12w Wt and Tg7a2 mice stained for BAF60A and Ins. (C) Quantification 

of the relative BAF60A intensity in 2w and 12w Tg7a2 and their age matched Wt controls represented in (B). (D) 

Representative microscopy images of 2w and 12w Wt and Tg7a2 mice stained for Brg1 and Ins. (E) Quantification of 

the relative Brg1 intensity in 2w and 12w Tg7a2 and their age matched Wt controls represented in (D). (A) n = 5 (Wt), 

n = 3 (Tg7a2), unpaired Student's t-test; (C,E) n = 3, Two-way ANOVA. (A,C,E) n = number of animals. Data are 

means ± SEM, *p < 0.05, **p < 0.01. 

 

 

Figure 4.9: BAF60A/Brg1 mRNA levels in the diabetic mouse model db/db.  qPCR results of BAF60A and 

Brg1 mRNA levels in ~12w db/db mice compared to age matched db/+ controls, normalised to RPLP0/36B4. (A) 

n = 5; n = number of animals. Data are means ± SEM, *p < 0.05, unpaired Student's t-test. 
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Figure 4.10: Luciferase assay of the 3’UTR of Brg1 with miR-7. Relative Luciferase activity, as measured by 

relative light units (RLU) of a pmirGLO plasmid containing with the 3’UTR of Brg1 cloned downstream of the 

Firefly gene, co-transfected with miR-NT control, miR-7a, miR-7b and miR-223 mimics inside HEK293T cells. n 

= 3. Data are means ± SEM, ***p < 0.001, One-way ANOVA. 

 

Analysis of the luciferase assay revealed that there was a significant downregulation of 

Luciferase activity in samples transfected with miR-7a (padj=0.0002) and miR-7b 

(padj≤0.0001) compared to miR-NT controls (Fig. 4.10). However, transfection with miR-223 

had no significant differences in Luciferase activity when compared to miR-NT (padj=0.4335) 

(Fig. 4.10). In summary, the Luciferase assay proved that miR-7a regulates Brg1 mRNA levels 

through its 3’UTR. Additionally, it confirms the functional redundancy between miR-7a and 

miR-7b, as both mimics regulated the activity of the luciferase reporter similarly. To show, that 

the 3’UTR of Brg1 is a direct target of miR-7a, additional methods should be done. One way 

is the mutation of the putative miR-7a binding site in the 3’UTR of Brg1, followed by a 

luciferase assay. Another method would be the crosslinking of RNA to RNA associated 

proteins by ultraviolet irradiation followed by immunoprecipitation of miRNA and deep 

sequencing to identify bound mRNAs, known as high-throughput sequencing of RNA isolated 

by crosslinking immunoprecipitation (HITS-CLIP), or crosslinking immunoprecipitation 

(CLIP)-seq (Chi et al. 2009, Zisoulis et al. 2010, Thomson, Bracken and Goodall 2011). 

 

4.3.5 BAF60A/Brg1 distribution in the pancreas 

In addition to the regulation of BAF60A and Brg1 mRNA and protein levels by miR-7a, we 

were also interested in determining the distribution of the mSWI/SNF complex subunits in the 
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exocrine pancreas, consisting of acinar cells surrounding the islets, and endocrine islets. 

Therefore, we investigated BAF60A and Brg1 using immunofluorescence on 12w mouse 

pancreatic sections (Fig. 4.11A,C). Quantification of the relative BAF60A intensity via 

CellProfiler showed a significant increase in the measured BAF60A intensity within the nuclei 

of islet endocrine cells in comparison to the surrounding exocrine cells (p=0.0007; Fig. 4.11B). 

As with the findings for BAF60A, quantification of the relative Brg1 intensity demonstrated a 

significant enrichment in the endocrine cells in comparison to the exocrine portion of the 

pancreas (p=0.0004; Fig. 4.11D).  
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Figure 4.11: Distribution of BAF60A/Brg1 inside the pancreas. (A) Representative microscopy images of Wt 

mouse islets stained for BAF60A and Ins. (B) Quantification of the relative BAF60A intensity in exocrine and 

endocrine cells of the pancreas represented in (A). (C) Representative microscopy images of Wt mouse islets 

stained for Brg1 and Ins. (D) Quantification of the relative Brg1 intensity in exocrine and endocrine cells of the 

pancreas represented in (C). n = 3; n = number of animals. Data are means ± SEM, ***p < 0.001, unpaired 

Student's t-test. 

 

Additionally, whole mouse islets were dissociated and stained for BAF60A, as well as the 

markers of β-, δ-, α- and γ-cells, namely Ins, Sst, Gcg and Ppy, respectively (Fig. 4.12A). 

Quantification of the microscopy images revealed that BAF60A is expressed in β-, δ-, α- and 

γ-cells (Fig. 4.12B). We confirmed our results in dissociated human islets (Fig. 4.12C). 

Quantification of the stained human pancreatic endocrine cells revealed a similar proportion of 

BAF60A positive cells in the different endocrine cells in human (Fig. 4.12D) when compared 

with mouse cells (Fig. 4.12B). Furthermore, RT-qPCR was performed on sorted islet cells from 

tdTomatoRIP-Cre mice. The results indicated that the mRNA levels of Brm, Brg1 and BAF60A 

was similar in non-β-cells versus tdTomato-labelled β-cells, indicating that BRM, BRG1 and 

BAF60A are evenly expressed in β- and non-β-cells (Fig. 4.12E). Of note, those results allow 

no comparison of BRM, BRG1 and BAF60A expression levels in between the non-β-cells. 
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Figure 4.12: Distribution of mSWI/SNF subunits inside the pancreatic islets. (A) Representative 

microscopy images of dissociated mouse islets stained for BAF60A and Ins, Sst (top left), Gcg (top right) and 

Ppy (bottom left). (B) Quantification of the number of BAF60A positive cells in the Ins+, Sst+, Gcg+ and Ppy+ 

cell populations represented in (A). (C) Representative microscopy images of dissociated human islets stained 

for BAF60A and Ins, SST and Gcg. (D) Quantification of the number of BAF60A positive cells in the Ins+,Sst+ 

and Gcg+ cell populations represented in (C). (E) qPCR results of Brm, Brg1 and BAF60A mRNA expression 

levels in the RFP+ and RFP- cell populations of FACS sorted islets from tdTomatoRIP-Cre mice. (B,D) n = 1 ((B) 

Ins = 975 cells, SST = 18 cells, Gcg = 61 cells, Ppy = 171 cells; (D) Ins = 349 cells, SST = 51 cells, Gcg = 142 

cells);  (E) n = 7 (RFP-), n = 5 (RFP+), n = number of animals / human donors. Data are means ± SEM, unpaired 

Student's t-test. 
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4.4 ATAC-Seq in islets of Tg7a2 mice 

After identifying Brg1 and BAF60A subunits as targets of miR-7a in β-cells, we next sought 

to investigate whether this triggers changes in the chromatin state in islets of Tg7a2 animals. 

ATAC-Seq was performed in islet isolated from 2w non diabetic and 12w diabetic  Tg7a2 and 

Wt controls (Latreille et al. 2014). ATAC-Seq measures the accessibility of chromatin regions 

genome-wide, through a hyperactive Tn5 transposase which integrates sequencing adapters 

into accessible regions in the chromatin. DNA sequencing then allows to infer for regions that 

are more accessible, as well as map regions of nucleosome position and transcription factor 

binding (Buenrostro et al. 2015a). Chromatin regions with increased accessibility are here 

referred to as “open”, whereas chromatin regions with lowered accessibility are referred to as 

“closed” throughout this thesis. 

Principal Component Analysis (PCA) of our ATAC-Seq data showed that Tg7a2 and Wt islets 

demonstrate a higher variance from each other at 12 weeks compared to 2 weeks of age (Fig. 

4.13). Furthermore, the PCA plot illustrates, that Tg7a2 animals at 2 weeks are less variant to 

Tg7a2 at 12 weeks, than 2w Wt animals to 12w Wt animals. Overall, the clustering of the four 

sample groups into four different clusters inside the PCA plot supported the continued analysis 

of the ATAC-Seq of Tg7a2 compared to Wt animals at 2 and 12 weeks of age. 

 

Figure 4.13: Principal Component Analysis (PCA) plot of the ATAC-Seq in Tg7a2. Relatedness among the 

Tg7a2 and Wt mouse samples at 2 and 12 weeks of age. n = 4. 
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4.4.1 Chromatin state inside pancreatic islets of Tg7a2 animals 

In order to continue, the genome-wide differences in accessible chromatin regions detected by 

ATAC-Seq in Tg7a2 animals compared to Wt animals required further investigation. Dr.  Yi-

Fang Wang from the LMS bioinformatic facility contributed at providing us with a list of 

differentially open chromatin segments in Tg7a2 islets. Analysis of the chromatin regions 

amplified was done by read alignment to the reference genome through a so-called seed-and-

vote method. Read alignment is the alignment of read sequences, obtained from the sequencing 

experiment to a common reference genome, in our case the mm9 mouse genome. In seed-and-

vote, small regions of the reads, called seeds or subreads, are used  to map their respective read 

to chromatin regions and alignment algorithms are then used to fill detailed mismatches or 

indel information (Liao et al. 2013b). The featureCounts program then allowed us to summarise 

those reads aligning to the same regions on the reference genome to generate peaks of 

accessible chromatin regions (Liao et al. 2013a). When the number of reads summarised to 

peaks is higher in Tg7a2 animals compared to Wt controls the chromatin is in a more accessible 

or open state in Tg7a2 vs Wt controls. On the other hand, when the number of reads 

summarised to peaks is higher in Wt controls compared to Tg7a2 animals the chromatin is in 

a less accessible or close state in Tg7a2 vs Wt controls. The DeSeq2 was then used to find 

statistically significant differences in the number of reads between Tg7a2 and Wt controls. 

DeSeq2 tests whether the null hypothesis, meaning whether the logarithmic fold change 

between two groups is zero, is true or not. DeSeq2 is a generalised linear model with three 

parameters: 1) normalisation parameter, 2) variance parameter and 3) group differences 

parameter that need to be fitted and is based on a count matrix with a row for each gene (as 

summarised reads by the featureCounts program are allocated to certain gene regions) and a 

column for each sample. The 1) normalisation parameter accounts for differences in library 

size which can be a result of sequencing of  the samples to different depths. In the 2) variance 

parameter, which describes the dispersion of a gene in a group of samples, a likelihood 

estimation is performed which finds the value that makes the likelihood the largest and is the 

middle value of all the values of a certain genes. Likelihood describes how well a set of 

observations fits a statistical model. Through Bayes theorem the values are then moved to that 

middle value depending on the amount of information available for that gene. Low information 

for the gene means that the value is moved more towards the middle and high information 

means little movement towards the middle. Bayes theorem describes the probability of an 

event. The fit of the 3) group differences parameter is the same as for the 2) variance parameter 
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but between the different groups rather than within a group (Anders and Huber 2010, Love, 

Huber and Anders 2014b). 

 The cut-off point for a significant change in the accessibility of chromatin regions was at an 

adjusted p-value of 0.05. Interestingly, the total number of differential accessible regions 

(DARs) increased from 539 to 9840 in 2w and 12w animals in Tg7a2 compared to Wt islets 

(Fig. 4.14A). Those results show that with progressing age of the Tg7a2 animals the number 

of DARs in comparison to Wt controls increases. Assessment of the data revealed that DARs 

in Tg7a2 islets are to a higher proportion in a closed state than an opened state compared to Wt 

islets at 2 and 12 weeks of age. At 2w, 450 of the total 539 DARs and at 12w 6432 out of 9840 

DARs are in a closed state in Tg7a2 compared to Wt islets (Fig. 4.14A). We next looked into 

β-cell enriched genes involved in maintaining the mature β-cell. We investigated the chromatin 

state of markers of pancreatic β-cell identity utilising the Integrative Genomics Viewer (IGV), 

significant regions are marked with a green border (Fig. 4.14B-F). Our results showed a 

significant difference in chromatin accessibility for regions mapping for Syt4 at 2 and 12 weeks 

of age in favour of a more closed state in Tg7a2 animals compared to Wt animals (2w 

padj=0.0069; 12w padj=0.0209 (Fig. 4.14B and Table 4.2). For Glut2 and urocortin 3 (Ucn3) 

chromatin regions similar observations were made, where a significant difference in favour of 

a closed chromatin state in Tg7a2 animals at 12 weeks of age was observed (Glut2: 

padj=0.0050; Ucn3: padj=0.0053) (Fig. 4.14C,D and Table 4.2). At 2 weeks, no significant 

DARs for Glut2 and Ucn3 were observed (Fig. 4.14C,D and Table 4.2). While the statistics do 

not show any significant differences for Glut2 and Ucn3 in 2 weeks old mice, the visualisation 

of the chromatin accessibility by IGV indicated a similar regulation as at 12 weeks of age (Fig. 

4.14C,D). Interestingly, our results showed no significant differences for the chromatin regions 

of the two mouse insulin genes Ins1 and Ins2 (Fig. 4.14E,F). However, similar to the findings 

for Glut2 and Ucn3, the differences in chromatin accessibility visualised by IGV, indicated that 

the chromatin structure for the Ins1 and Ins2 chromatin regions is in a more closed state in 

Tg7a2 animals compared to Wt animals at 2 and 12 weeks of age. 
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Figure 4.14: Differential accessible chromatin regions (DARs) in Tg7a2 animals. (A) Percentage of open and 

closed and total number of DARs in Tg7a2 islets compared to Wt controls at 2 and 12 weeks of age. (B-F) 

Visualisation of Syt4 (B), Glut2 (C), Ucn3 (D), Ins1 (E) and Ins2 (F) chromatin accessibility in IGV of Tg7a2 islets 

compared to Wt controls at 2 and 12 weeks of age. Significant regions are marked with a green border. n = 4, Data 

processed in IGV. 
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Table 4.2: Differential Accessible Region data of genes presented in Figure 4.14. Focus on genes involved in β-

cell identity, n = 4. Aligned to mm9 via bowtie 2. 

Gene id4IGV log2 fold Adjusted 

p-value 

Age 

 

Region 

Syt4 chr18:3160

6762-

31607217 

-1.30447753 0.006921184 2w Promoter 

(<=1kb) 

Syt4 chr18:3163

6274-

31636394 

-2.22911852 0.020944873 12w Distal 

Intergenic 

Glut2 chr3:28600

912-

28601120 

-1.815063936 0.005035982 12w Intron  

Ucn3 chr13:3942

877-

3943012 

-2.552950183 0.005309078 12w Promoter (1-

2kb) 

 

Our bioinformatician then utilised the Genomic Regions Enrichment of Annotations Tool 

(GREAT) binomial approach (McLean et al. 2010) to identify potential pathways affected in 

islets ATAC-Seq from 12w Tg7a2 compared to Wt islets. GREAT associates genomic regions, 

in our case the reads from our ATAC-Seq, with specific genes through the definition of a 

regulatory domain for each gene in the genome. The regulatory domain for each gene consists 

of a basal domain that reaches 5 kb up- and 1 kb downstream from its respective transcription 

start site and extends to the basal regulatory regions of the next gene within 1 Mb up- and 

downstream. With an ontology of gene annotations, GREAT then calculates ontology term 

enrichments using a binomial test. The binomial test  measures the fraction of the genome that 

falls under any given ontology term and counts how many of the input reads align to these 

fractions, while taking the total number of genomic regions into account (McLean et al. 2010). 

 

Those results allow the identification of novel, yet unravelled genes potentially contributing to 

T2D and being regulated by miR-7a2. Analysed pathways included: “GO Biological 

Processes”, “GO Cellular Components”, “Disease Ontology” and “MSigDB Pathway”  (Table 

4.3).  
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Closed DARs were located in genes associated with “diabetes mellitus type 1” (padj=0.0033), 

in the “Disease Ontology” pathway, including Glucose-6-phosphatase 2 (G6PC2). While 

G6PC2 has been reported to be a negative regulator of glucose stimulated insulin secretion, 

other studies show, that genetic variances of G6PC2 resulted in decreased first phase insulin 

secretion and are associated with risk for T2D (Pound et al. 2013, Heni et al. 2010, Hu et al. 

2009). Other genes involved were the IL-1 receptor type 1 (Il-1R1) and NEUROD1. Il-1 

signalling has been shown to be lost in the islets of obese T2D patients and Il-1R1 knockout 

mice become glucose intolerant (Hajmrle et al. 2016). NEUROD1 is a known MODY gene 

(Horikawa et al. 2018).  

Another hit was “Genes involved in Peptide hormone biosynthesis” (padj=0.0010) in the 

“MSigDB Pathway”, including the gene PCSK1, which encodes for the prohormone 

convertase 1/3. Prohormone convertase 1/3 which cleaves proinsulin. Downregulation of 

PCSK1 in mouse models and patients resulted in increased circulating proinsulin, a reduction 

in their glucose clearing ability and early onset of obesity (O'Rahilly et al. 1995, Zhu et al. 

2002, Farooqi et al. 2007, Liu et al. 2007). Other genes involved in this pathway were INHBA, 

that has been reported to be overexpressed in pancreatic cancer (Kleeff et al. 1998) and INHBB, 

which promotes β-cell proliferation and is induced by Pdx-1 (Hayes et al. 2016). 

The hit for “transport vesicle membrane” (padj=0.0002) and “exocytic vesicle” (padj=0.0095) 

in “GO Cellular Components” included genes involved in the insulin containing secretory 

vesicles, like SNCA and VAMP2. VAMP2 and SNCA are known to be part of the SNARE 

complex involved in fusion of insulin containing secretory vesicles with the plasma membrane 

of β-cells (Latreille et al. 2014, Jahn and Scheller 2006). In previous studies we reported the 

downregulation of SNCA by miR-7a through SNCA’s 3’UTR  (Latreille et al. 2014). Our 

results suggest, that SNCA is also regulated on a chromatin level.  

In open DARs we found hits for “DNA methylation” (padj=0.049) in “GO Biological 

Processes”, including the gene CCCTC‐binding factor (CTCF), which has been reported to 

regulate the expression of Pax6 in a negative manner. CTCF overexpression affects β-cell 

survival and proliferation (Tsui, Dai and Lu 2014). Other genes included DNMT3A, Guanine 

Nucleotide Binding Protein (G Protein), Alpha Stimulating Activity Polypeptide 1 (GNAS) and  

grainyhead like 2 (GRHL2). While increases in DNMT3A expression correlate with adipose 

insulin resistance (You et al. 2017) and GNAS expression is upregulated in diabetic cells in 

T2D (Segerstolpe et al. 2016, Wang et al. 2016, Xin et al. 2016), GRHL2, a transcription factor 
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involved in hearing loss, has yet no relation to diabetes and could present a novel factor in T2D 

(Van Laer et al. 2007). 

Other hits of open DARs in the “MSigDB Pathway” was the “Insulin signalling pathway” 

(padj=0.0024), that included genes like Tuberous sclerosis complex 1 (TSC1), a tumour 

suppressor, shown to inhibit β-cell proliferation in Pdx-1 deficient diabetes models (Sun et al. 

2018), whose knockout results in improved glycaemic control as well as insulin production 

(Mori and Guan 2012). Other genes included exocyst complex component 7 (EXOC7), which 

is reported to be involved in the insulin response, but not documented in relation to β-cells in 

T2D (Wang et al. 2019b, Hansen et al. 2015) and Inositol Polyphosphate-5-Phosphatase K 

(INPP5K). While there is no direct relation of INPP5K and T2D, INPP5K has been reported to 

be an glycogen binding protein in β-cells and it is hypothesised that increases in glycogen 

content improves β-cell function (Nagy et al. 2018). 

 We further found a hit for “FoxO family signalling” (padj=0.0201) in open DARs. This 

pathway included genes like F-Box Protein 32 (FBXO32). FBXO32 is regulated by FoxO and, 

while mainly associated to muscle atrophy in diabetes, has been reported to show increased 

expression in islets of Islet-1 knockout diabetic mice (O’Neill et al. 2019, Ediger et al. 2014). 

Another gene was EP300. Knockout of EP300 in mice resulted in impaired β-cell proliferation 

and glucose tolerance (Qiu et al. 2004, Wong et al. 2018). The increased accessibility of 

chromatin regions associated to EP300 in Tg7a2 mice could be a potential compensatory 

mechanism.  

Also, in open DARs was a significant hit for “Genes involved in Regulation of Glucokinase by 

Glucokinase Regulatory Protein” (padj=0.0415)”. One of the genes was retinoic acid early 

transcript 1 (RAE1), a ligand of NKG2D on cytotoxic T lymphocytes. Overexpression of RAE1 

has been shown to be sufficient for the recruitment of cytotoxic T lymphocytes into the islets, 

as seen in the pathogenesis of T1D (Ogasawara et al. 2004, Markiewicz et al. 2012). Other 

genes with increased accessibility were nuclear pore complex proteins like NUP50, NUP153 

or NUP210, although no relation diabetes is currently known. 

Together our results show that the function of the β-cell is impaired on a chromatin level at 

genes involved in glucose sensing, β-cell maturity, insulin expression and processing and 

secretion of insulin, but also unravel potential new genes involved in T2D and miR-7a2 

regulation. 
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Table 4.3: Genomic Regions Enrichment of Annotations Tool (GREAT) analysis of ATAC-Seq differential 

accessible regions. Analysis of the pathways: “GO Biological Processes”, “Disease Ontology”, “MSigDB 

Pathway” and “GO Cellular Component”,  in the Close and Open differential accessible regions ATAC-Seq on 

12w Tg7a2 compared to age matched Wt controls. Open refers to the genes of those pathways to map to 

chromatin regions with significantly increased accessibility, whereas Close refers to the genes of those pathways 

to map to chromatin regions with significantly decreased accessibility, analysed by Y. Wang, n = 4, GREAT 

binomial test. 

GO Biological Processes: Open 

Pathway Fraction  

of Genome 

Adjusted  

p value 

DNA methylation 0.001498732 0.04904896 

Disease Ontology: Close 

Diabetes mellitus type 1 0.001053735 0.003303884 

MSigDB Pathway: Close 

Genes involved in Peptide hormone biosynthesis 0.001553598 0.000953895 

MSigDB Pathway: Open 

Insulin signalling pathway 0.01116009 0.002444824 

FoxO family signalling 0.004775695 0.020105205 

Genes involved in Regulation of Glucokinase by 

Glucokinase Regulatory Protein 

0.001611978 0.041540491 

GO Cellular Component: Close 

Transport vesicle membrane 0.004261 

 

0.000192 

Exocytic vesicle 0.00016466 0.00948494 
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4.4.2 Identification of TF motifs at closed and open DARs 

Transcription factors serve an important role in the regulation of gene expression essential for 

determining cell identity in development (Lee and Young 2013). The mSWI/SNF complexes 

interact with various TFs, including Pdx-1, to translocate nucleosomes (Neely et al. 2002, 

McKenna et al. 2015b). Therefore, we determined the TF motifs located in the closed and open 

DARs in the ATAC-Seq dataset. Motif identification was performed by Yi-Fang Wang from 

the bioinformatic facility utilising the Hypergeometric Optimization of Motif EnRichment 

(HOMER) software. Due to the nature of the software, motifs were considered significant from 

a p-value of p=1e-10. Identified motifs at 2 weeks of age in DAR are displayed (Fig. 4.15). At 

2w, Tg7a2 animals overexpress miR-7a2 but do not show a hyperglycaemic phenotype. 

Therefore, TF binding is only affected by the overexpression of miR-7a2 and not impaired by 

glucotoxicity. Our results showed significance for the β-cell TFs Nkx6.1 and Pdx-1 (p=1e-62) 

in 60.92% of the target sequences (Fig. 4.15A). Motifs matching the β-cell TFs Neurod1 (p=1e-

20, 25.00%) and Foxa1 / Foxa2 (p=1e-15, 8.98%) were also identified (Fig. 4.15A). Interestingly, 

a match for MafB was observed (p=1e-18, 22.82%) (Fig. 4.15A), a TF that is known to be 

involved in the development of β-cells, but which is exclusively found in glucagon producing 

α-cells in adult organisms. (Nishimura et al. 2006, Artner et al. 2006).  

While the TF motifs found in closed DARs revealed multiple hits with high significance, our 

results analysing the open DARs revealed fewer binding motifs. At 2 weeks of age two different 

motifs were detected, a motif matching Zic3/Zic4 (p=1e-10, 7.69%) and one matching 

Znf354C/Foxh1 (p=1e-9, 12.82%) (Fig. 4.15B). 
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Overall, our data shows a bias towards the closed state in DARs and identified TF motifs, 

indicating that miR-7a2 overexpression, through the downregulation of Brg1 induces 

transcriptional repression through decreasing the accessibility of chromatin regions associated 

to genes involved in β-cell identity or transcription factors regulating those genes. 

 

 

 

 

 

Figure 4.15: Transcription factor (TF) motif identification via HOMER in ATAC-Seq of Tg7a2. (A) Identified 

TF motifs in closed DARs of 2w Tg7a2 compared to age matched Wt controls selected for their involvement in 

β-cell identity. (B) Identified TF motifs in open DARs of 2w Tg7a2 compared to age matched Wt controls selected 

for their involvement in EMT. n = 4, HOMER, analysed by Y. Wang. 
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4.5 Discussion 

Several studies indicated that the identity of cells is modulated by epigenetic factors impacting  

on the expression of lineage defining genes (Atlasi and Stunnenberg 2017, Bramswig et al. 

2013, Xie et al. 2013b, Lu et al. 2018). In light of this, we investigated whether potential 

epigenetic regulators targeted and repressed by miR-7a2 may be responsible for β-cell 

dedifferentiation in T2D. A list of predicted miR-7 targets was generated following inspection 

of the TargetScan database and were compared with the RNA-Seq dataset obtained from the 

miR-7a2 overexpressing mice. At the beginning of my project, the majority of the candidate 

targets of miR-7a2 showed no links to diabetes according to the literature review. Since then, 

McKenna et al. demonstrated that Brg1 and Brm play important roles in controlling the 

expression of β-cell specific genes. Brg1 and Brm were shown to have opposing functions in 

β-cells (McKenna et al. 2015b). However, how the activity of both epigenetic regulators is 

regulated in β-cells remains to be determined. Here, we found that the expression of BRG1, 

BAF60A and BRM is regulated in Min6 cells where miR-7a2 expression was modulated. (Fig. 

4.2 and 4.3), providing three regulated subunits in a single complex. While Brg1 (Fig. 4.16) 

and BAF60A mRNAs carry predicted miR-7a2 sites in their 3’UTR, none is found in that of 

Brm (Table 4.1). As TargetScan only predicts potential targets of selected miRNA those 

findings need to be assessed carefully. Indeed, our results suggest that Brm, while not carrying 

predicted miR-7a2 sites, is regulated by miR-7a2 in Min6 cells. Interestingly, similar to 

BAF60A, although it has a predicted miR-7a2 site, those results do not translate into islets of 

Tg7a2, as seen in our RNA-Seq. On the other hand, while Brg1 shows an upregulation on the 

protein level by LNA-7, no effect is seen on the gene expression level. Whether this is an 

artifact of the experiment, or other factors contribute to the downregulation of Brg1 protein 

synthesis that are affected in the LNA-7 experiment, opposite to the gene expression of Brg1, 

remains to be determined. 
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Figure 4.16: Schematic illustration the 3’UTR of mouse Brg1 including miR-7 binding sites. The binding 

sites for miR-7 in the 3’UTR is preserved throughout the animal kingdom. Red marks the miR-7 seed sequence. 

MiR-7a1 and miR-7a2 share the same sequence. The sequence for miR-7b differs at the 10th nucleotide (marked 

in green) compared to miR-7a1/7a2. Adapted from Mak et al. under review 

 

 

Given the functional compensation between Brg1 and Brm (McKenna et al. 2015b), the 

compensatory downregulation of Brm in response to miR-7a2-mediated repression of  Brg1 

expression could be a possibility (Fig. 4.2 and 4.3). Other possibilities are either additional 

miR-7a2 targets that are involved in the regulation of BRM expression or additional factors, 

such as the loss of β-cell TFs, trigger the compensatory response. Conversely, our results 

showing downregulation of Brm mRNA in Min6 overexpressing miR-7a2 were not supported 

by the RNA-Seq results in Tg7a2 animals, suggesting that Brm downregulation in Min6 cells 

is an artefact of the experiment (Table 4.1). While BAF60A expression also showed no change 

in the RNA-Seq of Tg7a2 islets, it was our continued focus of investigation due to the presence 

of three miR-7 sites (Table 4.1). We confirmed our findings regarding the mRNA expression 

levels of BAF60A in β-cells with altered miR-7a2 expression levels, by showing that protein 

levels of BAF60A were reduced in Min6 cells infected with Ad-7a2 in comparison to Ad-Ctrl, 

therefore demonstrating that repression of BAF60A mRNA levels by miR-7a2 leads to 

decreased BAF60A protein (Fig. 4.4). We confirmed the regulation of BAF60A in vitro in 

mouse (Fig. 4.6A) and human (Fig. 4.7A) islets. Surprisingly, our results in Tg7a2 animals 

again showed no regulation of BAF60A by miR-7a2 on a mRNA (Fig. 4.8A), as well as protein 
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levels (Fig. 4.8B,C). db/db mice showed a notable difference in BAF60A mRNA levels (Fig. 

4.9A).  

Taken together, these results lead to the conclusion that miR-7a2 can regulate BAF60A levels 

in vitro but not in vivo. This could be due to compensatory mechanisms present in islets that 

maintain BAF60A levels. As changes in BAF60A mRNA and protein in islets were observed 

only in vitro, the question remains as to whether time plays an important factor in the 

compensatory effect, since comparisons were made for a 2-day infection with Ad-7a2 

compared to the experiment to islets from 2 or 12 weeks Tg7a2 mice. Alternatively, the 

environment within islets of Tg7a2 mice may provide signals positively influencing the 

maintenance of BAF60A levels.  

Interactions between the brain and pancreas are crucial for the secretion of insulin (Osundiji et 

al. 2012) and factors released by the islet have been reported to be involved in controlling the 

secretion by acinar cells (Petrella et al. 2012). These factors may serve a role in maintaining a 

functional islet under stressful conditions as observed in response to induction of miR-7a2 

expression in diabetes.   

For Brg1, our initial findings looking at protein levels in Min6 cells with increased miR-7a2 

expression (Fig. 4.5A) were surprising, as we did not detect any changes, whereas inhibition 

of miR-7a increased Brg1 protein levels in Min6 cells (Fig. 4.5B). This could be due to higher 

endogenous miR-7 levels in Min6 cells compared to mouse and human islets which masks the 

overexpression of miR-7a2 by Ad-7a2. Studies have shown that target competition inside a 

miRNA regulated network is influenced by the miRNA target ratios, in addition to the affinity 

of the miRNA to the specific target (Bosson, Zamudio and Sharp 2014). Given that decreased 

Brg1 protein levels were observed in mouse and human dissociated islets infected with Ad-7a2 

(Fig. 4.6B and 4.7B-D), we verified miR-7a and miR-7b levels in Min6, Isn1E cells and mouse 

islets and human islets (Fig. 4.17). miR-7a levels are actually significantly higher in mouse 

islets (padj≤0.0001) and human islets (padj=0.0341) compared to Min6 cells, rejecting the 

hypothesis that increased basal miR-7 levels inside Min6 cells nullify the effects of miR-7a2 

induction by Ad-7a2 on Brg1 protein levels.  
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Figure 4.17: miR-7a/miR-7b expression in Min6, Isn1E, mouse islets and human islets. (A) n = 3 (Min6, 

Isn1E, human islets), n = 5 (mouse islets). Data was normalised to Small nucleolar RNA MBII-202 (Sno202) 

expression. Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, Two-way ANOVA (stats between models), 

unpaired Student’s t-test (stats intra model). 

 

Another explanation may be a decreased number of miR-7a2 targets in Min6 cells compared 

to mouse/human islets. The heterogeneity of the islet, including β-cell hubs, are involved in the 

function of β-cells to respond to glucose (Johnston et al. 2016, Avrahami et al. 2017, Rutter 

and Hodson 2013). Therefore, Min6 cells present a different cellular context to β-cells from 

islets. 

While we were unable to explain the differences in Brg1 protein regulation by miR-7a2 

overexpression in Min6 vs mouse and human islets, our results clearly demonstrate the 

differences between those models and the importance to expand studies beyond immortalised 

cell lines and toward primary dissociated islet cells and whole animals. 

Our findings showing a downregulation of Brg1 mRNA and protein levels in vivo in Tg7a2 

and Brg1 mRNA in db/db animals confirmed our pervious results and therefore encouraged us 

to believe that Brg1 is a true target of miR-7a2, which was proven by Luciferase assay (Fig. 

4.10). While our results showed no difference in the distribution of mSWI/SNF complexes in 

the different islet endocrine cells, as seen on BAF60A occurrence in multiple endocrine 
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pancreatic cell types (Fig. 4.12), we observed an increase in the abundance of BAF60A and 

Brg1 protein levels in the endocrine cells of the islets compared to the surrounding pancreatic 

exocrine cells (Fig. 4.11). This additionally demonstrated the relevance of the role of the 

mSWI/SNF complex in islets. 

Our ATAC-Seq samples (2w and 12w, Tg7a2 and Wt) clustered into four distinct groups (Fig. 

4.13). The larger variance between Tg7a2 and Wt animals with age (2w vs 12w) can be 

explained by the fact that hyperglycaemia is observed at 3 weeks of age, after the 2-week time 

point of our ATAC-Seq cohort and worsens with age (e.g. 12w). Changes in chromatin 

accessibility have been reported in islets of T2D patients compared to non-diabetic donors 

(Bysani et al. 2019). Furthermore, Tg7a2 islets show less variance at 2 and 12 weeks of age to 

each other than Wt animals (Fig. 4.13). This may be due to the regulation of genes by miR-7a2 

that are found at both time points, since miR-7a2 is upregulated from early embryonic 

development in Tg7a2 animals. The overexpression of miR-7a2 is independent of the diabetic 

hyperglycaemic phenotype, therefore reinforcing the importance of the 2-week animals as a 

crucial time point to decipher miR-7a2 action from secondary changes in chromatin 

conformation arising in response to hyperglycaemia.  

Contrary to our findings herein, ATAC-Seq on T2D donors revealed only 1078 DARs  

compared to non-diabetic donors, with the majority of those to be open in T2D patients (Bysani 

et al. 2019). Those findings contradict our results in Tg7a2 animals compared to Wt animals, 

were the majority of DARs are in a closed state at 2 and 12 weeks of age (Fig. 4.14A). 

Interestingly, judging from the data available, typical β-cell markers, like GLUT2, appear to 

not be severely affected (Bysani et al. 2019), a surprising finding given that a major hallmark 

of T2D is decrease in expression of those genes. While we observed closure of chromatin in 

regulatory regions of β-cell-specific genes (Fig. 4.14B-F), it must be taken into consideration 

that diabetic patients are usually receiving anti-diabetic treatment, potentially impacting on the 

chromatin conformation. Bysani et al. identified a that a number of open DAR were located in 

GWAS risk genes for T2D, including MTNR1B, HHEX, HMGA2, GLIS3 and WFS1 (Tuomi et 

al. 2016, Hall et al. 2014, Dayeh et al. 2013, Rönn et al. 2009, Bysani et al. 2019). Our findings 

showed that, besides MTNR1B, which was in a closed state (2w: padj=0.0155; 12w: 

padj=7.42e-8), there were no significant differences in DARs of those genes. Furthermore, 

Bysani et al. found SLC16A7, encoding the Monocarboxylate Transporter 2 (MCT2), 

chromatin regions in an open state. A previous study reported that MCT2 was expressed in any 

type of pancreatic cell (Zhao et al. 2001) and SLC16A7 silencing increased insulin content and 
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secretion in β-cells (Bysani et al. 2019). Interestingly, our results, while not showing any 

significant DARs at 2 weeks of age, revealed a closed DAR (padj=0.0238) and an open DAR 

(padj=0.0078) for Slc16a7 at 12 weeks of age in Tg7a2 animals compared to Wt animals.   

Similar to our results, only a limited number of disease pathways associated with diabetes were 

identified in ATAC-Seq of islets of T2D individuals (Bysani et al. 2019), indicating that 

pathway analysis, while well established for the analysis of other Sequencing Assays (e.g. 

GSEA in RNA-Seq) is still a novel application in ATAC-Seq and that potential novel pathways 

are involved in the development of T2D. The pathways involving vesicles exocytosis were 

expected to be found in closed DARs, as Tg7a2 animals show an impairment of insulin 

exocytosis, including the gene SNCA (Latreille et al. 2014). The closure of genes involved in 

peptide biosynthesis, including insulin, was not unexpected either. Interestingly, INHBA is part 

of this pathway. INHBA overexpression is involved in pancreatic cancer formation. That we 

observed it in a transcriptional inactive state indicates that the EMT processes we showed in 

Tg7a2 animals (Fig. 1.12) are related to β-cell dedifferentiation as seen in diabetes and not the 

induction of a cancer phenotype. For the open DARs we found genes involved in DNA 

methylation to be identified. As DNA methylation induces transcriptional repression, those 

finding fit without hypothesis of β-cell gene repression in the development of diabetes in 

Tg7a2. Interestingly, we found pathways relating to insulin signalling, FOXO, glucose 

transport and glucokinase regulation to be in an open state in Tg7a2 animals. This could be 

explained by potential compensatory mechanisms of the β-cell to meet the hyperglycaemia 

induced increasing demand in insulin. 

TF motif analysis by Bysani et al. determined the islet specific TFs Nkx6.1, Pdx-1, Foxa2 and 

MafB, as well as Fra1 as the most significantly one, enriched in ATAC-Seq peaks (Bysani et 

al. 2019). Interestingly, in the closed DARs of our ATAC-Seq results in Tg7a2 animals, 

Nkx6.1, Pdx-1, Foxa2 and MafB (Fig. 4.15A). as well as Fra1 were the most enriched TF motif 

(p=1e-91). Fra1 is involved in MAPK signalling (Vial and Marshall 2003), however, its role in 

the pancreas is mostly unknown. Reports have shown the involvement of Fra1 in pancreatic 

cancer (Hanson et al. 2016). This makes it an interesting target for future studies. In contrast, 

the involvement of Nkx6.1 (Taylor et al. 2013), Pdx-1 (Ahlgren et al. 1998, Brissova et al. 

2002) and Foxa1 and Foxa2 (Gao et al. 2008, Gao et al. 2010) in mature β-cell function is well 

described.  
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MafB, a TF involved in β-cells differentiation during development has been reported to be 

absent in mature β-cells (Nishimura et al. 2006, Artner et al. 2006) In contrast to MafA, MafB 

does not induce INS or PDX-1 expression when artificially introduced in β-cells (Artner et al. 

2006) (Samaras et al. 2003). The Maf family consist of large (MafA and MafB) and small 

(MafK, MafF) protein family members (Katsuoka and Yamamoto 2016) that recognise e Maf-

recognition element (MARE) (Hang and Stein 2011, Eychène, Rocques and Pouponnot 2008, 

Kataoka, Noda and Nishizawa 1994). Small Maf family members lack a transactivation domain 

and compete with the large Maf proteins for MARE sites (Motohashi et al. 2002). Studies 

overexpressing MafK in β-cells of mice inhibited the function of large Maf members by 

suppressing known β-cell genes leading to developmental defect in islet and bringing  

hyperglycaemia (Shimohata et al. 2006, Abdellatif et al. 2016). If MafK functions as a negative 

counterpart to MafA function in β-cells, one can assume that the other small Maf family 

members may exhibit similar repressive functions for other large Maf proteins. Interestingly, 

MafF has been reported to show “extensive homology” to MafB in the DNA-binding domain 

(Kataoka et al. 1994) and our results show that, while MafB being the principal identified motif, 

MafF also appears in the list of motifs (Fig. 4.18). This suggests, that MafF acts as a counterpart 

to MafB that may potentially inhibit the expression of genes regulated by MafB in the 

development of the pancreas in mature β-cells. Reactivation of the repressed genes, through 

loss of MafF binding, may be involved in the dedifferentiation processes of β-cells into a more 

progenitor-like, poly-hormonal cell state observed in Tg7a2 animals. 
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Figure 4.18: MafB and MafF TF identification in closed DARs of 2w Tg7a2. (A) Identified TF motif of MafB 

and MafF in closed DARs of Tg7a2 animals of 2 weeks of age compared to age matched Wt controls in Motif 5. 

n = 4, HOMER, analysed by Y. Wang. 

 

In addition to its crucial function in the secretion in β-cells, the loss of Foxa1 and Foxa2 has 

been reported to trigger an EMT in pancreatic cancer (Song, Washington and Crawford 2010). 

Furthermore, Foxa1 has been reported to be enriched in regions that are bound by Brg1 and not 

by Brm (Raab et al. 2017), which is in accordance with our findings showing the closure of 

Foxa1 motif regions in Tg7a2 islets displaying decreased expression of Brg1. This would 

provide an explanation for the upregulation of EMT genes in 2w and 12w old Tg7 islet (Fig. 

1.12). 

Interestingly, ZIC3 and ZIC4 and ZNF354C and FOXH1 motifs were found in open DARs of 

2w Tg7a2 mice (Fig. 4.15B). Zic3 has been proven to be upregulated in cells expressing an 

EMT phenotype (Kong et al. 2010) and Zic4 is associated with an involvement in cancer 

(Kandimalla et al. 2012). In DNA binding motif analysis of Zeb1 ChIP, a regulator of EMT in 

cancer (Oh et al. 2019), Znf354C was identified as being centrally enriched, suggesting a co-

function of those TFs (Maturi et al. 2018), while Foxh1 plays a central role in early mouse 

development (Yamamoto et al. 2001) and is enriched in human embryonic stem cells 

(Brandenberger et al. 2004). 

With the identification of the miR-7a2-Brg1-axis we shed light on the regulation of a major 

chromatin remodeller in a diabetic setting. The results this far, only allow for a correlation 

between the loss of β-cell function and the downregulation of Brg1 by miR-7a2. Therefore, 

chapter 5 will focus on addressing how inactivation of Brg1 in immortalised β-cell lines as well 

as in β-cells of mice impacts on β-cell identity and glucose metabolism. 
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5. Modulation of BAF60A and Brg1 expression in pancreatic β-cells 

5.1 Introduction 

In the previous chapters, we established that miR-7a2 triggers the dedifferentiation of mouse 

and human β-cells (Chapter 3). We further identified the chromatin remodelling complex 

subunits BAF60A and Brg1 as targets of miR-7a2 and reported changes in chromatin 

accessibility taking place in miR-7a2-overexpressing Tg7a2 mice (Chapter 4). In this chapter 

we sought to link the loss of β-cell function with the regulation of BAF60A/Brg1. We therefore 

investigated the effects of BAF60A/Brg1 expression changes/functional inhibition on islets 

and β-cells function. The role of the mSWI/SNF complex in islets is mostly unknown. Studies 

have shown the recruitment of Brg1 and Brm in a glucose dependent manner (McKenna et al. 

2015a). Exposure of Ins1E cells to elevated levels of  glucose appears to cause a switch from 

the Brm complex to the Brg1 complex at genes essential for insulin biosynthesis and secretion 

(McKenna et al. 2015a). Those findings suggest an antagonistic role of the mutually exclusive 

subunits Brg1 and Brm in β-cells, with Brg1 inducing, while Brm is repressing gene 

transcription. The involvement of the mSWI/SNF complexes in islet development and mature 

function has been recently demonstrated.  However, in contrast to previous observation made 

by McKenna et al., loss of both Brg1 and Brm is required to impair the function of mature  β-

cells (Spaeth et al. 2019). Previous studies on BAF60A focussed on its dysregulation in non-

pancreatic tissues like liver, adipose tissue or skeletal muscle in diabetes mouse models (Li et 

al. 2008, Li et al. 2018, Meng et al. 2017). In contrast, the function of BAF60A in mature β-

cell has not yet been described. In this chapter, we investigated if depletion of Brg1, Brm and 

BAF60A impacts on β-cell identity. 

 

5.2 Alteration of BAF60A and Brg1 expression in vitro 

First, we investigated how knockdown of BAF60A or Brg1 effects the identity of immortalised 

β-cells. We hypothesised that loss of BAF60A or Brg1 decreases the expression of β-cell 

identity genes. 
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5.2.1 Lentiviral shRNA inhibition of BAF60A in Ins1E cells 

For the investigation of selective BAF60A regulation and its effect on β-cell identity, we 

utilised the replication incompetent pGIPZ lentiviral vector carrying small hairpin RNA 

(shRNA) targeting BAF60A (shBAF60A) or a non-silencing control (shNS). Ins1E cells were 

transfected ON, followed by another 6h transfection with fresh lentiviral particles and a 48h 

Puromycin selection the following day. 

Successful transduction of Ins1E cells with lentiviral particles was confirmed by fluorescence 

microscopy of GFP independently encoded by the pGIPZ vector (Fig. 5.1A). RT-qPCR 

analysis of Ins1E cells transduced with shBAF6A shows a significant downregulation of 

BAF60A gene expression levels (p=0.0009) compared to shNS transduced samples (Fig. 5.1B). 

We confirmed the regulation of BAF60A by shRNAs by Western Blot analysis, showing a loss 

in BAF60A protein content in cells transduced with shBAF60A compared to shNS control 

lentiviruses (Fig. 5.1C). 

After establishing the successful downregulation of BAF60A, we measured the expression of 

β-cell markers (Fig. 5.1D). Our results show no significant regulation of insulin mRNA levels 

in shBAF60A cells compared to shNS controls (Fig. 5.1D). mRNA levels of the β-cell marker 

Ucn3 were significantly downregulated (p=0.0423), whereas we observed a notable decrease 

in Glut2 (p=0.0845) and Pax6 (p=0.0861) mRNA levels. In contrast, the expression of PDX-1, 

NKX6.1 and MAFA was not affected (Fig. 5.1D). Overall, those results led us to the conclusion 

that, while effects on certain β-cell genes were detected, knockdown of BAF60A is not 

sufficient to drive loss of β-cell identity. 
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Figure 5.1: Gene silencing of BAF60A via shRNA in Ins1E cells. (A) Microscopy images of Ins1E transduced 

with shBAF60A/shNS. (B,C) qPCR results, normalised to HNRNPK, (B) and Western blot (C) of BAF60A levels in 

Ins1E cells transduced with shBAF60A/shNS. (D) qPCR results of β-cell identity markers in Ins1E cells transduced 

with shBAF60A/shNS, normalised to HNRNPK. n = 3. Data are means ± SEM, *p < 0.05, ***p < 0.001, unpaired 

Student's t-test. 
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5.2.2 Lentiviral shRNA inhibition of Brg1 in Ins1E cells 

Next we tested how shRNA against Brg1 affect levels of β-cell markers in Ins1E cells. 

Successful transduction of cells was confirmed following GFP fluorescence microscopy (Fig. 

5.2A). qPCR results show a significant downregulation (p=0.0023) of Brg1 mRNA levels in 

shBrg1 transduced Ins1E cells compared to shNS controls (Fig. 5.2B). We observed a 

significant decrease in Ins2 (p=0.0183) mRNA levels in shBrg1 cells compared to shNS 

controls, while Ins1 was not affected (Fig. 5.2C). Furthermore, we observed a significant 

decreased in the expression of GLUT2 (p=0.0044), NKX6.1 (p=0.0040), UCN3 (p=0.0060) and 

PAX6 (p=0.0222) and a notable decrease in MAFA expression (p=0.0712) (Fig. 5.2C). 

Interestingly, Brg1 inhibition seems to not affect Pdx-1 gene expression (Fig. 5.2C). 
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Figure 5.2: Gene silencing of Brg1 via shRNA in Ins1E cells. (A) Microscopy images of Ins1E transduced with 

sBrg1/shNS. (B) qPCR results of Brg1 levels in Ins1E cells transduced with shBrg1/shNS, normalised to HNRNPK. 

(C) qPCR results of β-cell identity markers in Ins1E cells transduced with shBrg1/shNS, normalised to HNRNPK. 

n = 3. Data are means ± SEM, *p < 0.05, **p < 0.01, unpaired Student's t-test. 

 

5.2.3 Inhibition of Brg1 and Brm by siRNA in Min6 cells 

We next sought to confirm our results utilising siRNA targeting Brg1 (siBrg1) or a scrambled 

control (siCtrl). We decided to continue our work in Min6 cells, given that Brg1 repression by 

miR-7a2 was more pronounced in Min6 compared to Ins1E cells (Chapter 4.2). Additionally, 

Min6 cells, as an immortalised mouse β-cell line, are a better model preceding our in vivo work 

in mice.  

Our results show a significant decrease in Brg1 mRNA levels (p=0.0004) in Min6 cells 

transfected with siBrg1 compared to siCtrl (Fig. 5.3A). Investigation of the expression levels 

of insulin shows a significant downregulation of INS1 (p=0.0318) and INS2 (p=0.0372) (Fig. 

5.3B). Moreover, we found decreased expression of GLUT2 (p=0.0332) and NKX6.1 

(p≤0.0001) in siBrg1 treated samples compared to siCtrl (Fig. 5.3B). Opposite to our previous 

findings, showing a downregulation of Ucn3 and Pax6 mRNA levels (Fig. 5.2C), those two 

genes were not affected (Fig. 5.3B). We were able to confirm that Pdx-1 mRNA levels are not 

regulated in vitro by silencing of BRG1 expression (Fig. 5.3B). 

 

Figure 5.3: Gene silencing of Brg1 via siRNA in Min6 cells. (A,B) qPCR results of Min6 cells transfected with 

siBrg1/siCtrl, normalised to RPLP0/36B4: (A) Brg1 and (B) β-cell identity marker gene expression levels. n = 3. 

Data are means ± SEM, *p < 0.05, ***p < 0.001, unpaired Student's t-test. 
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If Brg1 and Brm display antagonistic functions in β-cells (McKenna et al. 2015a), it would be 

expected that depletion of Brm with siRNA increases the expression of β-cell-specific  genes. 

When siRNA against Brm were transfected in Min6 cells, we observed that Brm mRNA levels 

were significantly decreased (p=0.0060) compared to siCtrl (Fig. 5.4A). In contrast to Brg1 

knockdown, depletion of Brm did not result in changes in the expression of insulin genes (Fig. 

5.4B). In fact, we observed a significant downregulation of Nkx6.1 (p=0.0025), a notable 

decrease in Pdx-1 (p=0.0538) and a significant upregulation of Ucn3 (p=0.0480) mRNA levels 

in siBrm treated Min6 cells compared to siCtrl (Fig. 5.4B).  

 

Figure 5.4: Gene silencing of Brm via siRNA in Min6 cells. (A,B) qPCR results of Min6 cells transfected with 

siBrm/siCtrl, normalised to RPLP0/36B4: (A) Brg1 and (B) β-cell identity marker gene expression levels. n = 3. 

Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student's t-test. 

 

Taken together, our results were not able to replicate the improvement of β-cell identity by 

Brm knockdown that has been shown in previous studies (McKenna et al. 2015a), but rather 

observed a decrease of β-cell identity. This is in accordance with studies by Spaeth et al. 

suggesting a synergistic effect of Brg1 and Brm, where double knockout in mature β-cells is 

required to induce a diabetic phenotype (Spaeth et al. 2019). In contrast, our results show that 

Brg1 knockdown in Min6 cells is sufficient to induce a decrease in the expression of β-cell 

genes, including INS1 and INS2. This indicates, that Brg1 may have a more important role in 

maintaining β-cell genes than Brm. 
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5.3 Characterisation of the pancreatic β-cell specific Brg1 knockout mice: 

Brg1fl/fl;Ins1-Cre  

While we were able to show that Brg1 knockdown leads to loss of β-cell identity in vitro, we 

next sought to demonstrate the significance of our findings in vivo. We hypothesised that the 

specific deletion of Brg1 in β-cells of mice will impair β-cell identity and reproduce the diabetic 

phenotype of Tg7a2 mice. We therefore generated a β-cell specific Brg1 knockout mouse line 

where Brg1fl/fl were crossed with Ins1-Cre (Thorens et al. 2015) mice, thus regenerating  

Brg1fl/fl;Ins1-Cre. In these experiments, Brg1fl/fl animals were used as controls. 

 

5.3.1 Validation of Brg1 knockout in Brg1fl/fl;Ins1-Cre mice 

The first step in analysing Brg1fl/fl;Ins1-Cre mice was to validate the successful knockout of the 

Brg1 gene in β-cells. We therefore isolated islets from Brg1fl/fl;Ins1-Cre and Brg1fl/fl mice and 

performed RT-qPCR. qPCR results of the Brg1 gene expression shows a significant 

downregulation (p≤0.0001) in 24-week-old Brg1fl/fl;Ins1-Cre mice compared to age matched 

Brg1fl/fl controls, while Brm levels are not affected (Fig. 5.5A). 

We then sacrificed Brg1fl/fl;Ins1-Cre and Brg1fl/fl mice at 16 weeks of age to address protein levels 

of Brg1 via immunofluorescence with Brg1 antibodies (Fig. 5.5B). Images of Brg1 fl/fl;Ins1-Cre 

mice show a clear decrease in nuclear Brg1 within the core of islets, while Brg1 is retained in 

the exocrine pancreas (Fig. 5.5B). Counting of the Brg1 positive cells with a signal for insulin 

shows a significant decrease (p=≤0.0001) in Brg1fl/fl;Ins1-Cre pancreatic sections compared to 

controls (Fig. 5.5C). Additionally, our results suggest a decrease in insulin content in islets of 

Brg1fl/fl;Ins1-Cre compared to controls (Fig. 5.5B). Together those results made us confident, that 

Brg1 was successfully knocked out in β-cells. 
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Figure 5.5: Validation of Brg1 knockout in Brg1fl/fl;Ins1-Cre mice. (A) qPCR results of Brg1 and Brm gene 

expression levels in Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice at 24 weeks of age, normalised to RPLP0/36B4. (B) 

Representative microscopy images of in Brg1fl/fl;Ins1-Cre and Brg1fl/fl mice of 16 weeks of age stained for Brg1 and 

Ins. (C) Count of Brg1 positive cells in insulin positive cells of Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice of 16 weeks 

of age represented in (B). (A) n = 9 (Brg1fl/fl), n = 11 (Brg1fl/fl;Ins1-Cre); (C) n = 3. Data are means ± SEM, ***p < 

0.001, unpaired Student's t-test. 
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5.3.2 The metabolic phenotype of Brg1fl/fl;Ins1-Cre mice 

Next, we addressed the metabolic phenotype, including random fed, fasted, glucose and insulin 

tolerance test blood glucose levels and weight measurements of Brg1fl/fl;Ins1-Cre before 

investigating potential changes in insulin secretion and content in islets. Blood glucose (BG) 

levels and body weight (BW) were measured weekly in ad libitum fed Brg1fl/fl;Ins1-Cre mice. This 

revealed no significant differences in BG and BW from 2 to 24 weeks of age in Brg1fl/fl;Ins1-Cre 

compared to Brg1fl/fl mice (Fig. 5.6).  

 

Figure 5.6: The metabolic phenotype of ad libitum fed Brg1fl/fl;Ins1-Cre mice. (A) Weekly sampling of ad libitum 

fed BG levels in Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice. (B) Weekly sampling of ad libitum fed BW levels in 

Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice. n = 4. Data are means ± SEM, Two-way ANOVA. 

 

Although BG levels were unchanged in Brg1fl/fl;Ins1-Cre mice, we investigated the glucose 

tolerance of mutant mice in an intraperitoneal glucose tolerance test (IPGTT)(Fig. 5.7). 

Statistical analysis of the IPGTT curve showing measured BG values (Fig. 5.7A) and the area 

under the curve of the measured BG levels (Fig. 5.7B), performed at 16 weeks of age, showed 

overall no significant differences between Brg1fl/fl;Ins1-Cre and Brg1fl/fl mice. Statistical analysis 

at the single time points showed significantly reduced BG levels at 0 min (padj=0.0386), prior 

the glucose injection, in Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice (Fig. 5.7A). Fasted BG levels 

at multiple timepoints showed significant reduced BG levels after an ON fast in Brg1 fl/fl;Ins1-Cre 

at 16 (p=0.0073, Fig. 5.7C), 16.5 (p=0.0012, Fig. 5.7D) and 23 (p=0.0261, Fig. 5.7E) weeks of 

age compared to Brg1fl/fl mice. Those results prompted us to calculate the percentile changes 

in BG compared to timepoint (t) 0 min, as is commonly done in the analysis of intraperitoneal 

insulin tolerance test (IPITT) experiments, to present the actual changes in BG levels rather  
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Figure 5.7: Glucose tolerance test on overnight  fasted Brg1fl/fl;Ins1-Cre mice. (A) Raw BG values measured in 

IPGTT performed on Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice. (B) Area under the curve of raw BG values measured 

in IPGTT performed on Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice shown in (A). (C-E) BG values after an ON fast in 

Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice at (C) 16, (D) 16.5 and (E) 23 weeks of age. (F) Percental changes 

compared to t = 0 min of BG values measured in IPGTT (A) performed on Brg1 fl/fl;Ins1-Cre compared to Brg1fl/fl mice. 

(G) BW values measured in IPGTT (A) performed on Brg1 fl/fl;Ins1-Cre compared to Brg1fl/fl mice.  (A,B,F,G) n = 11, 

(C-E) n = 7. Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, (A,F) Two-way ANOVA; (B-E,G) unpaired 

Student's t-test. 

 

than the absolute value, giving a better representation of  the ability of the mice to compensate 

for changes in BG levels (Fig. 5.7F). 

Statistical analysis of the percentile changes of Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice shows 

an overall significant increase (p≤0.0001) in measured BG levels, as well as in multiple 

comparisons of the single timepoints at 30 (padj≤0.0001), 60 (padj=0.0060), 90 (padj=0.0341) 

and 120 min (padj=0.0333) (Fig. 5.7F). No significant differences were observed for the BW 

of Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice at the time of the IPGTT (Fig. 5.7G).  

The results observed in the IPGTT gave us the first indication that inactivation of the Brg1 

gene in β-cells of mice induces a diabetic phenotype by promoting an impairment of the 

animal’s ability to compensate for sudden elevation in BG levels, and encouraged us to 

continue investigating the undergoing changes in gene and protein expression that the diabetic 

phenotype can be accounted for. 

Failure to compensate for hyperglycaemia can also be caused by insulin resistance of peripheral 

organs. We therefore performed IPITT in Brg1fl/fl;Ins1-Cre mice at 17 weeks of age (Fig. 5.8). 

Injection of insulin did not result in a significant change in BG levels in Brg1fl/fl;Ins1-Cre 

compared to Brg1fl/fl mice (Fig. 5.8A). No significant changes in BW were observed in the 

Brg1fl/fl;Ins1-Cre and Brg1fl/fl mice used for the IPITT (Fig. 5.8B). Those results show that the 

peripheral tissues of Brg1fl/fl;Ins1-Cre respond similar to those of Brg1fl/fl to insulin. 
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Figure 5.8: Insulin tolerance test on 6h fasted Brg1fl/fl;Ins1-Cre mice. (A) BG values measured in IPITT as 

percental of t = 0 min performed on Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice. (B) BW of Brg1fl/fl;Ins1-Cre compared to 

Brg1fl/fl mice used for IPITT in (A). n = 3 (Brg1fl/fl), n = 4 (Brg1fl/fl;Ins1-Cre). Data are means ± SEM, (A) Two-way 

ANOVA; (B) unpaired Student's t-test. 

 

 

5.3.3 Circulating and pancreatic islet insulin content of Brg1fl/fl;Ins1-Cre mice 

Glucose stimulated insulin secretion is the primary mechanism underlying compensation for 

hyperglycaemia and is impaired in diabetic subjects (Perley and Kipnis 1967). We next sought 

to investigate if the inability of Brg1fl/fl;Ins1-Cre to metabolise glucose compared to Brg1fl/fl mice 

can be attributed to reduced insulin secretion and/or synthesis. Blood samples were taken from 

Brg1fl/fl;Ins1-Cre and Brg1fl/fl mice at 16 weeks of age after a 6h fast. Plasma insulin of Brg1fl/fl;Ins1-

Cre  indicated a reduction in circulating insulin levels (p=0.0558)(Fig. 5.9A).  Next, we 

examined β-cell insulin content in  Brg1fl/fl;Ins1-Cre mice. We therefore stained sections of 

Brg1fl/fl;Ins1-Cre and Brg1fl/fl mice at 16 weeks of age for insulin and Brg1, to confirm the 

successful deletion of Brg1 (Fig. 5.9B). Quantification of the relative insulin intensity in 

microscopic images (Fig. 5.9B), showed a significant decrease (p=0.0097) in insulin intensity 

in Brg1fl/fl;Ins1-Cre animals compared to Brg1fl/fl controls (Fig. 5.9C). 

Together those results reveal that the failure of Brg1fl/fl;Ins1-Cre mice to compensate 

hyperglycaemia, can be attributed to a reduced insulin content in the islets of those animals 

resulting in decreases in circulating insulin levels. 
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Figure 5.9: Insulin levels in Brg1fl/fl;Ins1-Cre mice. (A) Circulating insulin levels after 6h fast in 16-week-old 

Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice. (B) Representative microscopy images of in Brg1fl/fl;Ins1-Cre and Brg1fl/fl mice 

of 16 weeks of age stained for Brg1 and Ins. (D) Quantification of the relative Ins intensity of Brg1fl/fl;Ins1-Cre compared 

to Brg1fl/fl mice of 16 weeks of age represented in (B). (A) n = 11 (Brg1fl/fl), n = 9 (Brg1fl/fl;Ins1-Cre); (C) n = 3. Data are 

means ± SEM, **p < 0.01, (A-C,E) unpaired Student's t-test. 
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5.3.4 Gene expression changes in Brg1fl/fl;Ins1-Cre mice 

After showing that a decrease in the available insulin synthesised by the islets of Brg1 fl/fl;Ins1-

Cre mice is causative for the failure of those animals to compensate for elevated BG levels (Fig. 

5.7 and 5.9), our next goal was to deepen our understanding of what triggers the loss of insulin 

in those animals. According to our ATAC-Seq data, miR-7a2 overexpression in Tg7a2 animals 

induces epigenetic changes favouring a closed chromatin state, including genes involved in 

insulin synthesis (Fig. 4.14). A closed chromatin state results in the inability of β-cells to 

transcribe those genes. We hypothesised that the decrease in insulin content can be accounted 

to the loss of key β-cell identity genes. We performed RT-qPCR to address β-cell gene 

expression in islets isolated from Brg1fl/fl;Ins1-Cre mice via RT-qPCR. Our results showed a loss 

in β-cell identity, with significant downregulation in mRNA levels of Ins1 (p≤0.0001), Ins2 

(p=0.0004), Nkx6.1 (p=0.0156) and Syt4 (p=0.0015) and a notable decrease in MafA 

(p=0.0737) (Fig. 5.10).  

 

Figure 5.10: Gene expression of pancreatic β-cell markers in Brg1fl/fl;Ins1-Cre mice. qPCR results for β-cell 

identity genes in in Brg1fl/fl;Ins1-Cre compared to in Brg1fl/fl mice at 24 weeks of age, normalised to RPLP0/36B4. 

n = 9 (Brg1fl/fl), n = 11 (Brg1fl/fl;Ins1-Cre). Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired 

Student's t-test. 

 

In work performed by T. Mak (Fig. 1.13) (Mak et al. under review), we observed an increase 

in Ins and Sst polyhormonal expressing cells that originated from β-cells in Tg7a2 animals 

compared to Wt controls, indicating that those cells undergo a process where they not only lose 

the β-cell identity but also acquire characteristics of other cells types possibly through 

transdifferentiation. To test if repression of Brg1 by miR-7 leads to the induction of δ-cell 

markers, we measured the expression of δ-cell specific markers in  Brg1fl/fl;Ins1-Cre mice (Fig. 

5.11). We observed a significant increase in Lepr (p=0.0270) mRNA levels, while other genes, 
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including Sst, were not affected (Fig. 5.11). We conclude that Brg1 knockout alone is not 

sufficient to induce the transdifferentiation of pancreatic β-cells into δ-cells. Other mechanisms 

than loss of Brg1 function must underlie the acquisition of a δ-cell identity in β-cells. 

 

Figure 5.11: Gene expression of pancreatic δ-cell markers in Brg1fl/fl;Ins1-Cre mice. qPCR results for δ-cell 

genes in Brg1fl/fl;Ins1-Cre compared to in Brg1fl/fl mice at 24 weeks of age, normalised to 36B4. n = 9 (Brg1fl/fl), n = 

11 (Brg1fl/fl;Ins1-Cre). Data are means ± SEM, *p < 0.05, unpaired Student's t-test. 

 

5.4 Pharmacological inhibition of mSWI/SNF function in vitro 

We next tested whether treatment of human islets with a mSWI/SNF complex inhibitor affects 

the expression of β-cell identity genes. For these studies we used PFI-3, identified by the 

Structural Genomic Consortium and in collaboration with the biopharmaceutical company 

Pfizer. PFI-3 has been shown to inhibit Brg1/Brm/Pb1 with high specificity as tested in a 

selective screening against 48 family members with a C-terminal bromodomain (BRD), as well 

as in a commercial screening of 102 cellular receptors and 30 enzyme assays showing no 

significant interactions outside the BRD family (Fedorov et al. 2015). We treated human islets, 

with PFI-3 at a concentration of 100 µM and looked at gene expression levels via RT-qPCR. 

Treatment with PFI-3 did not alter the expression of BAF60A, BRG1 and BRM, showing that 

PFI-3 blocks their function without affecting their gene expression (Fig. 5.12A). In contrast, 

we measured downregulation of MafA (p=0.000989), Nkx2.2 (p=0.0041), Nkx6.1 (p=0.0081), 

Pdx-1 (p=0.0047) and Ucn3 (p=0.0275) mRNA levels (Fig. 5.12B). 

Together those results demonstrate that inhibition of Brg1 triggers β-cell dedifferentiation in 

humans.  
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Figure 5.12: PFI-3 treatment of human pancreatic islets. (A,) qPCR results of human islets treated with 100 

µM PFI-3 or an equal volume of DMSO, normalised to 36B4: (A) mSWI/SNF member and (B) β-cell identity 

marker expression levels. n = 4. Data are means ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, unpaired Student's 

t-test. 
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5.5 Discussion 

With the data accumulated in the chapters 3 and 4, we were able to show a correlation between 

miR-7a2 induced loss of β-cell identity, epigenetic remodelling and the downregulation of the 

chromatin remodelling mSWI/SNF complexes subunit Brg1 (and BAF60A). However, our 

study was missing the link between those events, connecting the loss of Brg1 (and BAF60A) 

expression with the changes in dedifferentiating β-cells. Therefore, we next focused on the 

selective knockdown of Brg1 and BAF60A expression inside β-cells. In accordance with our 

previous findings showing that downregulation of BAF60A by miR-7a2, while found in in 

vitro experiments, does not expand into our studies in vivo (Chapter 4.2 and 4.3), selective 

knockdown of BAF60A only shows minor changes in the expression patterns of β-cell markers 

(Fig. 5.1). The selective knockdown of Brg1 (Fig. 5.2 and 5.3) showing loss of β-cell identity 

prompted us to further investigate the selective regulation of Brg1. At this point we mostly 

stopped the investigation of BAF60A as a target of miR-7a2 causative for a diabetic phenotype.  

We tried to generate a BAF60A knockout mice utilising the CRISPR-Cas9 approach. None of 

the offspring showed deletion of BAF60A. This means that either knockout of BAF60A is 

lethal or the deletion was not successful. Additionally, we tried to establish a collaboration with 

Z. Meng from the Zhejiang University (ZJU) who had BAF60A floxed mice. Sadly, this 

collaboration was not established. With that being said, while our results show no major effects 

on the selective knockdown of BAF60A in relation to β-cell identity, its role in T2D should 

not be discarded as its co-dysregulation together with other genes, like Brg1, could have 

amplifying effects on the progression of the disease. Indeed, with the current research finding 

multiple genes regulated in diseases like T2D, it is very unlikely that a single gene is the sole 

trigger of the diabetic phenotype. Rather a combination of the dysregulation of multiple genes 

seems plausible.  This is in some ways similar to the debunked hypothesis that obesity alone 

triggers T2D. This idea has been largely abandoned in favour of the assumption  that 

individuals who are genetically predisposed can develop T2D when exposed to diabetes 

promoting environmental factors, like obesity or glucolipotoxicity (Kahn 2003, Cnop 2008). It 

can be generally assumed that single genetic predispositions can be compensated by the 

individual, and multiple dysregulations are more likely to promote the progression of severe 

T2D. Exceptions are obviously the MODY-genes, able to trigger diabetes based on single gene 

failure (Naylor , Johnson  and del Gaudio 2018). Indeed, we detected a major difference in the 

loss of β-cell identity not only in vitro between miR-7a2 overexpression and selective 

Brg1/BAF60A knockdown, but also in vivo between Tg7a2 and Brg1fl/fl;Ins1-Cre mice. While  
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To ensure that Brg1fl/fl;Ins1-Cre mice have a selective knockout of Brg1 without affecting the rest 

of the mSWI/SNF complexes, additional stainings for e.g. Brm and BAF60A should be 

performed in future experiments, to ensure that other subunits are not affected. Brg1fl/fl;Ins1-Cre 

mice show no changes in ad libitum fed glycaemia levels (Fig. 5.6), previous results from our 

group described a significant hyperglycaemic phenotype in Tg7a2 animals (Latreille et al. 

2014). Lastly, while Tg7a2 and other models of miR-7a2 overexpression show the expression 

of δ-cell markers in β-cells, no observations of this kind were made in Brg1fl/fl;Ins1-Cre mice (Fig. 

5.11).  

Together those results show that overexpression of miR-7a2 has a more severe effect on the 

loss of β-cell identity compared to the selective knockout of Brg1. As previously discussed, 

this is most likely due to the fact of multiple genes being affected in miR-7a2 overexpression 

models, as miRNAs have multiple targets (Hashimoto, Akiyama and Yuasa 2013). When 

looking back at the miR-7a2 target identification chapters of this thesis, especially the screen 

in immortalised β-cells (Chapter 4.2), we see that indeed miR-7a2 seems to have multiple 

potential targets (e.g. Tada2b, Setd8, etc.). While this study focussed on the effects of the 

mSWI/SNF complex subunits Brg1 and BAF60A, those other targets can have potential in 

deciphering the genetic changes undergoing in T2D.  

Indeed, in previous studies, Tada2b has been reported to interact with Brg1 in HEK293T cells 

to activate Pax5 (Barlev et al. 2003), a TF associated with B cell differentiation (Kaneko et al. 

1998, Pridans et al. 2008). Furthermore, we demonstrated a regulation of Brm in miR-7a2 

overexpressing models, which we did not observe in Brg1fl/fl;Ins1-Cre mice, where knockout of 

Brg1 does not affect Brm mRNA levels (Fig. 5.5A), suggesting that other miR-7a2 targets than 

Brg1 affect the expression of Brm. Those phenomena would result in a double knockdown of 

Brg1 and Brm in miR-7a2 overexpressing models compared to the selective knockdown of 

Brg1 in Brg1fl/fl;Ins1-Cre mice. Although previous studies recounted an antagonistic role for Brg1 

and Brm (McKenna et al. 2015a), recent results report that a dual knockout of Brg1 and Brm 

in β-cells is needed to induce fasted hyperglycaemia, glucose intolerance and reduced serum 

insulin content (Spaeth et al. 2019). This confirms the hypothesis that multiple targeting of the 

miR-7a2 overexpression is more potent than single knockout of Brg1. While the effects are 

more severe in Tg7a2 animals, our results still show a diabetic phenotype in Brg1fl/fl;Ins1-Cre 

mice. It may be prudent to mention that the studies in Spaeth et al. investigated an adult induced 

knockout of Brg1 on β-cell function, whereas our Brg1fl/fl;Ins1-Cre mice lose Brg1 expression in 

early development. Indeed Spaet et al. show that E15.5 Brg1 knockout results in the reduction 
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of all pancreatic cell lineages, confirming that loss of Brg1 function affects β-cells. Therefore, 

miR-7a2 induced loss of Brg1 could represent a form of genetic susceptibility in individuals, 

making them prone to develop T2D in the future. Although not quantified, our results don’t 

suggest a difference in pancreatic islet numbers or size. Opposite to our findings, Spaet et al. 

reported a reduction in pancreas size in Brg1 knockout mice in comparison to control animals. 

Additionally, they report a hypoplasia in mice with an embryonic specific removal of Brg1, 

and while we see an impairment of the islets to produce insulin, we detect no other signs of 

hypoplasia, but further studies are required to fully confirm/oppose those findings. It is to 

mention, that those findings were achieved utilising a Ptf1a-Cre to knockout Brg1 in early 

development, including MPCs. MPCs in Brg1 knockout animals also show reduced 

proliferation. We did not investigate the proliferation of β-cells in our mouse model. Knockout 

of Brg1 in adult animals resulted in no changes in fasting glycaemia, glucose tolerance, serum 

insulin levels or GSIS (Spaeth et al. 2019). Although their adult knockout is as well under 

control of the MIP-Cre, opposite to our studies they utilised a tamoxifen inducible system. 

Opposing findings between our groups can potentially be explained by the timepoint of 

deletion. A inducible Brg1 knockout mouse model would be required to investigate if different 

timepoints of Brg1 deletion result in different outcomes and if there is an age which protects 

the animals from developing a diabetic phenotype following Brg1 deletion. 

Spaet et al. showed that many typical β-cell TFs are not affected by the loss of Brg1 and Brm. 

While this is true for Pdx-1 in our results (indicating that Brg1 knockout does not trigger a 

feedback on the expression of Pdx-1) we found other TFs important for β-cell function to be 

negatively affected by loss of Brg1, like Nkx6.1, MafA or Syt4 (Fig. 5.10). The closest we got 

to a selective double knockout of Brg1 and Brm in this study was the application of PFI-3. 

Indeed, our results utilising PFI-3 on human islets showed a significant decrease in multiple β-

cell factors (Fig. 5.12). Those results confirm the severe effect of Brg1 and Brm double 

knockdown in β-cells reported by Spaeth et al. 

With insulin content inside the islets and of 6h fast serum from Brg1 fl/fl;Ins1-Cre mice being 

decreased (Fig. 5.9), we were quite surprised to observe a decrease in BG in Brg1fl/fl;Ins1-Cre 

compared to Brg1fl/fl mice after an ON fast (Fig. 5.7), as our expectations were for a 

hyperglycaemic phenotype. Although not further investigated, the hypoglycaemic phenotype 

in ON fasted Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice could be explained by an inability of the 

β-cells to react to changes in glycaemia in either way, being neither able to compensate for 

hyper- nor hypoglycaemia. In healthy animals an ON fast triggers the release of glucose 
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storages into the bloodstream. This appears to be impaired in Brg1 fl/fl;Ins1-Cre. In future 

experiments, insulin levels should be measured after an ON fast to investigate if insulin levels 

are increased, as in this study only insulin levels after an 6h fast were measured. Additionally, 

insulin levels after an IPGTT would be required to confirm the results of an impaired glucose 

response in our IPGTT in Brg1fl/fl;Ins1-Cre. Indeed other studies have shown an increase in basal 

insulin levels in immature β-cells, as well as their inability to react to glycaemic changes 

(Huang et al. 2018). They explain those changes by the switch of a repression to activation of 

Syt4 in maturation of β-cells, compensating the insulin secretion promoting effect of Syt7 

expressed in immature and mature β-cells (Huang et al. 2018). Syt4 and Syt7 are both found 

on insulin vesicles inside β-cells with opposite effects based on their Ca2+ sensitivity. Syt7, 

being a high affinity Ca2+ sensor, promotes the fusion of insulin vesicles with the cell 

membrane promoting exocytosis, while the low Ca2+ affinity of Syt4 represses vesicles 

membrane fusion (Huang et al. 2018). Since one of our hypotheses in the lab is the loss of β-

cell identity into a more immature type by miR-7a2, we investigated the expression profile of 

Syt4 in Brg1fl/fl;Ins1-Cre mice. Interestingly, Brg1fl/fl;Ins1-Cre compared to Brg1fl/fl mice show a 

decrease in the gene expression of Syt4 (Fig. 5.10). This would confirm our hypothesis that 

miR-7a2 triggers immaturity in β-cells in accordance with the findings of Huang et al., showing 

that Syt4 is a marker of the mature β-cell.  

This immaturity could explain the inability of Brg1fl/fl;Ins1-Cre β-cells to compensate for 

hypoglycaemia in an ON fasted state (Fig. 5.7) and the observed lack of insulin content stored 

in β-cells (Fig. 5.9) prevents the compensation of the induced hyperglycaemia in glucose 

tolerance tests (Fig. 5.7). As Brg1 is selectively knocked out in β-cells of Brg1flfl;Ins1-Cre mice, 

our insulin tolerance tests results, showing no significant difference (Fig. 5.8), were expected. 

This shows that other tissues (like the liver or muscles) are not affected by an unspecific 

knockout of Brg1, and that the knockout in β-cells does not affects those peripheral tissues. 

In summary the Brg1fl/fl;Ins1-Cre shows the importance of Brg1 in maintaining β-cell identity 

through reducing available insulin content in the islet and therefore loss in circulating insulin, 

an impairment in glucose tolerance and the loss of expression of key β-cell identity markers, 

as similarly seen in Tg7a2 animals. To consolidate our findings, rescue experiments that re-

establish Brg1 expression in cells or islets exposed to elevated miR-7a2 levels would be 

required to fully elucidate the role Brg1 plays in the miR-7a2 induced diabetic phenotype. 

Additionally, ATAC-Seq should be performed on Brg1fl/fl;Ins1-Cre mice. Although Tg7a2 

animals show a closure of DARs in comparison to Wt controls, and Brg1 is involved in 



166 
 

chromatin remodelling and associated to transcriptional activation, this experiment would 

allow us to compare the data with our ATAC-Seq findings in Tg7a2 animals. 

Our results utilising the Brg1/Brm/Pb1 inhibitor PFI-3, showing a downregulation of β-cell 

genes in human islets, confirmed the translation of our findings into human (Fig. 5.12).  

Interestingly there is no evidence yet in the literature showing that miR-7 is directly involved 

in the progression of T2D. The only relation between miR-7 and T2D was presented by Wan 

et al. suggesting serum miR-7 levels as a promising biomarker for T2D (Wan et al. 2017). 

Opposite to that, dedifferentiation of β-cells in human T2D is well reported (Cinti et al. 2016b, 

Efrat 2019), confirming the possibility of our results showing a loss of β-cell identity in β-cells 

from human donor islets through miR-7a2 and impairment of Brg1/Brm/Pb1. 

In summary, our results in this chapter help us further understand the biology of miR-7a2 

induced T2D by deciphering the mechanisms of how overexpression of miR-7a2 induces a 

diabetic phenotype. We were able to show that compromised hyperglycaemia compensation 

and the loss of β-cell identity we observe in miR-7a2 overexpressing models can be attributed 

to the miR-7a2 regulated knockdown of Brg1. Breaking down pathways of T2D progression 

will improve our understanding of this disease and support future drug development. 
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Chapter 6: Summary and future directions 

The data presented in this study provides new information about the involvement of miR-7 in 

the progression of T2D. With the rising incidence of T2D in the global population, new insights 

are necessary to better understand the characteristics of the disease and therefore treat patients.  

In chapter 3,  we showed that miR-7a2 upregulation induces a loss in β-cell identity in different 

models, both in vitro and in vivo. This loss of β-cell identity is characterised by the 

downregulation of β-cell specific markers like insulin, Nkx6.1 or MafA. This loss of β-cell 

identity is seen in immortalised pancreatic β-cell lines, isolated islets of mice and human 

donors, as well as in different mouse models of diabetes. Loss of β-cell identity is accompanied 

with the de-repression of atypical hormones, including somatostatin or glucagon. Those results 

suggest that miR-7a2 overexpression triggers the dedifferentiation and transdifferentiation of 

β-cells into other cell types. Therefore miR-7a2 may represent  a novel  target in the treatment 

of T2D. Modulating miR-7a2 levels in patients comes nonetheless with complications, 

especially in the specific application to β-cells. Gene therapy utilising viral vectors with a high 

specificity for β-cells could provide an approach to introduce miR-7a2 inhibitors, like the 

circular RNA miR-7 sponge Cdr1as. Photoactivatable drugs could provide an approach to 

apply miR-7 inhibitors (e.g. LNAs) with a selective activity in the pancreas. In previous work 

on Liraglutide, we confirmed the control over the activity of the drug through UV light 

(Broichhagen et al. 2015). Small UV light emitting probes could be put into the pancreas and 

therefore similar approaches for miR-7a2 inhibitors could be applied. 

In future work it would be interesting to investigate the effects of miR-7 inhibitors on the 

progression of T2D. Additionally, investigating if inhibition of miR-7 could redifferentiate β-

cells that have lost their identity could provide a new avenue to increase the functional β-cell 

mass in individuals with T2D. Overall the research in the dedifferentiation of β-cells, to which 

this study contributes, has made much progress. Therefore, future studies should focus on 

progressing the research towards the actual goal to utilise the dedifferentiated β-cells that are 

still alive and use them to replenish the diminished functional β-cell mass.  

Dedifferentiated β-cells, including those in Tg7a2 mice,  display endocrine progenitor-like 

characteristics  (Wang et al. 2014, Oshima et al. 2018, Lu et al. 2018, Talchai et al. 2012, 

Latreille et al. 2014).  Therefore, it would be interesting to investigate if it is possible to induce 

proliferation of those progenitor-like cells and induce their differentiation into mature β-cells. 

This therapy would provide an approach to counteract the loss of functional β-cell mass 
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induced by dedifferentiation and restore normal islet composition. With miR-7 being involved 

in the development of many different tissues (Horsham et al. 2015), alteration of miR-7 levels 

in those endocrine progenitor-like cells could provide the required tool to induce proliferation 

and/or differentiation. 

Chapter 4 focussed on the identification of epigenetic regulators targeted by miR-7. We showed 

that the chromatin remodelling complex mSWI/SNF complex is regulated by miR-7 through 

the repression of BAF60A in vitro and Brg1 in vitro and in vivo. We investigated the chromatin 

landscape in isolated islets of β-cell specific miR-7a2 overexpressing mice (Tg7a2) by ATAC-

Seq. Our results show a closed chromatin state in Tg7a2 animals compared to Wt animals at 

key β-cell markers, as well as at binding sites for β-cell specific TFs. These results indicate that 

the diabetic phenotype induced by miR-7a2 overexpression, is caused by changes in the 

chromatin state preventing transcription activation of genes maintaining β-cell identity and 

function.  

In future work it would be interesting to investigate the chromatin landscape by ATAC-Seq in 

Brg1 knockout mice and compare it to the ATAC-Seq obtained in islets from Tg7a2 animals. 

The comparison would show if the chromatin remodelling seen in Tg7a2 can be fully accounted 

to miR-7a2’s repression of the mSWI/SNF complexes or if other targets genes of miR-7 also 

impact on chromatin structure. Additionally, future work should address if rescue of Brg1 

expression in β-cells overexpressing miR-7a2 can reverse the chromatin state and/or diabetic 

phenotype. Those results would give insight into whether Brg1 is the major chromatin 

remodeller affected by miR-7a2 and if the loss of β-cell identity can be solely accounted to 

epigenetic changes. The identification of Brg1 and BAF60A as targets of miR-7a2 sheds new 

light on the mechanism by which miR-7a2 induces T2D. 

Since miR-7a2 is present in many tissues, and has been shown to prevent cancer formation 

(Zhang et al. 2014), its inhibition could have severe side effects. Therefore, understanding the 

function of miR-7a2 inside β-cells helps developing potential future treatments. The further 

research deciphers the pathways involved in T2D progression, the more specific can potential 

drugs target the causative factors in T2D while avoiding side effects inside the same or different 

organs. 

The results presented in chapter 5 showed that deletion of Brg1 in β-cells of mice (Brg1fl/fl;Ins1-

Cre) results in loss of  β-cell markers. Deletion of Brg1 in β-cells reduces the islet insulin content, 
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secretion of insulin into circulation and impairs GSIS. Those results show the involvement of 

the mSWI/SNF complexes to maintain functional β-cell mass in vivo. 

Interestingly, the diabetic phenotype in Tg7a2 animals is stronger than in Brg1 fl/fl;Ins1-Cre mice. 

This suggests that more factors are targeted by miR-7a2 that promote β-cell dedifferentiation 

in T2D. It would be interesting to investigate other miR-7 targets and determine if they interact 

with the mSWI/SNF complexes. For example, Tada2b, a transcriptional adapter protein that 

potentiates transcription through coordination of HAT activity, has been shown to interact with 

Brg1 (Barlev et al. 2003). According to our qPCR results in Min6 cells infected with Ad-

7a2/Ad-Ctrl, miR-7a2 repressed Tada2b. The loss of multiple epigenetic factors could have a 

more severe effect on the identity of the β-cells. Our results show the involvement of Brg1 in 

maintaining β-cell identity, as knockout of Brg1 impairs β-cell identity genes and the glucose 

response of Brg1fl/fl;Ins1-Cre mice, but not as severe as in Tg7a2 animals overexpressing miR-

7a2. Therefore, the research of additionally miR-7a2 targets interacting with Brg1 could 

present valuable insight in how miR-7a2 triggers β-cell dedifferentiation. 

Since epigenetic regulation is essential for the correct development of cells and organs, it would 

be interesting to investigate the effects of the miR-7-Brg1 axis in the development of the 

pancreas and β-cells. The TF Pdx-1 is involved in the development of β-cells from 

approximately E8.5 (Conrad et al. 2014). Since Brg1 and Pdx-1 have been shown to interact 

(McKenna et al. 2015a), it is to assume that the differentiation of β-cells would be disturbed. 

Pdx-1 is only one of many TFs in the development of β-cells. Future work could also focus to 

identify additional TFs interacting with Brg1 in the pancreas in development and the adult 

animal. 

Overall, our findings reveal a new regulatory pathway in the progression of T2D. This opens 

new avenues in researching the biology of the diseases and will hopefully contribute in the 

development of new treatments for T2D focussing on re-establishing β-cell identity. 
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Appendices 

Table 2.5: List of genotyping primers used in this thesis. Forward (F) and Reverse (R) primers pairs are 

shown with according sequences and the used PCR programs.  

Name F Sequence 5’-3’ R Sequence 5’-‘3 Source Program 

Tg7a2 CTATAAAGCTAGTGG
GGATTCAGTAAC 

CATGTGGCAGACTG
GGACTTGTTGTTG 

Sigma 94°C 5min, 35x (94°C 

30sec, 65°C 30sec, 72°C 

45sec), 72°C 7min 

RIP-Cre CTATAAAGCTAGTGG

GGATTCAGTAAC 

CCTGTTTTGCACGTT

CACCG 
Sigma 94°C 5min, 35x (94°C 

30sec, 60°C 30sec, 72°C 

45sec), 72°C 7min 

tdTomato GTACAGGAACAGGTG

GTGG 

CTGTTCCTGGGGCA

TGGC 
Sigma 94°C 5min, 40x (94°C 

60sec, 57°C 60sec, 72°C 

60sec), 72°C 7min 

Brg1fl/fl GCCTTGTCTCAAACTG

ATAAG 

GTCATACTTATGTCA

TAGCC 
Sigma 94°C 5min, 35x (94°C 

30sec, 55°C 30sec, 72°C 

30sec), 72°C 7min 

Ins1-Cre 

Cre internal 

ATGCTTCTGTCCGTTT

GCCGT 

CCTGTTTTGCACGTT

CACCG 
 

Sigma 94°C 5min, 35x (94°C 

30sec, 58°C 30sec, 72°C 

60sec), 72°C 7min 
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Table 2.7: List of mouse qPCR primers used for cDNA qPCR in this thesis. Forward (F) and Reverse (R) 

primer pairs are shown with according sequences.  

Name F Sequence 5’-3’ R Sequence 5’-3’ Source 

m36B4 GCCGTGATGCCCAGGGAAGACA CATCTGCTTGGAGCCCACGTTG Sigma 

mActn4 TTTCAGGAGCGCAGAAGG CCATCAGGTGCTCATTTTCC Sigma 

mAdam12 GAGCTGGTTATTGTGGCAGAC GCGATCTCTATTAATCGCTGCT Sigma 

mArid2 AAGTGCTGCTCAGCAAAAGC GGTGAAGGTGGCATAGGAGT Sigma 

mArx TTTTCTAGGAGCAGCGGTGT AGTGGAAAAGAGCCTGCCAA Sigma 

mBAF60A GGGAGCTCCGGGTAGAAG TGGCGTCATATTTGGACAAG Sigma 

mBche TGCTCCCCAATGTCAGTTCT ATTGCTCCAGCGATGAAATC Sigma 

mBcl2 AGTACCTGAACCGGCATCTG GGGGCCATATAGTTCCACAAA Sigma 

mBdnf GCATCTGTTGGGGAGACAAG TCACCTGGTGGAACATTGTG Sigma 

mBrd3 TTTCCTTTCCCCTTTTCCTC TTGGCATCCCATTTCTGG Sigma 

mBrg1 CGTGGCCTGCAGTCTTACTA CATGAGGGCGGACTGCTTAT Sigma 

mBrm TCAGCCAGCACACACTGCTC TGTGGGTGTGGACATCTAGG Sigma 

mC-kit GATCTGCTCTGCGTCCTGTT CTTGCAGATGGCTGAGACG Sigma 

mCD44 CTCCTTCTTTATCCGGAGCAC TGGCTTTTTGAGTGCACAGT Sigma 

mCdh8 CTGGACAGAGAACTAAGTGTTTGG CGAGATATCTGACTGTGGTTCCT Sigma 

mCelsr1 GGCAGTCATGACCTTGGACTA AGCTGATTCCCAATCTGCAC Sigma 

mCHD5 GCAAGAGGAAGAAGGGTTCC TGGCATTGTCCAAGTCTGAG Sigma 

mCldn11 TGGAGTGGCCAAGTACAGG GACAATGGCGCAGAGAGC Sigma 

mCldn3 GTGGCCACTGCAGCTACTT GTTTCATGGTTTGCCTGTCTC Sigma 

mCldn4 TTTTGTGGTCACCGACTTTG TGTAGTCCCATAGACGCCATC Sigma 

mClock CAGCTTCCTTCAGTTCAGCA CCGTGGAGCAACCTAGATGT Sigma 

mCol1a2 GCAGGTTCACCTACTCTGTCCT CTTGCCCCATTCATTTGTCT Sigma 

mCol4a1 GGCCCTTCATTAGCAGGTG TCTGAATGGTCTGACTGTGTACC Sigma 

mCol5a2 GAAAGGCTGGTGATCAAGGT TTTCTCCCCGAGGTCCTAAT Sigma 

mCyfip2 GTGGGTACAGCGCAGAGC GGCGCCTGTCTTTCACAC Sigma 

mCyr61 GGATCTGTGAAGTGCGTCCT CTGCATTTCTTGCCCTTTTT Sigma 

mDapk2 GACGTGGTGCTCATCCTTG GGCTTCCTCCTCACTTAACGA Sigma 

mDnmt3a AAACGGAAACGGGATGAGT ACTGCAATTACCTTGGCTTTCT Sigma 

mE-cad ATCCTCGCCCTGCTGATT ACCACCGTTCTCCTCCGTA Sigma 

mEhf TGTGATAGCTTCCTGCCTTCT CACCACTTCCTTCCAGAATCA Sigma 

mErbb4 AATGCTGATGGTGGCAAGA CATCACTTTGATGTGTGAATTTCC Sigma 

mFas AAACCAGACTTCTACTGCGATTCT GGGTTCCATGTTCACACGA Sigma 

mFlnb CACCGGCCTGCATAAAGT CATTCACTTCAAATGGGCTCT Sigma 

mFoxa1 GAACAGCTACTACGCGGACA CGGAGTTCATGTTGCTGACA Sigma 

mFoxo1 GAGAAGAGGCTCACCCTGTC ACAGATTGTGGCGAATTGAA Sigma 

mFn1 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGA Sigma 
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mGabrg2 ACAGAAAATGACGCTGTGGA CATCTGACTTTTGGCTTGTGAA Sigma 

mGcg ACCTGGACTCCCGCCGTGC TCGCCTTCCTCGGCCTTTCACCAGCC Sigma 

mGck CTGGATGACAGAGCCAGGAT GCTGGAACTCTGCCAGGAT Sigma 

mGjd2 GGGGGAATGGACCATCTT TCACCACCACAGTCAACAGG Sigma 

mGlut2 TCTTCACGGCTGTCTCTGTG AATCATCCCGGTTAGGAACA Sigma 

mHadh TTCTTAAAGACACCACAGTGACG CTTCTTCACTTTGTCGTTCAGC Sigma 

mHnf1a TTACACCAAGTATCCCCCACA CAAGCTGTGCAGTGCTGTC Sigma 

mIL6 GCTACCAAACTGGATATAATCAGGA CCAGGTAGCTATGGTACTCCAGAA Sigma 

mIL6R ATCCTCTGGAACCCCACAC GAACTTTCGTACTGATCCTCGTG Sigma 

mIns1 CAGAGAGGAGGTACTTTGGACTATAAA GCCATGTTGAAACAATGACCT Sigma 

mIns2 GCTGGTGCAGCACTGATCTA GCTGGTGCAGCACTGATCTA Sigma 

mJHDM1D GCAGCTCTACACGGCTCTTC TCTGTGTAGTCATGCCTGTGC Sigma 

mlepr GTTCCAAACCCCAAGAATTG GACTTCAAAGAGTGTCCGTTCTC Sigma 

mlif AAACGGCCTGCATCTAAGG AGCAGCAGTAAGGGCACAAT Sigma 

mMafA AGGAGGAGGTCATCCGACTG CTTCTCGCTCTCCAGAATGTG Sigma 

mMafB AGGACCTGTACTGGATGGC CACTACGGAAGCCGTCGAAG Sigma 

mMapk14 GACCTTCTCATAGATGAGTGGAAGA CAGGACTCCATTTCTTCTTGGT Sigma 

mMarveld3 GGATTGCCACAAATGCAGAT AGGCCAAGATCAGCAAGTTC Sigma 

mMeCP2 CAGCTCCAACAGGATTCCAT TCTTCTGACTTTTCCTCCCTGA Sigma 

mMef2C ATGAAGTGAAGCGTGGAAGG CAAATCCCTGCATTCGTTC Sigma 

mMmp14 GAGAACTTCGTGTTGCCTGA CTTTGTGGGTGACCCTGACT Sigma 

mMpzl1 TCTAGTAAAGAGTCCGCCTTCC TCCGCCAGAGTGGTCTAACT Sigma 

mMycn CCTCCGGAGAGGATACCTTG TCTCTACGGTGACCACATCG Sigma 

mN-cad GCCATCATCGCTATCCTTCT CCGTTTCATCCATACCACAAA Sigma 

mNestin TCCCTTAGTCTGGAAGTGGCTA GGTGTCTGCAAGCGAGAGTT Sigma 

mNeurod1 GACCCAGAAACTGTCTAAAATAGAGACA AAGGAGACCAGATCAGGGCTTT Sigma 

mNf2 AGCATAATACCATTAAAAAGCCTCA TCTTCAAAGAAGGCCACTCG Sigma 

mNgn3 TCTCAAGCATCTCGCCTCTTC ACAGCAAGGGTACCGATGAGA Sigma 

mNkx2.2 TGTCCCAGAGTCACGGAGT AGGGCTTAAGATGCCTGGAT Sigma 

mNkx6.1 TCAGTCAAGGTCTGGTTCC CGATTTGTGCTTTTTCAGCA Sigma 

mOat CAATTACCATCCTTTGCCTGTA GTACTGCCTGCCTTCCACAT Sigma 

mOcln GTCCGTGAGGCCTTTTGA GGTGCATAATGATTGGGTTTG Sigma 

mOvol2 CGATTTAAGGCATAGGTGTCG GGTACTCTCCCCCTCACTCC Sigma 

mPard6G TCGGCTATGCTGATGTGC GCTGTAATGGTCTGCTTCTTCTC Sigma 

mPax6 ACTTCAGTACCAGGGCAACC GAACTGATGGAGTTGGTGTTCTC Sigma 

mPdgfra CGGAGCCTGAGCTTTGAG GCCCTGTGAGGAGACAGC Sigma 

mPdgfrb TCAAGCTGCAGGTCAATGTC CCATTGGCAGGGTGACTC Sigma 

mPdlim4 TCCACATTGACCCTGAGTCC CCTCCAGACTAATCCCAGAGAC Sigma 

mPdx-1 TTCCCGAATGGAACCGAGC GTAGGCAGTACGGGTCCTCT Sigma 
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mPhf17 CAGCTGTTCACGCACCTG GGGTCACCATGTAAGTGAGGTT Sigma 

mPhf21a GCCTAGTCTAACTGCATCACAGG TTTGGGCGTGGAGTGAGT Sigma 

mResp18 TGCTTCAGTCTTCCAGTACTTACAA GCTATGTCATCTGCCCAGAAC Sigma 

mRest AGCAACAAAGAAAAGGAGTTGG ACCTGGGTGGCCATAACTG Sigma 

mRGS4 TCCCTCAGTTAAACAAGATGTGC GTTTCATGTCCTTTGCACTCC Sigma 

mRnf20 AGCTGATCAGGTTTTGACACTG TGCTCCTTCTCTTCCAGTTTTCT Sigma 

mRobo1 AGGGAAGCCTACGCAGATG TGGACAGTGGGCGATTTTAT Sigma 

mSerpine1 CGTGGCAGCAGGACTGATA AGGCCTCTGGGTCATCTACA Sigma 

mSerpine2 TTGGGTCAAAAATGAGACCAG CCTTGAAATACACTGCATTAACGA Sigma 

mSetd8 CGGAGATGGTGGAGCAGA GCAGAGCACTTGTTCGGACT Sigma 

mSipa1|3 TGCTCCCTTACACTCCCAAC ACGATGTCATTCCCTATGTGC Sigma 

mSlit2 CGGGGACAGCTGTGATAGAG CCAAGCGAGATACTTTCTTAGTTGTT Sigma 

mSnail1 CTTGTGTCTGCACGACCTGT CAGGAGAATGGCTTCTCACC Sigma 

mSnail2 CATTGCCTTGTGTCTGCAAG AGAAAGGCTTTTCCCCAGTG Sigma 

mSox9 GAGCCGGATCTGAAGAGGGA GCTTGACGTGTGGCTTGTTC Sigma 

mSyt4 GACAGAGCACGCAGAAAACA AGTGAAGACGAGGCCAAAAG Sigma 

mSyt7 GAGGTGTCCATCCCTCTGAA GCAGAGGGGTTGTAGCAGAG Sigma 

mSST CCCAGACTCCGTCAGTTTCT GGGCATCATTCTCTGTCTGG Sigma 

mTada2b GACGCCATCGAGCAGTTC GTCCGTGAAGCACCAACAT Sigma 

mTagln GCCCAGACACCGAAGCTA GTAGGATGGACCCTTGTTGG Sigma 

mTGFBR3 TGGCTGTGGTACTAGACATAGGAG GGAGCCTGCACCACAATAG Sigma 

mThbs1 CACCTCTCCGGGTTACTGAG GCAACAGGAACAGGACACCTA Sigma 

mThy1 GAAAACTGCGGGCTTCAG CCAAGAGTTCCGACTTGGAT Sigma 

mTjp1 TGCAGACCCAGCAAAGGT GGTTTTGTCTCATCATTTCTTCAG Sigma 

mTjp2 CCGTTCAGCAGCTTAGGAAA GAACCTTCCGGGGTCTCTT Sigma 

mTmod1   Sigma 

mUcn3 CCAGAGCAAAGTCCACTTACAG GCTTGTCCTTGGACCTCCT Sigma 

mVcam TCTTACCTGTGCGCTGTGAC ACTGGATCTTCAGGGAATGAGT Sigma 

mVim TGCGCCAGCAGTATGAAA GCCTCAGAGAGGTCAGCAAA Sigma 

mZbtb4 CACCAAGCACGAGGTGTG TGGGTCTTCAGGTTATAATAGGTGA Sigma 

mZbtb38 AGGCTGGCGTGTTCTGAG CACTGTGAAAGTCGTCCTTGAG Sigma 

mZeb2 CCAGAGGAAACAAGGATTTCAG AGGCCTGACATGTAGTCTTGTG Sigma 

 

Table 2.8: List of rat qPCR primers used for cDNA qPCR in this thesis. Forward (F) and Reverse (R) 

primer pairs are shown with according sequences.  

Name F Sequence 5’-3’ R Sequence 5’-‘3 Source 

r36B4 AGCTTTGGGCATCACCACTA CTCCCACCTTGTCTCCAGTC Sigma 

rArid2 CAGGCTATAGAGCAGGTCCAA CGTGCTGTGCTACAACTGCT Sigma 
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rBAF60A CCAGTCAGGGATGGACCAAT TTTCGATTTTGGACCGCCTG Sigma 

rBrg1 AAGATGTTCGGCCGTGGTT CTCGATAGCCTTGAGCCACT Sigma 

rBrm AGGAGCAGGATGAGAACGAA GAAGAAAGCATTCGGTTTGG Sigma 

rBrd3 CAGACCACGAAGTGGTAGCC TTGGCAAACCTCATCTCAAA Sigma 

rCHD5 CTGTTCGCGGAGGAGATG TCAAGGCCACCGTCTTCTT Sigma 

rDnmt3a AGAAGTGCCGAAACATCGAG CATTCCACCAATGAAGAGTGG Sigma 

rGcg TGAGATGAACACGATTCTCGAT AAGATGGTTGTGAATGGTGAAA Sigma 

rGlut2 AAAGCCCCAGATACCTTTACCT TGCCCCTTAGTCTTTTCAAGC Sigma 

rHNRNPK TGAAGAAAATCATCCCTACTTTGG TCCACAGCATCAGATTCGAG Sigma 

rIns1 CTCCCACCTTGTCTCCAGTC CTTGGGCTCCCAGAGGAC Sigma 

rIns2 CGAAGTGGAGGACCCACA TGCTGGTGCAGCACTGAT Sigma 

rJHDM1D CATGGAGAATGAACAAAGTTCG TTGAGGCTGGAAACCATCTT Sigma 

rMafA GACTTGCACAAGGGTCAAAGA CCGGGTTCAAAGGTGAGTTA Sigma 

rMeCP2 TGGTAGCTGGGATGTTAGGG AACTTCAGGGGTTTCTCTTTGAG Sigma 

rNkx6.1 GAGAAGACTTTCGAACAAACGAA CGATTCTGGAACCAGACCTT Sigma 

rPax6 GCCCTCACCAACACGTACA AGGTCTGACTGGGGACTGG Sigma 

rPdx-1 CTCTCGTGCCATGTGAACC TTCTCTAAATTGGTCCCAGGAA Sigma 

rPhf17 ATTTGGGGCCTCCATACAG ACGGTCAAAAGCACAAGTCA Sigma 

rPhf21a GGAGCCCACTACCTCATAAGC TCTGCTAATTCTACAATGTCTTCAGC Sigma 

rRest TGTTCAACACGTTCGAACTCA AGAACTTGAGTAAGGACACAGTTCAC Sigma 

rRnf20 AAAGAGAACAGCGGCTCAAC CACTTTATAGCCTTTTGAGTTCACC Sigma 

rSetd8 TTTCTACCCCGTGCGAAG CATCTATCTTCTTCCTTTCTTCAGACT Sigma 

rSST AGCCCAACCAGACAGAGAAC CCTCATCTCGTCCTGCTCA Sigma 

rTada2b GACGCCATCGAGCAGTTC AGTCCGAGAAGCACCAACAT Sigma 

rUcn3 TACAGGGAGCGATGCTGAT GAACTTGTGGGAGAGGCTTG Sigma 

rZbtb38 AAAAGAGGGAGAAAACCCAAGT GTCACTCTCCCGAGGCAAT Sigma 

 

 

Table 2.9: List of human qPCR primers used for cDNA qPCR in this thesis. Forward (F) and Reverse (R) 

primer pairs are shown with according sequences.  

Name F Sequence 5’-3’ R Sequence 5’-‘3 Source 

h36B4 TCTACAACCCTGAAGTGCTTGAT CAATCTGCAGACAGACACTGG Sigma 

hArx GCACCACGTTCACCAGCTA CAGCCTCATGGCCAGTTC Sigma 

hBAF60A TGGGAGCTTCGGGTAGAAG TGGCATCATATTTGGACAAGG Sigma 

hBrg1 TGGACCAGCACTCCCAAG CTGGCTGGAACTGGACTAGAG Sigma 

hBrm GATTCAGCCAGCACACTCCT GGCGTGGACATCTACCTCTC Sigma 

hGcg GTACAAGGCAGCTGGCAAC TGGGAAGCTGAGAATGATCTG Sigma 

hGlut2 GATGGGGTTTTCAAAATTGG AACCAGGCCTGAAATTAGCC Sigma 
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hIns AGGCTTCTTCTACACACCCAAG CACAATGCCACGCTTCTG Sigma 

hMafA AGAGCGAGAAGTGCCAACTC TTGTACAGGTCCCGCTCTTT Sigma 

hNkx2.2 CGAGGGCCTTCAGTACTCC GGGGACTTGGAGCTTGAGT Sigma 

hNkx6.1 CGTTGGGGATGACAGAGAGT CGAGTCCTGCTTCTTCTTGG Sigma 

hPdx-1 AAGCTCACGCGTGGAAAG GCCGTGAGATGTACTTGTTGAA Sigma 

hPPY TGGCTGTGAACTGGAATGTG CCCAGCAGTGGCTGTAGTAAC Sigma 

hSST ACCCCAGACTCCGTCAGTTT ACAGCAGCTCTGCCAAGAAG Sigma 

hUcn3 ACAAGTTCATGGGGACGTG CGGCATCAGCATCTCTCC Sigma 

 


