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Abstract 

Type-2 diabetes is one of the main causes of morbidity and mortality worldwide. Diabetes 

is preceded by pre-diabetic state, which is characterized by insulin resistance in target 

tissues. In response to high blood glucose level, pancreatic β-cells secrete the hormone 

insulin, which in turn triggers glucose uptake into adipocytes and muscle cells and also 

reduces glucose production by liver, causing a reduction of blood glucose levels. If these 

tissues become insulin resistant, a compensatory increase of insulin secretion from 

pancreatic β-cells occurs, ultimately causing β-cell dysfunction. Additionally, recent 

studies indicate that macrophages as one of the major contributors to the insulin resistance 

in target tissues. Despite significant advances having been made in understanding those 

molecular events, many gaps remain to be answered. This thesis aims to identify molecular 

mechanisms associated with the type 2-diabetes in β-cells, adipocytes and macrophages 

whose proper functioning is critical for blood glucose homeostasis. In the first study, we 

showed that reducing α-catenin protein levels increase the glucose stimulated insulin 

secretion (GSIS), indicating a role for α-catenin in mechanism regulating insulin secretion. 

Moreover, the physiologically relevant changes in glucose concentration increases α-

catenin protein levels in rat pancreatic β-cell lines. This study suggests that α-catenin 

protein in combination with β-catenin may act to control how much insulin is sequestered 

inside β-cells and hence available for release upon glucose stimulation. Furthermore, a 

novel regulatory role for β-catenin in glucose uptake into adipocytes was also identified 

during this study. Depletion or inhibition of β-catenin in adipocytes causes the reduction of 

insulin stimulated glucose uptake, while increased level of β-catenin increases the insulin 

stimulated glucose uptake, indicating the requirement of β-catenin for insulin stimulation 

of glucose uptake. Further supporting this, TIRF-M studies showed that β-catenin is 

required for insulin responsive GLUT4 trafficking process, which is critical for insulin’s 

effect on adipocytes. The third study suggests the glucose dependent change of α-catenin 

levels in macrophages, which might help to change macrophage polarization to acquire 

distinct functional phenotype. Altogether, here we propose novel molecular mechanisms 

associated with type-2 diabetes, which might help to develop novel therapeutics for this 

long term disease. 
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 1 

1 Introduction 

1.1 Summary 

Type 2-diabetes is one of the main causes of morbidity and mortality worldwide. 

The World Health Organization indicates that diabetes will be the 7th leading cause of 

death by 2030 (Mathers et al., 2006). During pre-diabetes, tissues targeted by insulin such 

as liver, adipocytes and muscles become insulin resistant, leading to a compensatory 

increase in insulin secretion by β-cells (Muoio et al., 2008). This type of prolonged stress 

on β-cells causes β-cell dysfunction, ultimately leading to failure of the β-cells and the 

development of type-2 diabetes (Ogihara et al., 2010). Better understanding of molecular 

mechanisms associated with type-2 diabetes is important to develop novel therapeutics for 

this disease. 

Under normal conditions, plasma glucose levels remain within a narrow range 

between 4-7 mM (Saltiel et al., 2001). This is controlled by coordinated regulation of 

processes involved in glucose metabolism including glucose absorption in the intestine, 

glucose uptake by the peripheral tissues and glucose production in the liver by 

gluconeogenesis (Saltiel et al., 2001). In response to high blood glucose levels, pancreatic 

β-cells secrete the hormone insulin. The release of right amount of this hormone at the 

right time is critical, as it ensures the proper functioning of downstream target tissues, 

which regulate the glucose homeostasis. In this thesis, we are proposing α-catenin protein 

as a novel regulator of insulin secretion, which may control the amount of the insulin 

hormone secreted by β-cells. 

As one of the main target tissues of insulin hormone, adipocytes play a major role 

during blood glucose homeostasis. In adipocytes, insulin decreases lipolysis (Choi et al., 

2010) and increases glucose uptake by promoting GLUT4 translocation to the plasma 
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membrane (Cushman et al., 1980). Similarly, insulin promotes glucose transport into the 

muscle (Kraegen et al., 1985), thereby reduces blood glucose levels. In the liver, insulin 

inhibits gluconeogenesis, which is the main glucose generating process at high energy 

demands (Edgerton et al., 2001). Altogether, by acting on different tissues, insulin 

regulates blood glucose homeostasis. During Type-2 diabetes, insulin target tissues 

become insulin resistant, causing hyperglycaemia condition, ultimately leading to β-cell 

dysfunction. In addition, insulin resistance also leads to many other disorders such as 

obesity, polycystic ovarian disease, hyperlipidaemia, atherosclerosis and hypertension 

(Saltiel et al., 2001). As proper functioning of insulin target tissues is critical, not only for 

blood glucose homeostasis, but also for the overall health, it is important to identify 

molecular mechanisms associated with glucose uptake in those target tissues.  In this 

thesis, we have also explored the importance of β-catenin protein in insulin stimulated 

glucose uptake in adipocytes.  

Recent studies have highlighted the association of obesity and insulin resistance 

with inflammation (Olefsky et al., 2010). Pro-inflammatory cytokine secreting 

macrophages accumulate in adipose tissues with obesity, indicating a potential link 

between inflammation, adipose tissue and type-2 diabetes (Weisberg et al., 2003). It has 

been shown that obesity related low-grade inflammation is also causes insulin resistance in 

target tissues (van Greevenbroek et al., 2013). In addition to cytokines and chemokines, 

macrophages also respond to cellular glucose levels (Cheng et al., 2015; Freemerman et 

al., 2014) and reprogramming of cellular metabolism controls the polarization of 

macrophages (Zhu, Zhao, et al., 2015), which is important to acquire distinct cellular 

functions. As glucose sensing by macrophages is important for its polarization, which is 

associated with the development of insulin resistance in target tissues, we investigated 

novel glucose dependent proteins in macrophages.  
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Altogether, this thesis describes a number of novel mechanisms associated with 

processes involved in type-2 diabetes such as insulin secretion by β-cells, glucose uptake 

by adipocytes and glucose sensing by macrophages. The first part of this chapter describes 

the background information on insulin secretion mechanisms and associated proteins, and 

then the insulin stimulated glucose uptake mechanism in adipocytes. Subsequently, the 

correlation between macrophage polarization, glucose metabolism and insulin resistance is 

discussed. 

1.2 Insulin secretion by pancreatic β-cells 

Blood glucose homeostasis is mainly regulated by insulin. In response to elevated 

blood glucose levels, pancreatic β-cells secrete insulin which acts on many other tissues 

such as adipocytes, muscle and liver to reduce blood glucose levels. Insulin secretion 

occurs in a pulsatile manner, which is regulated by cell metabolism, intracellular ATP 

levels, Ca2+ and phospholipid derived messengers (Gilon et al., 2002; Tengholm et al., 

2009). This pulsatile nature of insulin secretion is important for the overall insulin 

secretion and optimal effect of insulin on target tissues (Pørksen et al., 2002; Tengholm, 

2012). Insulin secretion is a highly regulated process and it ensures the release of proper 

amounts of insulin hormone at the right time.  

1.2.1 Glucose stimulated insulin secretion. 

When blood glucose level is high, glucose enters pancreatic β-cells via glucose 

transporter, GLUT2 (Leturque et al., 2009). Due to the rapid metabolism of glucose, the 

intracellular ATP/ADP ratio is increased (Kennedy et al., 1999; Malaisse et al., 1987), 

causing KATP channel closure, leading to plasma membrane depolarization (Ashcroft et al., 

1984; Cook et al., 1984). Following plasma membrane depolarization, voltage dependent 

calcium channels (VDCC) are opened, causing an increase of Ca2+ influx to the cells (Satin 
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et al., 1985; Wollheim et al., 1981). In response to elevated Ca2+ levels, insulin granules 

exocytose and release insulin hormone (Hoenig et al., 1986). During insulin granule 

exocytosis, docking and fusion of insulin granules to the plasma membrane occurs and this 

process is mediated by soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor (SNARE)-dependent mechanism (Rorsman et al., 2003). Vesicle associated 

SNARE protein (V-SNARE) synaptobrevin, binds with the plasma membrane associated t-

SNARE syntaxin 1 and SNAP25, keeping insulin granules in close proximity to the plasma 

membrane (Planells-Cases et al., 2007; Rorsman et al., 2003). Proper positioning (docking) 

of insulin granules is critical for rapid fusion of insulin granules with the plasma 

membrane, which leads to prompt insulin secretion in response to glucose stimulation. 

This process of insulin secretion is known as “stimulus-secretion coupling 

mechanism”(Wang et al., 2009) (Figure 1.1) 
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Figure 1.1 The stimulus-secretion coupling pathway of glucose stimulated insulin 
secretion.  
Glucose enters the cells via glucose transporter-GLUT2 mediated facilitated diffusion. 

Intracellular glucose metabolism increases the ATP/ADP ratio, leads to KATP channel 

closure and membrane depolarization, which triggers the opening of calcium channels. 

Increased influx of Ca2+ eventually induces membrane fusion of insulin granules and 

insulin release. (Adapted from (Wang et al., 2009)) 

Glucose stimulated insulin secretion is considered a biphasic mechanism, in 

which first phase of insulin secretion occurs within 5-10 minutes of glucose stimulation, 

while second phase of insulin secretion occurs for many hours if glucose stimulation 

persists (Wang et al., 2009). Even though the biphasic nature of the insulin secretion 

process has been understood for many decades (Curry et al., 1968) , the mechanism 

underlying this process is not yet clearly identified. The two phases of insulin secretion can 

be explained by the “storage-limited model”, which suggests the presence of 

geographically or functionally different pools of insulin granules within the cell (Figure 
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1.2) (Daniel et al., 1999; O'Connor et al., 1980). During the first phase of insulin secretion, 

the readily releasable pool (RRP) of insulin granules, which are localized at the cell 

periphery, fuse with the plasma membrane (Wang et al., 2009). About 95-99% of total 

insulin granules are stored as a readily releasable pool (Rorsman et al., 2000) and about 50-

200 granules from a total of approximately 10,000 insulin granules in β-cells are released 

during the first phase of insulin secretion (Barg et al., 2002; Straub et al., 2004). During the 

second phase of insulin release, insulin granules that are located deep inside the cells, 

which are known as the ‘storage granule pool’ translocate to the cell periphery to replenish 

the readily releasable pool (Bratanova-Tochkova et al., 2002). Only about 1-5% of insulin 

granules are stored as a storage granule/reserve pool (Rorsman et al., 2000). The second 

phase insulin secretion can last for several hours if glucose stimulation persists and is 

considered as a slower, sustained process (Curry et al., 1968; Henquin et al., 2006). During 

the second phase of insulin secretion, about 5-40 insulin granules/minute are released and 

this has a major contribution to the overall amount of insulin secreted (Barg et al., 2002). 

However, significant and sustained second phase insulin release can be stimulated only by 

fuel secretagogues such as glucose that generate ATP, while first phase insulin secretion is 

induced even by non-nutrient secretagogues such as KCl (Gembal et al., 1992). 

Impairment of the first phase insulin secretion has long been recognized as an early 

indication of β-cell dysfunction during type-2 diabetes (Cerasi, 1975; Gerich, 2002; Pfeifer 

et al., 1981). However, recently it has been identified that the second phase of insulin 

secretion is also impaired during type-2 diabetes (Wang et al., 2009). 
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Figure 1.2 Biphasic mechanism of insulin secretion.  
During the first phase of insulin secretion, insulin granules pre-docked at the plasma 

membrane, which are known as the readily releasable pool fuse with the plasma 

membrane leading to rapid, transient insulin release. During the second phase of insulin 

secretion, granules from the reserve pool replenish the readily releasable pool leading to 

slow second phase of insulin secretion. (Adapted from (Ohara-Imaizumi et al., 2004)) 

1.2.2 Cyclic AMP dependent insulin secretion 

Cyclic AMP (cAMP) is a ubiquitous second messenger protein. Glucose 

stimulated insulin secretion is potentiated by cAMP (Prentki et al., 1987), which is 

generated mainly in response to incretin hormones and other Gs-coupled receptor agonists. 

Incretin hormones such as glucagon like peptide-1 (GLP-1) and glucose dependent 

insulinotropic polypeptide (GIP) are secreted by intestinal L-cells and K-cells and target 

pancreatic β-cells to stimulate the production of cAMP (Tengholm, 2012). These 
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hormones bind and activate G protein coupled receptors leading to the release of Gαs from 

trimeric G protein complex. Gαs activates adenylyl cyclase, which catalyses the hydrolysis 

of ATP generating cAMP (Doyle et al., 2007). The two main downstream effectors of 

cAMP, protein kinase A (PKA) and exchange protein directly activated by cAMP (Epac), 

are known to promote insulin secretion at multiple levels (Figure 1.3) (Tengholm, 2012). 

cAMP is known to potentiate glucose stimulated insulin secretion by increasing 

intracellular calcium levels, cellular electrical activity and granule recruitment to the cell 

periphery (Seino et al., 2005). On the other hand, cAMP regulates overall β-cell function 

by increasing insulin synthesis, promoting cell differentiation, proliferation and inhibiting 

apoptosis (Altarejos et al., 2011; Furman et al., 2010). Additionally, cAMP also regulates 

the glucose sensitivity of β-cells (Holz et al., 1993; Schuit, 1996).  It has been shown that 

even in the absence of incretin hormones, glucose can promote the production of cAMP in 

β-cells (Grill et al., 1973). PKA phosphorylates the voltage gated calcium channels (Kanno 

et al., 1998) and KATP channels (Holz et al., 1993), which are downstream components of 

insulin secretion machinery. Additionally, PKA also replenishes the readily releasable pool 

(Wan et al., 2004; Yang et al., 2004), regulates the insulin vesicle mobility (Hisatomi et al., 

1996) and increases the calcium sensitivity of insulin secretion machinery (Skelin et al., 

2011). The other downstream target protein of cAMP, Epac is a guanine nucleotide 

exchange factor for Rap family of small GTPases. Epac is known to regulate insulin 

granule exocytosis independent of PKA activity (Renström et al., 1997) and also regulates 

the insulin granule translocation to the plasma membrane (Shibasaki et al., 2007). PKA 

together with Epac is known to stimulate the granule-granule fusion (Kwan et al., 2007). 
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Figure 1.3 cAMP potentiates glucose induced insulin secretion in β-cells.  

After a meal, intestinal L and K cells secrete incretion hormones such as GLP-1 and GIP 

respectively. Binding of these ligands with G protein coupled receptors activates the 

adenylyl cyclase, which in turn produces cAMP from ATP hydrolysis. Downstream 

effectors of cAMP, PKA and EPAC, act at multiple levels in insulin secretion, promoting 

insulin granule exocytosis and pulsatile insulin secretion (Tengholm, 2012). 

1.2.3 Actin cytoskeleton in insulin granule exocytosis. 

Identification of micro filamentous structures in β-cells and the inhibition of 

insulin secretion by mitotic spindle inhibitors such as colchicine and vincristine suggest 

that the integrity of microtubule-microfilament structures are important for glucose 

induced insulin secretion (Malaisse et al., 1971). Further studies indicated that F-actin co-

precipitated with insulin granules in isolated β-cells and the addition of Ca2+ inhibits the 

association of F-actin with insulin granules (Howell et al., 1979).  It has been shown that 

actin filaments promote insulin granule movement by providing a motive force (Malaisse 

et al., 1971; Orci et al., 1972; Wang et al., 1990). Actin associated motor protein, myosin II 
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is also shown to be important for insulin granule trafficking in HIT β cells (van Obberghen 

et al., 1973).  In addition to myosin II, myosin V is also important for insulin secretion, as 

RNAi mediated depletion of myosin V inhibits insulin granule trafficking to the cell 

periphery and glucose induced insulin secretion (Ivarsson et al., 2005; Varadi et al., 2005). 

Despite the facilitative role of actin during insulin granule exocytosis, many studies have 

been shown that actin negatively regulates the access of insulin granules to the cell 

periphery under resting state conditions (Li et al., 1994; Malaisse et al., 1975; van 

Obberghen et al., 1973). Ultrastructural analysis indicates that F-actin is localized as a 

dense web beneath the cell membrane, which may block the access of insulin granules to 

the cell periphery (Howell et al., 1979; Orci et al., 1972). Treatment of β cells with actin 

disrupting agents such as cytochalasins and latrunculin resulted in an increase of glucose 

induced insulin secretion in rat, mouse and human islets (Jewell, Luo, et al., 2008; 

Thurmond et al., 2003). It was found that more selective G-actin binding agent, latrunculin 

remodels cortical actin network and facilitates the insulin granule movements to cell 

periphery (Jewell, Luo, et al., 2008; Tomas et al., 2006). F-actin directly interacts with t-

SNARE protein, syntaxin4 in both MIN6 β-cells and primary rat β-cells (Jewell, Luo, et 

al., 2008; Thurmond et al., 2003). Syntaxin-4 protein mediates the fusion of insulin 

granules with plasma membrane via interacting with V-SNARE proteins (Spurlin et al., 

2006). The binding of F-actin to the syntaxin-4 prevents the accessibility of syntaxin4 to 

the insulin granules, which in turn reduces the insulin granule accumulation at cell 

periphery (Jewell, Luo, et al., 2008). It has been shown that glucose stimulation disrupts F-

actin-syntaxin4 interaction leading to increase of insulin release (Figure 1.4) (Thurmond et 

al., 2003). Furthermore, glucose stimulation also causes the remodelling of actin 

cytoskeleton (Kalwat et al., 2013). However the molecular mechanism by which glucose 

regulates insulin secretion via remodelling actin cytoskeleton is not clearly understood.  
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Figure 1.4 Glucose stimulation disrupts F-actin-syntaxin4 binding and promote 
insulin secretion.  

Under the basal conditions, F-actin prevents insulin granule fusion by interacting with 

syntaxin4 proteins at the cell membrane. Glucose stimulation inhibits syntaxin4:F-actin 

interaction allowing fusion of insulin granules with plasma membrane via VAMP2-

syntaxin4 interaction and subsequent insulin release. However, F-actin not only acts as a 

barrier for vesicle fusion at plasma membrane, but also provides motive force for vesicle 

trafficking. (Adapted from (Wang et al., 2009)) 

1.2.4 Insulin secretion regulation by adherens junction proteins. 

Adherens junctions are important to maintain proper tissue architecture. The 

highly conserved cadherin-catenin complex is the key feature associated with adherens 

junctions. Cadherins are calcium-dependent transmembrane glycoproteins that mediate 

cell-cell adhesion through interaction of extracellular domain with cadherins on adjacent 
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cells (Perez et al., 2004). Cytoplasmic domain of cadherins are known to interact with 

three catenin proteins which are β-catenin, α-catenin and γ-catenin (Hinck et al., 1994) . 

Both β-catenin and γ-catenin directly interact with cadherins (McCrea et al., 1991; Ozawa 

et al., 1992; Ozawa et al., 1990), while α-catenin connects with cadherins through β-

catenin (Nieset et al., 1997). Previously it has been shown that cadherin, β-catenin and α-

catenin bind with 1:1:1 stoichiometric ratio and this cadherin-catenin complex connects to 

F-actin through α-catenin (Pokutta et al., 2000; Rimm et al., 1995). Cell-cell adhesion 

plays a major role during glucose induced insulin secretion, mainly by increasing the β-

cell’s response to insulin secretagogues (Bosco et al., 1989; Hauge-Evans et al., 1999). It 

has been shown that the amount of insulin released by the aggregated islets cells is higher 

than that of isolated islet cells indicating the requirement of cell-cell contacts for proper 

insulin secretion (Halban et al., 1982).  

1.2.4.1 Cadherins in insulin secretion 

Adherens junctions are critical for proper regulation of insulin secretion as 

glucose stimulated insulin secretion is attenuated when the main component of adherens 

junction, E cadherin protein is depleted (Jaques et al., 2008; Yamagata et al., 2002). 

Furthermore, cell surface expression level of E-cadherin is correlated with the insulin 

secretion capability and glucose stimulation increases the surface level of E-cadherin in β-

cells (Bosco et al., 2007). Further supporting above finding, it has been shown that 

cadherin mediated adhesion improves glucose stimulated insulin secretion from single β-

cells, but had no effect on basal insulin secretion (Parnaud et al., 2015). Moreover, in N-

cadherin deficient β-cells, the number of insulin granules are significantly reduced leading 

to a decrease in glucose stimulated insulin secretion (Johansson et al., 2010). Altogether 

these findings indicate a regulatory role of adhesion molecules in glucose stimulated 

insulin secretion.  
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1.2.5 Adherens junction protein β-catenin  

1.2.5.1 β-catenin in Wnt signalling 

The main regulatory feature of the canonical Wnt signalling pathway is the 

regulation of β-catenin degradation via modulating β-catenin destruction complex. In 

addition to its function as a adherens junction protein, β-catenin is also involved in Wnt 

mediated signal transduction and regulates gene transcription by acting as a transcriptional 

co-activator (Figure 1.5) (Willert et al., 1998). Deregulation of β-catenin phosphorylation, 

which controls its stability/degradation  often leads to many diseases and aberrant growth 

conditions associated with cancer and metastasis (Valenta et al., 2012). In the absence of 

extracellular stimuli, cadherin free β-catenin is phosphorylated by multiprotein destruction 

complex (Kimelman et al., 2006). This destruction complex consists of scaffold proteins 

such as Axin, adenomatous polyposis coli (APC) and kinase proteins such as casein kinase 

1 (CK1) and glycogen synthase kinase 3β (Kimelman et al., 2006).  In the degradation 

complex, Axin facilitates the β-catenin Ser45 phosphorylation by CK1 and Ser33, Ser37 

and Thr41 phosphorylation by GSK3β (Liu, Li, et al., 2002).  This β-catenin 

phosphodegron is then recognized by E3 ubiquitin ligase β-TrCP (Liu et al., 1999). APC 

shields the phosphorylated β-catenin from PP2A phosphatase and promotes the 

ubiquitination and degradation of β-catenin by preserving the β-TrCP binding site (Ha et 

al., 2004). In the presence of Wnt signal, Wnt ligands bind with frizzled transmembrane 

receptors and low density lipoprotein receptor-related protein (LRP5/6) leading to the 

dissociation of β-catenin destruction complex (Li et al., 2012). As a result of Wnt 

activation, the N-terminus of β-catenin is not phosphorylated, leading to its stabilization. 

The stable un-phosphorylated pool of β-catenin is then translocated to the nucleus, where it 

binds with transcription factor, TCF7L2 and activates the Wnt target genes including 

AXIN2, CCND1 and MYC (Klein et al., 2008). 
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Figure 1.5 Regulation of β-catenin degradation by Wnt signalling pathway 
In the absence of Wnt ligands, β-catenin destruction complex consisting APC, CK1, GSK3 

and Axin phosphorylates β-catenin leading to proteasomal degradation of β-catenin. 

When Wnt ligand binds with LRP 5/6 or frizzled receptors, β-catenin distruction complex is 

dissociated, leading to the stabilization of β-catenin. Stabilized β-catenin is then moved to 

the nucleus where it binds and activates the transcription factor, TCF/LEF. (Adapted from 

(Gao et al., 2014)) 

1.2.6 β-catenin in insulin secretion regulation. 

In adherens junctions, cadherin proteins directly interact with β-catenin (McCrea 

et al., 1991), which in turn binds to the α-catenin protein (Nieset et al., 1997). Previously, 

we have identified that an adherens junction protein β-catenin regulates the glucose 

stimulated insulin secretion from pancreatic β-cells (Cognard et al., 2013). Depletion of β-

catenin by siRNA transfection or reduction of β-catenin level by pyrvinium treatment 

significantly reduced the glucose stimulated insulin secretion in rat pancreatic β-cell lines 

INS-1E, INS-832/3 and mouse islets (Cognard et al., 2013; Sorrenson et al., 2016). 

Conversely, incubating cells with GSK3 inhibitor BIO, increases the β-catenin levels and 

as a result of that, glucose stimulated insulin secretion was also increased, indicating the 
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requirement of β-catenin for glucose induced and cAMP mediated insulin secretion 

(Sorrenson et al., 2016). Furthermore, according to the Total Internal Reflection (TIRF) 

microscopy studies, β-catenin depletion causes the accumulation of insulin granules at the 

cell periphery indicating the requirement of β-catenin for insulin granule exocytosis 

(Sorrenson et al., 2016). More over β-catenin depletion in INS-1E cells causes the 

accumulation of F-actin at the cell periphery and decreases the F-actin/G-actin ratio 

suggesting a potential regulation of actin cytoskeleton by β-catenin. Altogether, these data 

suggest that β-catenin regulates insulin secretion potentially via modulating insulin granule 

localization at the cell periphery. 

1.2.7 An adherens junction protein α-catenin 

α-catenin is one of the main components of adherens junctions and is important to 

maintain the integrity of cell-cell contacts (Figure 1.6). Even though α-catenin protein is 

mainly recognized for its function in cell-cell adhesion, additional functions of α-catenin 

emerged recently (Andre et al., 2004; Choi et al., 2013; Hansen et al., 2013). Adherens 

junction independent functions regulated by α-catenin include cell proliferation 

(Vasioukhin et al., 2001), cell migration and dynactin mediated intracellular trafficking 

(Lien et al., 2008).  

1.2.7.1 Domain topology and interactions of α-catenin 

α-Catenin is a 102 kDa protein containing three vinculin homology domains 

(Herrenknecht et al., 1991; Nagafuchi et al., 1991). The N terminus of α-catenin is known 

to interact with β-catenin (Huber et al., 1997; Koslov et al., 1997), while the actin binding 

domain of α-catenin is located at the C terminus (Figure 1.7). Many other actin related 

proteins including vinculin, formin-1, α-actinin, afadin and Rho interact with α-catenin, 

making α-catenin a suitable linker between the actin cytoskeleton and adherens junctions 
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(Kobielak & Fuchs, 2004). α-catenin exists as multiple pools in the cells including 

monomer, homodimer and heterodimer (Koslov et al., 1997). Only the monomeric form of 

α-catenin can bind with β-catenin, as the α-catenin dimerization interface (residues 82–

279) and β-catenin binding site (residues 57-264) are located on the same region of α-

catenin (Koslov et al., 1997; Pokutta et al., 2000). Furthermore, β-catenin binding is known 

to disrupt α-catenin homodimer formation (Pokutta et al., 2000). Previously, it was 

considered that α-catenin can function as a direct linker between the cadherin-catenin 

complex and actin cytoskeleton. (Drubin et al., 1996; Gumbiner, 1996). However, later 

studies indicated that α-catenin cannot bind with β-catenin and actin cytoskeleton 

simultaneously (Pokutta et al., 2000). F-actin has a higher binding affinity towards the α-

catenin homodimer compared to that of α-catenin –β-catenin heterodimer (Drees et al., 

2005). Therefore later studies proposed that α-catenin function is allosterically regulated 

by its interacting protein β-catenin or F-actin, leading to changing of its function from 

adhesion to actin cytoskeleton regulation (Drees et al., 2005).  
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Figure 1.6 Catenins in adherens junction.  

α-Catenin switches between monomeric, homodimeric and heterodimeric forms within the 

cell. Only the monomeric form of α-catenin binds with β-catenin-cadherin complex, while 

homodimeric α-catenin regulates the actin cytoskeleton via inhibiting Arp2/3 mediated 

actin polymerization. (Adapted from (Han & Yap, 2013)) 

The functional role of α-catenin as a tumor suppressor was first recognized by 

observing loss of α-catenin in human lung cancer line PC-9, which causes impaired cell-

cell adhesion (Shimoyama et al., 1992). Later studies indicated that α-catenin is also 

implicated in many other cancer cell lines and tissues including lung cancer (Kimura et al., 

2000), breast cancer (Ding et al., 2010), myeloid leukaemia (Horrigan et al., 2000) and 

prostate cancer (Aaltomaa et al., 2005). Several possible mechanisms by which α-catenin 

functions as a tumour suppressor have been postulated. Those mechanisms include 

suppression of Wnt/β-catenin signalling,  by inhibiting NF-κB pathway, by inhibiting 

HIPPO-Yap pathway and Hedgehog signalling pathway (Sun et al., 2014). 
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Figure 1.7 The domain topology of α-catenin and its interaction proteins.  

Main features of α-catenin include three vinculin homology domains and many protein-

binding sites. β-catenin binding domain and α-catenin dimerization interface are located 

on the same region at the amino terminus of α-catenin, which makes a mutually exclusive 

binding with β-catenin and another α-catenin protein. (Adapted from (Kobielak & Fuchs, 

2004)) 

1.2.7.2 Isoforms of α-catenin 

Three different isoforms of α-catenins with substantial similarities in amino acid 

sequences have been identified in mice (Kobielak & Fuchs, 2004). These include α-E 

(epithelial) catenin (CTNNA1), α-N (neural) catenin (CTNNA2) and α-T (testis) catenin 

(CTNNA3).  

α-E catenin is mainly expressed in epithelial tissues (Nagafuchi et al., 1991) and 

was initially identified as an E-cadherin interacting protein (Nagafuchi et al., 1991). 

However, later it was identified that α-E catenin interacts with other forms of cadherin 

proteins including neuronal (N) cadherin and placental (P) cadherin (Imamura et al., 1999).  

α-E catenin  is an essential component in adherens junction formation as cancer cell lines 

lacking α-E catenin have impaired cell adhesion (Shimoyama et al., 1992). When wild type 

α-E catenin is restored in those cancer cells, growth regulation and tumour suppressor 
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activities are re-established (Shimoyama et al., 1992). Unlike its interacting protein β-

catenin, which is an oncogene, α-catenin function as a tumour suppressor proteins 

(Benjamin et al., 2008; Choi et al., 2013; Vasioukhin et al., 2001). Many lines of evidence 

support the potential tumour suppressor function of α-E catenin in breast and colon cancer 

and loss or down-regulation of α-E catenin in late stage cancer is associated with cancer 

metastasis (Benjamin et al., 2008; Vasioukhin et al., 2001). 

α-N catenin or cadherin associated protein related (CAPR) was initially identified 

as a human cDNA encoding protein with 48 amino acid residue insert to the α-E catenin 

protein and  which has 80% identical amino acid sequence to that of α-E catenin (Kobielak 

& Fuchs, 2004). Similar to α-E catenin, α-N catenin is also localized in adherens junction 

of synapses in developing and postnatal brain (Uchida et al., 1996) and is expressed in 

neural tissues (Hirano et al., 1992). Deletion of α-N catenin gene in mice, which is a 

classic mouse mutation known as cerebellar deficient follia resulted in a cerebellar 

hypoplasia and abnormal cerebellar lobulation (Park et al., 2002). Re-expression of α-N 

catenin in these mice restored in normal cerebellar morphology, indicating the significance 

of α-N catenin in N-cadherin mediated synapse formation (Park et al., 2002). 

α-T Catenin was initially identified in the testis, but later studies indicated the 

highest expression of α-T catenin in heart (Janssens et al., 2001). Similar to α-E catenin 

and α-N catenin, α-T catenin is also shown to be important for adhesion junction 

formation, as it restores the aberrant cell adhesion in colon cancer cells in which α-E 

catenin is mutated (Janssens et al., 2001). 

1.2.7.3 Regulation of β-catenin signalling by α-catenin.  

Several lines of evidence indicate that α-catenin regulates β-catenin signalling in 

many cell lines (Choi et al., 2013; Hwang et al., 2005). β-catenin is degraded through the 
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ubiquitination dependent pathway (Aberle et al., 1997), while α-catenin is degraded via 

ubiquitination independent-proteasome dependent process (Hwang et al., 2005). Stabilized 

α-catenin and β-catenin exist as a heterodimer, not only in cell-cell contact, but also in the 

cytosol and the nucleus (Choi et al., 2013; Hwang et al., 2005). In response to Wnt 

activation, β-catenin accumulates in the cytoplasm and is translocated to the nucleus, 

leading to transcriptional activation of TCF7L2 (Sehgal et al., 1997). Increased 

transcriptional activity of TCF7L2 causes dedifferentiation of articular chondrocytes 

(Hwang et al., 2005). By functioning as a transcriptional co-activator, β-catenin maintains 

the dedifferentiated phenotype and regulates the expression of cyclooxygenase 2 in 

chondrocytes (Hwang et al., 2005). Overexpression of α-catenin in chondrocytes leads to 

inhibition of chondrocytes dedifferentiation and reduction of β-catenin-Tcf/Lef 

transcriptional activity. Expression of β-catenin S37A mutant, which is a stable form of β-

catenin, increases β-catenin mediated transcription activity and decreases type II collagen 

expression, which is a characteristic feature of chondrocyte de-differentiation (Hwang et 

al., 2005). Co-expression of α-catenin with S37A β-catenin inhibits β-catenin mediated 

transcriptional activity and decreases the expression of type II collagen, indicating α-

catenin inhibits β-catenin mediated chondrocyte dedifferentiation (Hwang et al., 2005). 

Interestingly, overexpression of S37A β-catenin increases the α-catenin protein level in 

chondrocytes, while overexpression of α-catenin has no effect on β-catenin protein level 

(Hwang et al., 2005). These data suggest that α-catenin regulates the transcriptional 

activity of β-catenin, while the expression of α-catenin protein level depends on β-catenin 

protein level. 

Adenomatous polyposis coli (APC) is a tumour suppressor protein, which 

promotes the degradation of β-catenin. In colon cancer, mutations in the catenin inhibitory 

domain (CID) of APC are associated with increased β-catenin stabilization, which 
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subsequently leads to Wnt target gene activation (Choi et al., 2013). As mentioned 

previously, APC prevents the dephosphorylation of β-catenin phosphodegron, which is 

recognized by β-TrCP ubiquitin ligase (Ha et al., 2004; Stamos et al., 2013). Recent studies 

indicate that both α-catenin and β-catenin bind with the CID of APC (Choi et al., 2013). 

Binding of α-catenin with APC stabilizes the association of APC with β-catenin (Choi et 

al., 2013).  Nuclear translocation of APC regulates β-catenin transcription and occupancy 

at Wnt target gene promoters (Choi et al., 2013). Furthermore, in human embryonic stem 

cells knockdown of α-catenin prevents the Wnt/β-catenin transcription repression and 

promote endoderm differentiation, indicating β-catenin transcriptional regulation by α-

catenin (Choi et al., 2013). α-catenin exerts its inhibitory effect on β-catenin transcriptional 

activity by inhibiting the formation of β-catenin-Tcf-DNA complex. 

1.2.8 Regulation of α-catenin by β-catenin 

α-catenin protein degradation is mainly mediated by armadillo-repeat-containing 

protein-8 (ARMC8α) protein, which is a component of C-terminal to lissencephaly type-1-

like homology motif (CTLH) proteasome destruction complex (Suzuki et al., 2008). The 

ARMc8α and β-catenin proteins bind to the same region on the amino terminus α-catenin. 

Despite non-competitive interactions of β-catenin and ARMC8α with α-catenin, β-catenin 

binding inhibits the proteasomal degradation of α-catenin (Suzuki et al., 2008). 

Interestingly, Wnt stimulation of chondrocytes, LiCl treatment and interleukin 1-B (IL-1B) 

treatment causes accumulation of β-catenin in chondrocytes, and this is accompanied by an 

increase of α-catenin protein level (Hwang et al., 2005). The Wnt induced increase of α–

catenin is impaired in the absence of β-catenin protein (Hwang et al., 2005). These results 

indicate the potential involvement of β-catenin protein in the regulation of α-catenin 

protein expression. 



 

 22 

1.2.9 α-E catenin as an actin cytoskeleton regulator 

The C-terminal actin binding domain (ABD) of α-E catenin is known to directly 

interact with F-actin protein (Ozawa et al., 1990; Rimm et al., 1995). Conditional 

inactivation of  CTNNA1 in keratinocytes have indicated a regulatory role of α-E catenin 

on the actin cytoskeleton, specifically in radial actin cable formation, which is important to 

stabilize adherens junctions (Vasioukhin et al., 2001; Vasioukhin et al., 2000). It has long 

been considered that α-catenin functions as a direct linker between cadherin-catenin 

complex and the actin cytoskeleton (Aberle et al., 1994; Desai et al., 2013; Rimm et al., 

1995). However, according to in vitro studies performed with purified proteins, only a 

fraction of α-catenin, but not β-catenin or cadherin co-sediments with F-actin indicating 

that α-catenin cannot bind to β-catenin and F-actin simultaneously (Yamada, Pokutta, et 

al., 2005). The monomeric form of α-catenin has a strong binding affinity for β-catenin, 

while homodimeric α-catenin preferentially binds with F-actin (Drees et al., 2005). 

According to structural data, the α-catenin homodimerization interface and β-catenin 

binding sites on α-catenin overlap with each other (Pokutta et al., 2000). As dissociation of 

α-catenin homodimers are required for β-catenin binding, β-catenin binds to homodimeric 

α-catenin to a lesser extent than to monomeric α-catenin (Pokutta et al., 2000). Much 

evidence indicates both a direct and indirect correlation between α-E catenin and actin 

cytoskeleton (Desai et al., 2013; Pokutta et al., 2002). α-E catenin binding with actin 

filaments causes conformational changes at the actin promoter, leading to local steric 

hindrance at Arp2/3 (Figure 1.6) and cofilin binding sites (Hansen et al., 2013). Arp2/3 is 

important for actin filament branching, while cofilin is important for actin severing. α-E 

catenin inhibits barbed end growth, Arp2/3 mediated actin filament branching and severing 

by cofilin (Hansen et al., 2013). Furthermore, binding of α-E catenin to actin filaments also 

causes conformational changes at the sites far from Arp2/3 binding sites, which 
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allosterically regulate the Arp2/3 binding and actin branching (Hansen et al., 2013). 

Interestingly, α-E catenin binding to individual actin filaments leading to the accumulation 

of unbranched actin filament bundles (Rimm et al., 1995). In adherent cells, unbranched 

actin filament bundles localized near the plasma membrane and stabilizes cell-cell 

adhesion (Hirokawa N, 1983). According to the Benjamin et al, selective knockdown of 

cytoplasmic α-E catenin increases membrane protrusions and cell migration, but had no 

effect on cell adhesion, indicating the cadherin independent regulation of actin 

cytoskeleton by α-E catenin (Benjamin et al., 2010). α-E catenin deletion in mice causes 

defects in cell-cell adhesion, cell proliferation and cell migration (Vasioukhin et al., 2001; 

Vasioukhin et al., 2000). Altogether, these studies indicate the direct regulation of actin 

cytoskeleton by α-catenin. In addition, biochemical and genetic studies have been shown 

that α-E catenin indirectly regulate actin cytoskeleton via interacting with several actin 

binding proteins (Kobielak & Fuchs, 2004). Among the different actin binding proteins, α-

actinin and vinculin were among the first identified proteins that interact with α-E catenin 

and both of them bind to the same region on α-E catenin (Nieset et al., 1997; Weiss et al., 

1998). However, according to in vitro binding studies neither vinculin nor α-actinin 

connects the cadherin-catenin complex to the actin cytoskeleton (Yamada, Pokutta, et al., 

2005).  

In addition, zonula occludens-1 (ZO1) is another α-catenin interacting protein that 

can directly bind with F-actin (Imamura et al., 1999). α-E catenin is also known to bind 

with another F-actin binding proteins vasodilator-stimulate phosphoprotein (VASP) and 

Enabled (Ena), whose adhesion junctional localization depend on α-E catenin (Vasioukhin 

et al., 2000). Both VASP and Ena bind to the profilin protein, which promotes the addition 

of ATP-actin  monomers to the existing actin filaments and reduce the density of Arp2/3 

dependent actin branches (Krause et al., 2003). Additionally, α-E catenin also interacts 
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with afadin, which might be important for F-actin recruitment to the nascent adherens 

junction (Pokutta et al., 2002). Formin-1 protein, which is a candidate for radial actin 

formation was also identified as a α-E catenin interacting protein (Kobielak, Pasolli, et al., 

2004).  

1.2.9.1 α-catenin in vesicle trafficking 

As mentioned previously, in addition to its well-known function in cell-cell 

adhesion, α-catenin is also known to be involved in several signalling pathways. 

Interestingly, it has been shown that α-catenin regulates the dynactin mediated lysosome 

trafficking in keratinocytes, further supporting the fact that α-catenin can function 

independent of adherens junctions (Lien et al., 2008). According to their study, in α-E 

catenin knockout keratinocytes, dynactin mediated organelle trafficking is increased, and 

overexpression of α-E catenin in these cells reverses that effect (Lien et al., 2008). Even 

though α-E catenin binds to the dynactin complex component dynamitin, the integrity of 

dynactin-dynamitin complex or their association with vesicles was not affected by changes 

in α-E catenin levels (Lien et al., 2008). However, it has been shown that α-E catenin 

functions as an inhibitor for microtubule dependent trafficking by the actin cytoskeleton 

(Lien et al., 2008). Furthermore, gene profiling analysis also identified CTNNA1 as a gene 

that involved in vesicle trafficking in human insulinoma cells (Wang et al., 2004).  
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1.3 Glucose uptake mechanisms  

Once secreted in response to glucose, insulin acts on peripheral tissues to induce 

glucose uptake. Insulin stimulated glucose uptake in peripheral tissues is mainly regulated 

by phosphatidylinositol-3-kinase signalling pathway and subsequent vesicular trafficking 

events. Identifying the proteins involved in these intracellular trafficking events and 

understanding how they regulate vesicle trafficking are important for the advancement of 

the field. Better understanding of these molecular mechanisms will help to develop novel 

therapeutic strategies for the treatment of type-2 diabetes. In this part of the literature 

review, I summarizes the current knowledge of insulin regulated glucose uptake 

mechanisms focussing on adipocytes. 

1.3.1 Glucose transporters 

Glucose transport across the cell membrane is an important event for glucose 

uptake into adipocytes and muscles. As the lipid bilayer of eukaryotic plasma membrane is 

impermeable to hydrophilic molecules, membrane associated carrier proteins mediate the 

transport of glucose and other hexoses into the cell. There are two main types of glucose 

transporters in mammalian cells, which are sodium glucose linked transporters (SGLT) and 

glucose transporters (GLUT) (Bell et al., 1990; Carruthers, 1990). During SGLT mediated 

glucose transport, glucose is transported against its concentration gradient (Harada et al., 

2012). This active transport is driven by a Na+ gradient across the cell membrane. SGLT 

driven transport is important for glucose absorption from the food in the gastrointestinal 

tract and from the urine in the kidney (Augustin, 2010; Uldry et al., 2004). In the case of 

GLUT mediated glucose transport, glucose is transported across the lipid bilayer along its 

concentration gradient by facilitated diffusion (Augustin et al., 2004). The family of GLUT 
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proteins play a major role during blood glucose homeostasis by regulating glucose uptake, 

(Uldry et al., 2004), glucose sensing and glucose production (Chari et al., 2011). 

 Based on sequence similarities and characteristic elements, GLUT family 

proteins are classified in to three classes, class I, class II and class III.  The class I of 

GLUT family comprises of GLUT1, GLUT2, GLUT3, GLUT4 and GLUT14. Class II 

GLUT family contains odd numbered isoforms including GLUT5, 7, 9, 11, while class III 

contains even numbered isoforms including GLUT6, 8, 10, 12 and H+ myo inositol 

transporter (HMIT/ GLUT 13) (Joost et al., 2001).  The structural model for GLUT 

proteins was first suggested by Mueckler et al based on the hydropathy plot of GLUT1 

(Mueckler et al., 1985). This proposed GLUT protein model was confirmed by Lemieux et 

al using crystallographic data (Lemieux et al., 2003).  As shown in figure 1.8, all GLUT 

family members contain 12 transmembrane α helixes with N and C terminals facing the 

cytoplasm. GLUT proteins can be glycosylated and the position of the loop domains with 

N-glycosylation site differs in each class. In class I and II family members, the N-

glycosylation site is located at the first extracellular loop between transmembrane α helices 

1 and 2  (Augustin, 2010). In class III family members, N-glycosylation site is at the 

extracellular loop located between transmembrane helices 9 and 10 (Augustin, 2010). Only 

class III GLUT proteins have a dileucine motif at the N terminal tail, which directs 

proteins to the intracellular storage compartments (Lisinski et al., 2001). The proline 

containing motif between transmembrane 6 and 7 is also different in each class. Sequence 

comparison and site directed mutation data allowed identification of the characteristic 

features of these sugar transporters, which are defined as “sugar transporter signatures” : 1) 

seven conserved glycine residues within the helices, 2) acidic and basic residues at the 

protein surface, 3) two conserved tryptopan residues and tyrosine residues (Mueckler et al., 

1985). 
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Figure 1.8 Schematic model of class I/II glucose transporters.  

Characteristic  features of glucose transporters  including 12 transmembrane helices, N-

glycosylation site and large extracelluler loop are indicated in this model.  

Members of GLUT family proteins are expressed in different tissues in the body 

and the sugar molecules transported by these GLUT proteins are diverse (table 1.1). 

GLUT4 is the main insulin sensitive glucose transporter which is expressed in the 

adipocytes and muscle (Fukumoto et al., 1989). Insulin stimulates glucose uptake into 

these tissues by regulating the subcellular localization of GLUT4. Under the basal state, 

GLUT4 is localized in intracellular vesicles such as endosomes, GLUT4 storage vesicles 

(GSV) and trans-Golgi network (TGN) (Rea et al., 1997). Insulin stimulates the membrane 

trafficking of GLUT4, thereby promotes glucose uptake process (Simpson et al., 1986; 

Simpson et al., 1983). In addition to insulin stimulation, muscle contraction and hypoxia 

also induce the GLUT4 translocation to the plasma membrane of skeletal muscle (Lund et 

al., 1995).  GLUT14 is specifically expressed in the testis and has about 95% amino acid 

sequence similarity to GLUT3 (Wu et al., 2002).  The class II glucose transporter-GLUT5 

has no glucose transport activity, but it is a specific transporter for fructose (Kayano et al., 

1990). GLUT7 is a high affinity transporter for both glucose and fructose and this transport 

activity is not inhibited by phloretin or cytochalasin B, which are known to inhibit glucose 

uptake (Li et al., 2004). The NXI/V (where x is any amino acid) consensus motif was 
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identified as a common feature among all GLUT isoforms capable of fructose transport 

(Manolescu et al., 2007). All the members of class III glucose transporters differ from 

other classes by having a larger extracellular loop 9 with the N-glycosylation site and 

smaller loop 1 with no N-glycosylation site (Augustin, 2010). Glucose transport activity of 

GLUT8 is inhibited by D-fructose and D-galactose, suggesting a potential ability of 

GLUT8 to transport multiple sugar substrates (Ibberson et al., 2000). Glucose transport 

ability of GLUT10 and 12 is not clearly understood. However, GLUT12 shows glucose 

transport activity when overexpressed in X. laevis oocytes (Macheda et al., 2002). The H+-

coupled myo inositol transporter HMIT doesn’t have sugar transport activity, but 

transports myo-inositol (Uldry et al., 2001). 
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Class GLUT 
protein 

Expressed Tissue Function Reference 

Class I GLUT1 Ubiquitously 
expressed. Highly 
expressed  in 
endothelial and 
epithelial like barriers 
of the brain, placenta, 
and peripheral nerve.  

Mediates glucose 
transport across 
blood-brain barrier. 
Maintain basal 
glucose uptake.  

Galactose, mannose 
and glucosamine 
transporter. 

(Augustin, 2010; 
Augustin et al., 
2004; Brockmann, 
2009; Mueckler et 
al., 1985; Uldry et 
al., 2002) 

 GLUT2 Liver, pancreatic β 
cells, Intestine, kidney 

Function as a glucose 
sensor in β cells and 
regulates first phase 
glucose stimulated 
insulin secretion.  

Basolateral sugar 
reabsorption by 
tubular epithelial cells 
in the kidney. 

Low affinity glucose 
transporter and can 
also transport fructose 
and glucosamine. 

(Fukumoto et al., 
1988; Guillam et 
al., 1997; Santer et 
al., 2002; Thorens 
et al., 1990) 

 GLUT3 Brain, testis, neurons High affinity glucose 
transporter. 

(Kayano et al., 
1988) 

 GLUT4 Muscle, adipose 
tissue, 
hypothalamus 

Regulate Insulin 
stimulated glucose 
transport in skeletal 
muscle and 
adipocytes. 

(Fukumoto et al., 
1989) 

 GLUT14 Testis Fructose specific 
transporter. 

(Wu et al., 2002) 

Class II GLUT5 Intestinal epithelium, 
testis, muscle 

Fructose specific 
transporter. 

(Kayano et al., 
1990) 

 GLUT7  Intestine, testis, 
prostate 

Transports both 
glucose and fructose. 

(Li et al., 2004) 

 GLUT9 Liver, kidney High affinity 
transporter for glucose 
and fructose. 

(Carayannopoulos 
et al., 2004; Phay 
et al., 2000) 

 GLUT11 Muscle, pancreas, 
placenta, kidney 

Fructose transporter 
with low glucose 
affinity. 

(Doege et al., 
2001) 
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Class 
III 

GLUT6 Spleen, leukocytes, 
brain 

Low affinity glucose 
transporter. 

(Doege et al., 
2000) 

 GLUT8 Testis, brain, heart, 
skeletal muscle 

High affinity glucose 
transporter. 

(Carayannopoulos 
et al., 2000; 
Ibberson et al., 
2000; Uldry et al., 
2004) 

 GLUT10 Liver, pancreas  (McVie-Wylie et 
al., 2001) 

 GLUT12 Heart, prostate, breast 
cancer 

Sustain increase 
glucose consumption 
in prostate and breast 
cancer 

(Macheda et al., 
2002) 

 GLUT13
/HMIT 

Brain Transports myo-
inositol and related 
stereoisomers 

(Uldry et al., 2001) 

 
Table 1.1 Expression and specific role of GLUT family proteins 

1.3.1.1 GLUT4 in glucose transport into adipocytes 

GLUT4 is one of the most intensively studied glucose transporter, because of its 

involvement in insulin responsive glucose transport in muscle and adipose tissues 

(Birnbaum, 1989; James et al., 1988; Shepherd et al., 1993). Insulin stimulated membrane 

localization of GLUT4 is important for glucose uptake and impaired GLUT4 membrane 

translocation in insulin resistance target tissues is involved in the pathogenesis leading to 

type-2 diabetes (Garvey et al., 1998). Therefore, a better understanding of GLUT4 

trafficking is important to identify novel therapeutics for preventing the insulin resistance 

that leads to type-2 diabetes. 

1.3.1.2 Identification of GLUT4 

 During the 1980s, many researchers focused on identifying insulin 

responsive glucose transporters in muscle and adipose tissues. Initially it was noticed that 

GLUT1 antibody cross reacted with cytochalasin B binding protein in muscle, adipocytes 
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and 3T3-L1 adipocytes (Lienhard et al., 1982; Schroer et al., 1986). Cytochalasin-B is a 

highly potent, competitive inhibitor for glucose transport in red blood cells, which directly 

interacts with glucose binding sites on glucose transporters (Gorga et al., 1981). Kinetic 

studies of cytochalasin-B binding to glucose transporters indicated the presence of more 

than one transporter in muscle and adipose tissues (Fukumoto et al., 1989; James et al., 

1988). Additional studies showed that insulin stimulation has less effect on anti-GLUT1 

immunoreactivity on plasma membrane fraction of rat adipocytes, but increases the 

cytochalasin-B binding sites on plasma membrane (Joost et al., 1988). These findings 

further confirm the presence of additional insulin responsive glucose transporters in 

adipose tissues. In 1988, James et al isolated a monoclonal antibody that bound to a 

unique, insulin responsive glucose transport protein in muscle and adipocytes (James et al., 

1988). This novel GLUT4 protein has since been cloned and characterized by many 

research groups (Birnbaum, 1989; Charron et al., 1989; Fukumoto et al., 1989; James, 

Strube, et al., 1989). Further experiments showed that GLUT4 is translocated from low 

density microsomes to the plasma membrane upon insulin stimulation and this leads to a 

significant increase of glucose uptake into adipocytes (Cushman et al., 1980). In 1993, 

Shepherd et al developed the first animal model in which GLUT4 protein is selectively 

overexpressed in adipose tissues (Shepherd et al., 1993). According to their study, GLUT4 

overexpression increases the insulin stimulated glucose uptake and total body lipid content, 

further indicating the importance of GLUT4 in insulin stimulated glucose disposal.  

1.3.1.3 GLUT4 in vesicular trafficking 

 In adipocyte and muscle cells, GLUT4 is recycled between distinct 

intracellular compartments and the plasma membrane. According to immuno-gold 

labelling studies, under basal conditions about 80% of GLUT4 is localized in 

tubulovesicular structures and TGN (Slot et al., 1991). Insulin stimulation leads to a 40% 
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increase of the amount of GLUT4 at plasma membrane and 50% reduction of GLUT4 

level in tubulovesicular structures (Slot et al., 1991)  By expressing HA-epitope tagged 

GLUT4 in rat adipocytes, it has been shown that phenylalanine 5 at the amino terminal end 

and the carboxy terminal 37 amino acids in GLUT4 are involved in the internalization of 

GLUT4 (Al-Hasani et al., 2002; Slot et al., 1991). However, the amino terminal of GLUT4 

is not capable of sequestering GLUT4 to the insulin-sensitive pool (Verhey et al., 1995). In 

contrast, the COOH-terminal directs GLUT4 to the insulin responsive intracellular storage 

pool (Verhey et al., 1995). However, the dileucine motif (489/490) on carboxy terminal 

GLUT4, which regulates GLUT4 internalization in many other tissues (Chinese hamster 

ovary cells, 3T3-L1 fibroblast) is not important for GLUT4 internalization in rat 

adipocytes (Al-Hasani et al., 2002; Garippa et al., 1996; Verhey et al., 1995).  

 As shown in figure 1.9, under basal conditions, majority of GLUT4 is 

retained in the specific intracellular vesicles residing within two trafficking loops to the 

cell membrane (Sadler et al., 2013). GLUT4 is synthesised in the endoplasmic reticulum 

and then transported to the TGN. At the TGN, GLUT4 moves into the budding GLUT4-

storage vesicles (GSV).  Insulin stimulation mediates the translocation of GLUT4 from 

these GSVs to the plasma membrane, where tethering, docking and fusion is taken place 

(Sadler et al., 2013). The second trafficking loop occurs via endocytosis of GLUT4 

(Livingstone et al., 1996). During endocytosis, internalized GLUT4 is moved to early 

endosomes and GLUT4 moves back to the plasma membrane from early endosomes 

during insulin stimulation. If there is no insulin stimulation, GLUT4 translocates to 

recycling endosomes and then traffics to GSVs for storage or is directed for degradation 

(Sadler et al., 2013).  

As reviewed by Muretta et al, data from kinetic studies, subcellular fractionation, 

TIRF-microscopy and mutational studies led to identify a model for GLUT4 vesicular 
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trafficking with at least 10 distinct steps (Muretta et al., 2009). These steps include 1) 

endocytosis of GLUT4; 2) maturation of endocytic vesicle; 3) sorting of GLUT4 from 

endosomes to deliver into recycling endosomes; 4) recycling of GLUT4 via formation of 

exocytic vesicles; 5) sequestration of GLUT4 into GSV; 6) synthesis of GSV in ER/Golgi 

and transport to the storage vesicles; 7) release of GSVs from storage vesicles; 8) transport 

of GSVs to cell membrane via actin cytoskeleton; 9) tethering; 10) docking/fusion. Insulin 

regulates many steps of this pathway including release of GSV from storage vesicles, 

transport of GSVs to the cell periphery, fusion and sequestration steps (Bryant et al., 

2002).  

1.3.1.4 GLUT4 endocytosis 

The amount of membrane localized GLUT4 is the limiting factor for glucose 

uptake into muscle and adipose tissues. Cell surface level of GLUT4 is regulated by 

GLUT4 endocytosis and exocytosis. Insulin stimulation increases GLUT4 level at the cell 

surface by increasing exocytosis process (Satoh et al., 1993). According to previous 

studies, insulin has no effect on GLUT4 internalization in muscle cells and the effect of 

insulin on GLUT4 internalization in adipocytes is less clear (Foster et al., 2001). However, 

some studies indicate that insulin stimulates a 2-3 fold decrease in the rate of GLUT4 

endocytosis in rat adipocytes (Czech et al., 1993).  

Endocytosis of GLUT4 mainly occurs via two different pathways, which are 

clathrin-mediated endocytosis and cholesterol dependent endocytosis (Ros-Baro et al., 

2001; Shigematsu et al., 2003). Both of these pathways mediate GLUT4 endocytosis in 

adipocytes, while only clathrin mediated GLUT4 endocytosis occurs in muscle cells 

(Lajoie et al., 2010). In the clathrin mediated pathway, clathrin protein and an adaptor 

protein, AP2 are involved in the formation of endocytic vesicles. AP2 regulates packaging 
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of GLUT4 into endocytic vesicles by interacting with the amino terminal FQQI sequence 

of GLUT4 and recruits clathrin to the plasma membrane (Owen et al., 2004; Slot et al., 

1991). In cholesterol dependent endocytosis, caveolin proteins in lipid rafts form caveolae. 

It has been reported that caveolae from adipocytes contain a high level of GLUT4 protein 

and a caveolae inhibitor, nystatin inhibits GLUT4 internalization (Ros-Baro et al., 2001). 

However, some other studies indicate that caveolin is not directly involved in GLUT4 

vesicle trafficking and is not colocalized with GLUT4 (Kandror et al., 1995; Malide et al., 

2000). The GTPase protein dynamin regulates the removal of clathrin coated pits and 

probably caveolae from the cell surface (Kao et al., 1998; Mettlen et al., 2009). 

Endocytosed vesicles move towards the cell interior with the aid of dynein motors. The 

binding of dynein with endocytic vesicles is mediated by the small GTPase protein RAB5 

in adipocytes (Huang et al., 2001). The importance of having two distinct endocytic 

pathways for adipocytes is not clear. Blot et al have shown that nystatin inhibits basal 

GLUT4 internalization, whereas AP2 knockdown inhibits GLUT4 internalization in 

insulin stimulated adipocytes (Blot et al., 2006). These results suggest that insulin 

stimulation may switch the GLUT4 internalization route from cholesterol dependent 

pathway to clathrin mediated pathway, thereby decreasing the rate of GLUT4 

internalization (Blot et al., 2006). 
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Figure 1.9 Vesicular trafficking of GLUT4.  

After endocytosis, if insulin stimulation persists GLUT4 ( ) can be recycled back to 

plasma membrane via sorting endosomes or recycling endosomes. About 50% of GLUT4 

is sequestered away from the endosomal pathway in GSV. Newly formed GLUT4 in ER 

and Golgi are also moved to GSVs, which are translocated to plasma membrane during 

insulin stimulation. Exocytosis of GSV occurs via sequential steps including tethering, 

docking and fusion. Insulin stimulated GLUT4 exocytosis increases the GLUT4 level at 

plasma membrane thus increasing glucose transport across the plasma membrane. 

(Adapted from (Bogan, 2012; Sadler et al., 2013) 

1.3.1.5 Maturation of endocytic vesicles, GLUT4 sorting and retention 

During maturation, endocytic vesicles become endosomes by removing clathrin 

coatings. Localization studies showed that GLUT4 co-localized with late endosome 

markers such as mannose-6-phosphate receptor (Kandror et al., 1996) and the sorting 

endosome marker Rab 11 (Kessler et al., 2000), indicating that cycling GLUT4 is mainly 

localized within the late endosomal pathway. After endocytosis, GLUT4 can be returned 

back to the cell surface via sorting endosomes or recycling endosomes, which mediate fast 

and slow recycling processes, respectively (Maxfield et al., 2004). In addition, GLUT4 can 

also be transferred to the GSVs which are insulin responsive specialized compartments in 
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muscle and adipocytes. In unstimulated adipocytes, GLUT4 constantly cycles between 

intracellular vesicles and the cell surface via the endocytic pathway as explained by 

dynamic exchange model (Muretta et al., 2008). However, about 50% of GLUT4 is 

sequestered away from recycling pathway in GSVs that translocate to the plasma 

membrane in response to insulin (Govers et al., 2004; Livingstone et al., 1996). The 

presence of separate GSVs, which are withdrawn from endosomal system was first 

identified by Livingstone et al (Livingstone et al., 1996). In their study, co-localization of 

GLUT4 with transferrin receptors, which are trafficking through endocytic pathway was 

examined by immune-isolating a vesicular fraction of 3T3-L1 adipocytes using GLUT4 

antibody (Livingstone et al., 1996). According to their findings, under basal conditions, 

more than half of the GLUT4 proteins reside in these GSVs which lack transferrin 

receptors, indicating the presence of separate pool of GSV withdrawn from endocytic 

pathway (Livingstone et al., 1996). 

1.3.2 Biogenesis of GSV 

GSVs are insulin responsive compartments that are about 50-70 nm in diameter. 

GSVs accumulate only in unstimulated fat and muscle cells, but not in other cell types 

(Bogan et al., 2010; Kandror et al., 2011). Sorting endosomes and TGN are the potential 

donor compartments for the biogenesis of the GSVs (Karylowski et al., 2004; Leto et al., 

2012). The formation of GSV has being explained using the “mass action hypothesis” 

(Leto et al., 2012). According to this hypothesis, highly expressed proteins in donor 

compartments interact with each other and move to newly forming vesicles as a unit 

(Jedrychowski et al., 2010; Shi et al., 2008). In addition to GLUT4 protein, insulin 

regulated amino peptidase (IRAP), sortilin, sortilin receptor related protein-1, LRP-1, 

VAMP2 are also highly expressed in GSVs of rat adipocytes (Jedrychowski et al., 2010) 

and these proteins interact with each other through luminal domains and recruit proteins 
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that are involved in vesicle budding (Bogan, 2012; Shi et al., 2008; Shi et al., 2005). IRAP 

is more highly expressed in GSVs than GLUT4 (Kupriyanova et al., 2002). Small GTPase 

proteins such as ADP ribosylation factor protein (ARF) and RAB mediate the assembly of 

effector proteins on GSV membrane. Studies showed that RNAi mediated knockdown of 

ARF6 reduces GLUT4 translocation (Bogan, 2012). The main function of ARF6 in 

GLUT4 translocation is to recruit adaptor proteins to the GSV membrane. Adaptor proteins 

including Golgi-localized γ–Ear-containing ARF-binding protein (GGA), ARF-GAP with 

coiled coil ankyrin repeat and PH domain containing protein 1 (ACAP1), Adaptor proteins 

(AP1) and AP3 interact with clathrin and GSV proteins to regulate vesicle budding 

(Gillingham et al., 1999; Li et al., 2007; Li et al., 2005). However, the specific function of 

each adaptor protein in GSV formation is not clearly understood. Leto et al suggested that 

these adaptor proteins may co-ordinately regulate GSV formation from a specific 

compartment or they may regulate GSV formation from different compartments (Leto et 

al., 2012).  ACAP1 is a GAP protein for ARF6 and known to regulate vesicle budding 

through directly interacting with GLUT4 protein (Li et al., 2007). It has been shown that 

sortilin is expressed in differentiating 3T3-L1 adipocytes in parallel to GSV formation. 

When sortilin is overexpressed in 3T3-L1 fibroblasts, it induces the formation of GSV like 

structures while co-expression of sortilin with GLUT4 causes IRAP incorporation in to 

those vesicles (Shi et al., 2008; Shi et al., 2005). Moreover, sortilin recruits an adaptor 

protein GGA to the trans-Golgi network and this process is promoted by GLUT4 

ubiquitination (Lamb et al., 2010). These findings point out that GSV proteins 

combinatorially function to recruit effector proteins for vesicle budding. 
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1.3.2.1 How are GSV retained intracellularly in the absence of insulin 

stimulation? 

In non-stimulated cells, sequestration of GLUT4 out of the endosomal recycling 

system is important to reduce glucose uptake. Retention of GSVs at the cell interior leads 

to the sequestration of GLUT4. According to current research findings, retention of GSV at 

the cell interior occurs via a futile cycling mechanism or retention by an anchoring protein. 

Karylowski et al, showed that in the absence of insulin, GSVs continually fuse and bud 

with endosomes, but not with TGN (Karylowski et al., 2004). Moreover, GSVs are more 

likely to fuse with endosomes than plasma membrane. This repeated cycle of GSV fission 

and fusion with endosomes may account for the futile cycling mechanism by which 

GLUT4 is retained in the cell interior under basal conditions. Other proteins that are 

involved in the futile cycling have not yet been identified.  One potential candidate would 

be RAB31 protein, which negatively regulates insulin stimulated GLUT4 translocation in 

adipocytes (Lodhi et al., 2007). The cytosolic protein GAPEX5 is a guanine nucleotide 

exchange factor for RAB31, which activates RAB31 by promoting GTP binding. Insulin 

stimulation leads to the plasma membrane localization of GAPEX5 protein, thus reducing 

RAB31 activity (Lodhi et al., 2007). Inactive RAB31 can no longer retain GSV in the cell 

interior, thereby GLUT4 is released from futile cycling.  

 In the second mechanism of GSV retention, anchoring proteins tether GSVs 

to the intracellular anchoring sites. By performing competition experiments, it was 

identified that IRAP is one of the anchoring proteins that regulates the intracellular 

retention of GSV (Waters et al., 1997). In this experiment, GST fusion protein containing 

amino terminal 28 amino acids of IRAP (GST-IRAP-(55-82)) was microinjected into 3T3-

L1 adipocytes and GLUT4 translocation to the cell surface was measured. Results 

indicated that the inhibition of IRAP binding to anchoring sites/proteins leads to an acute 
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increase of GLUT4 translocation to the plasma membrane, which is similar to insulin 

stimulated GLUT4 translocation (Waters et al., 1997). These results suggest that the amino 

terminus of IRAP, which contains a dileucine motif interacts with anchoring proteins and 

thus promotes intracellular retention of GLUT4. Moreover, knockdown of IRAP in 

unstimulated adipocytes increases plasma membrane GLUT4 level, suggesting the 

important role of IRAP in GLUT4 retention (Jordens et al., 2010). Anchoring sites for 

IRAP that interact with the amino terminal dileucine motif and regulate GSV retention 

have not been identified. However, it has been shown that p115 protein interacts with 

IRAP independent of the dileucine motif (Hosaka et al., 2005).  The amino terminus of 

p115 mediates this interaction and overexpression of amino terminal-p115 completely 

inhibits insulin stimulated glucose transport (Hosaka et al., 2005). Moreover, depletion of 

p115 causes redistribution of perinuclear GLUT4, suggesting the importance of p115 in the 

intracellular retention of GLUT4 (Hosaka et al., 2005). Another anchoring protein for GSV 

retention is tether containing UBX for GLUT4 (TUG) and it also interacts with GLUT4 

protein (Bogan et al., 2003). Studies showed that the disruption of functional TUG causes 

an increase of basal glucose uptake, which is similar to that of insulin stimulated cells (Yu 

et al., 2007). Further more, insulin stimulation disrupts the interaction between GLUT4 

and TUG protein leading to plasma membrane translocation of GLUT4 (Bogan et al., 

2003). 

1.3.3 Involvement of PI3K and APS pathways in glucose transport in 

adipocytes. 

Glucose transport in adipocytes and muscles is mediated by PI3K (Haruta et al., 

1995; Shepherd, Navé, et al., 1995) and adapter protein with PH and SH2 domain (APS) 

signalling pathways, which comprised of protein kinases, lipid kinases, lipid, small 

GTPases and adaptor proteins (Leto et al., 2012). Both of these signalling pathways are 
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important for GLUT4 trafficking to the plasma membrane in response to insulin 

stimulation. The transmembrane trafficking process of GLUT4 is comprised of multiple 

steps, including mobilization from intracellular vesicles, recognition of GLUT4 containing 

vesicles and GSV fusion with plasma membrane. In PI3K pathway (Figure 1.10), insulin 

binding to the receptor tyrosine kinase, insulin receptors (IR) leading to the recruitment 

and phosphorylation of insulin receptor substrate (IRS) (Saltiel et al., 2001). There are nine 

intracellular substrates for insulin receptors and four of those substrates are IRS. Among 

four isoforms of IRS proteins, IRS-1 is the main target substrate for insulin receptors. IRS-

1 and IRS-2 are widely expressed in different tissues, while IRS-4 is mainly expressed in 

thymus, brain, kidney and β cells in humans (Uchida et al., 2000). IRS-1 knockout mice 

show insulin resistance in peripheral tissues and impaired glucose tolerance (Araki et al., 

1994). IRS-2 knockout mice also show insulin resistance in peripheral tissues combined 

with a decreased β cell mass, which lead to the development of type-2 diabetes (Kido et al., 

2000; Kubota et al., 2000). Fasshauer et al showed that IRS-1 knockout preadipocytes 

cannot differentiate into mature adipocytes (Fasshauer et al., 2001) and IRS-2 knockout 

adipocytes also show impaired insulin stimulated glucose transport (Withers et al., 1998). 

Taken together, both of IRS-1 and IRS-2 proteins are important for the regulation of 

glucose homeostasis. 

Even though IRS proteins have no catalytic activity, their phosphorylated tyrosine 

motifs function as a docking site for SH2 domain containing adaptor proteins such as 

PI3K, growth factor receptor-bound protein 2 (Grb2) and CrkII (Metz et al., 2011; Sorokin 

et al., 1998). PI3K consists of two subunits, which are the p110 catalytic subunit and the 

p85 regulatory subunit. The p85 regulatory subunit contains two SH2 domains, which 

interact with tyrosine phosphorylated pYXXM and pYMXM motifs on the IRS-1 protein 

(Myers et al., 1992). This interaction between IRS-1 and p85 subunit of PI3K leads to 



 

 41 

PI3K activation. Activated PI3K catalyses the phosphorylation of phosphatidylinositol-4, 

5-bisphosphates (PIP2) and forms phosphatidylinositol-3,4,5-trisphosphates (PIP3), 

thereby PI3K passes the insulin signal to PIP3. In cardiac muscles, p85α subunit is 

recruited to GSV in response to insulin, indicating an additional role of PI3K in GSV 

trafficking (Kessler et al., 2001). PIP3 interacts with different signalling proteins that have 

PH domains, thereby changing their subcellular localization and activity (Lietzke et al., 

2000). The AGC family kinase protein, phosphoinositide-dependent kinase 1 (PDK1) is 

activated by PIP3 (Whiteman et al., 2002) and activated PDK1 phosphorylates and 

activates the downstream target, Akt/PKB (Stephens et al., 1998). Akt is the central 

regulator, which connects insulin signalling with GLUT4 trafficking pathway. Several 

studies showed that constitutively active Akt promotes 2-deoxy glucose (2-DOG) uptake 

and translocation of GLUT4 to the plasma membrane (Katome et al., 2003; Kohn et al., 

1996).  Among two different isoforms of Akt, Akt2 is shown to be more important in 

glucose transport than Akt1 (Katome et al., 2003). Activation of Akt2 by a dimerizer called 

rapalog is shown to be sufficient to induce GLUT4 translocation in 3T3-L1 adipocytes, 

which is similar to insulin stimulated GLUT4 translocation (Ng et al., 2008).  Further, 

siRNA mediated depletion of Akt2 and Akt1 attenuated the glucose responsiveness of 

3T3-L1 adipocytes, despite the effect of Akt1 is less prominent than AKT2 (Jiang et al., 

2003). These results suggest that Akt is absolutely necessary for insulin stimulated glucose 

transport and constitutively active Akt largely mimics the insulin action. Some other 

studies indicate that insulin stimulated membrane targeting of GLUT4 can also occur 

independent of Akt, but dependent on PI3K (Gonzalez et al., 2006). This suggests a role of 

additional PI3K targets in insulin stimulated glucose transport.  

Highly studied targets of Akt relevant to GLUT4 trafficking are RAB 

GAP/AS160 and RAL GAP proteins. Both of these proteins are small GTPase activating 
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proteins, which inactivate their target proteins by hydrolysing bound GTP. RAB8, RAB10 

and RAB 14 are known targets of AS160, while RAL GAP targets RALA protein (Leto et 

al., 2012). These small GTPases are known to regulate plasma membrane translocation of 

GSV (Chen, Leto, Xiong, et al., 2011; Gonzalez et al., 2006; Zeigerer et al., 2004). When 

Akt phosphorylation sites on AS160 are mutated to alanine, insulin stimulated GLUT4 

translocation to the plasma membrane is inhibited (Sano et al., 2003). The arginine (R) 973 

in the RAB GAP domain of AS160 is essential for its GAP activity, but has no effect on 

GLUT4 translocation when mutated to alanine (Inoue et al., 2003).  However the exact 

mechanism behind the role of AS 160 in GLUT4 exocytosis is not clearly understood. It is 

possible that phosphorylation of AS160 leads to the inhibition of its GTPase activity, 

thereby maintaining RAB in its active GTP bound state. Active RAB, which is localized at 

the plasma membrane may help to translocate GLUT4 vesicles to the plasma membrane. It 

has been shown that the phosphorylated AS160 accumulates at the plasma membrane of 

adipocytes (Ng et al., 2010). According to the TIRF-M studies, AS160 participates in GSV 

docking and fusion events (Jiang et al., 2008; Randhawa et al., 2008). These findings shed 

light to another possibility that phosphorylated AS160 itself has positive role in glucose 

transport. 

RAL GAP complex (RGC) is also important for the regulation of glucose 

transport (Sano et al., 2003). Similar to AS160, RAL GAP hydrolyses GTP on its target 

substrate RAL. Knock down of RGC in 3T3-L1 adipocytes increases RAL GTP activity 

and glucose transport (Chen, Leto, Xiong, et al., 2011).  Insulin inhibits GAP activity of 

RGC via Akt2 mediated phosphorylation of RGC2 subunit of RGC (Chen, Leto, Xiong, et 

al., 2011). Taken together, RGC is another mediator that passes insulin stimulated PI3K 

signal to the transport machinery, which regulates GLUT4 translocation to the plasma 

membrane. 
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Figure 1.10 PI3K signalling cascade in insulin stimulated GLUT4 trafficking.  

GSV exocytosis in response to insulin stimulation is mediated by PI3K pathway. Binding 

of insulin with insulin receptor causes the phosphorylation of insulin receptor substrate 

(IRS). IRS activates PI3K, which in turn phosphorylates PIP2 into PIP3. PIP3 function as a 

docking site for PDK1. PDK1 activates Akt, which is a central hub that connecting insulin 

signalling with GSV exocytosis. 

1.3.4 GSV exocytosis 

Insulin increases glucose uptake in muscle and adipocytes mainly by increasing 

the amount of GLUT4 at the plasma membrane via promoting the exocytosis of GSVs 

(Satoh et al., 1993). GSV exocytosis mainly consists of three steps including 1) 

translocation of GSVs to cell surface 2) targeting and 3) fusion of GSVs with cell 

membrane (Figure 1.11) TIRF-M studies indicate that insulin regulates each of these steps 

in exocytosis by regulating movement of GSV to the plasma membrane and regulating the 

rate of targeting and fusion steps. (Bai et al., 2007; Fujita et al., 2010). 
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1.3.4.1 Translocation of GSVs to cell surface 

 GLUT4 associates with microtubules and actin cytoskeleton (Fletcher et al., 

2000). Microtubules are important for the long distance translocation of GSVs, while 

cortical actin is important for docking and fusion events (Bose et al., 2004; Chen et al., 

2008). When cells are treated with microtubule de-polymerizing agents such as colchicine 

and vinblastine, linear movement of microtubule is completely blocked and insulin 

stimulated glucose transport is significantly reduced (Fletcher et al., 2000). Insulin 

stimulation promotes actin polymerization near plasma membrane and this event is 

important for GSV exocytosis (Lopez et al., 2009). Inhibition of cortical actin formation by 

latrunculin-B inhibits the association of GSV with plasma membrane (Lopez et al., 2009). 

These results indicate the importance of both microtubules and the actin cytoskeleton in 

GSV exocytosis. According to high resolution imaging studies, GSVs move linearly along 

the cytoskeletal filaments, both in the absence and presence of insulin stimulation (Patki et 

al., 2001). These vesicle movements are mediated by actin based myosin motor-Myo1C 

and microtubule based kinesin motors such as KIF3, KIF5B. Myo1C is not directly bind 

with GSVs, instead its binding is mediated by RALA proteins on GSV (Chen et al., 2007). 

Myo1C is phosphorylated by calmodulin dependent protein kinase II following insulin 

stimulation (Yip et al., 2008). Even though the exact function of Myo1C in glucose 

transport is not clearly understood, it is possible that it may be involved in the movement 

of GSVs along actin filaments or may regulate the formation of protein complexes which 

are important for glucose transport (Rowland et al., 2011). 
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Figure 1.11 GSV exocytosis.  

Exocytosis of GSV mainly consists of three steps including translocation of GSVs to cell 

surface, tethering and fusion of GSVs with cell membrane. Microtubules and actin mediate 

GSV translocation to the cell periphery, while exocyst complex facilitates GSV tethering. 

At the final step, SNARE proteins on both GSV and plasma membrane mediate GSV 

fusion with plasma membrane. (Adapted from (Leto et al., 2012)) 

1.3.4.2 Targeting and fusion of GSVs with plasma membrane 

The octameric exocyst complex is involved in the tethering of GSVs with plasma 

membrane (Inoue et al., 2003). Exocyst is an evolutionary conserved protein complex 

consists of many subunits including EXO70, EXO84, SEC5 and EXOC4. Insulin regulates 

the tethering process of exocyst by regulating the assembly of exocyst complex, binding of 

exocyst with GSV and removal of exocyst from GSV before fusion (Inoue et al., 2003; 

Inoue et al., 2006; Leto et al., 2012). Insulin regulated assembly of exocyst complex at the 

plasma membrane occurs by interaction of EXO70 subunit with GTP loaded TC10 protein 

(Inoue et al., 2003). Many other interactions between the exocyst complex and membrane 
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proteins also lead to assembly of the exocyst complex at a discrete location on the plasma 

membrane. For example, EXO70 subunit interacts with PIP2 at phospholipid enriched 

region of plasma membrane (He et al., 2007), while EXOC4 interacts with synapse 

associated protein 97 (SAP97) in lipid rafts (Inoue et al., 2006) leading to the assembly of 

exocyst complex at the proper location, which is important for the insertion of GLUT4 into 

the plasma membrane (Inoue et al., 2006). GTP loaded small GTPase protein RALA, 

which is localized on GSVs is important for the recognition of exocyst complex by plasma 

membrane associated proteins for subsequent fusion events (Chen et al., 2007; Chen, Leto, 

Xiong, et al., 2011).  

 Disengagement of exocyst from GSV is important for the final fusion of 

GSV to the plasma membrane (Munson et al., 2006). Insulin activated protein kinase C 

(PKC) phosphorylates the RALA binding domain of SEC5 leading to the release of 

exocyst (Chen, Leto, Xiao, et al., 2011). GSV fusion at plasma membrane is mediated by 

SNARE protein complex including syntaxin4, synaptomal associated protein (SNAP-23) 

and VAMP2 (Kawanishi et al., 2000; Rea et al., 1998). VAMP2 is a V-SNARE protein on 

GSV that forms a tight complex with t-SNARE (syntaxin4) and SNAP-23 proteins on the 

plasma membrane (Kawanishi et al., 2000; Martin et al., 1998; Volchuk et al., 1996). The 

interaction between syntaxin 4 and VAMP2 is negatively regulated by Synip (Min et al., 

1999). In response to insulin, Akt phosphorylates Synip at ser99, leading to its dissociation 

from syntaxin4 (Yamada, Okada, et al., 2005). Then VAMP2 can interact with syntaxin4 

causing GSV fusion with plasma membrane. Thus, Synip has a negative effect on GSV 

fusion, while insulin stimulated phosphorylation of Synip prevents this inhibition. 

However Sano et al shows that phosphorylation of Synip at ser99 has no effect on GLUT4 

translocation (Sano et al., 2005).  Munc 18c also shows a negative regulatory effect on 

glucose transport by regulating SNARE complex formation via interacting with syntaxin 4 
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(Tamori et al., 1998). When Munc18c is overexpressed in 3T3-L1 adipocytes, insulin 

stimulated glucose transport is reduced by 50 % (Tamori et al., 1998).  In pancreatic β 

cells, phosphorylation of Munc 18c at Tyr 219 and Tyr 521 leads to changing of its binding 

partner from syntaxin4 to double C2-like domain-containing protein-β (DOC2β) protein 

(Fukuda et al., 2009; Jewell, Oh, et al., 2008; Ke et al., 2007). DOC2β also has been 

identified as a positive regulator of GLUT4 exocytosis in adipocytes (Fukuda et al., 2009). 

1.3.5 APS signalling pathway 

In addition to PI3K dependent signalling pathway, the PI3K independent APS 

signalling pathway is also activated by insulin. Following insulin stimulation, APS protein 

binds with insulin receptor leading to the tyrosine phosphorylation of the C-terminal of 

APS. (Hu et al., 2003) Phophorylated APS recruits a protein complex containing c-CBL 

and c-CBL-associated protein (CAP) to the insulin receptor (Ribon et al., 1998). At the 

plasma membrane, insulin receptor phosphorylates the c-CBL protein (Liu, Kimura, et al., 

2002). Phosphorylated c-CBL interacts with the adaptor protein CT10 (chicken tumor 

virus number 10) regulator of kinase (CRK) (Ribon et al., 1996). CRK protein complexes 

with a guanine exchange factor protein C3G (Knudsen et al., 1994), which activates small 

GTPase protein TC10 by catalysing GTP loading (Chiang et al., 2001). Activated TC10 

interacts with an adaptor protein CDC42 –interacting protein 4 (CIP4) (Chang et al., 2002). 

Upon insulin stimulation, CIP4 translocates from intracellular compartments to the plasma 

membrane (Chang et al., 2002) and forming a complex with GAPEX5 (Aspenstrom, 

1997), which is a regulator of RAB5 small GTPases that involved in the GLUT4 vesicle 

trafficking (Saltiel et al., 2001). Another important effector protein of TC10 is the EXO70, 

which is a component of the exocyst complex.  
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Despite having a PI3K independent pathway involved in regulating insulin’s 

effect on GLUT4 trafficking, the PI3K dependent pathway is indispensable for GLUT4 

exocytosis in muscle cells (Leto et al., 2012). Katsankis et al have been suggested a 

potential cross-talk between two insulin dependent signalling pathways (Katsanakis et al., 

2005).  

1.3.6 Post translational modification of GLUT4 

1.3.6.1 N-glycosylation 

The GLUT family proteins contain consensus N-Glycosylation sites (Asn-Xaa-

Thr/ser) either at the first or fifth exofacial loop. Glycosylation is a post translational 

modification that adds carbohydrate chains/glycan to proteins and is important for proper 

protein folding and to maintain the stability of newly synthesized proteins. Most 

glycosyation events are initiated in the lumen of the ER after the synthesis of proteins and 

further glycosylation take place in Golgi network (Lau et al., 2007). When rat adipose cells 

are transfected with GLUT4 mutant lacking the N-glycosylation site (N57Q), a 10 fold 

reduction in protein expression has been observed with mRNA level comparable to wild 

type GLUT4 transfected cells (Ing et al., 1996). Further studies showed impaired insulin 

stimulated membrane trafficking and reduced protein stability in GLUT4 N-glycosylation 

mutant (N57Q) transfected cells (Haga et al., 2011; Zaarour et al., 2012). Localization of 

mutant GLUT4 is different from that of wild type GLUT4, with more wild type GLUT4 

localized with IRAP protein compared to mutants (Haga et al., 2011). These findings 

suggest that the N-glycosylation play a major role in GLUT4 membrane trafficking and 

protein stability.  
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1.3.6.2 Ubiquitination 

Ubiquitination is another post translational modification, in which ubiquitin 

molecules attach to the target substrate (Piper et al., 2007) and directs proteins for 

degradation. In addition, ubiquitination is also important for internalization and trafficking 

of plasma membrane proteins (Hicke, 2001). Piper et al has shown that ubiquitination of 

membrane protein is important for their trafficking from the TGN to the endosomal system 

(Piper et al., 2007). Studies indicate that endogenous GLUT4 is ubiquitinated in 3T3-L1 

adipocytes and the ubiquitination resistant mutant of GLUT4 (G4-7K/R) is not translocated 

to membrane upon insulin stimulation (Lamb et al., 2010). These studies confirm the 

importance of ubiquitination in insulin stimulated GLUT4 trafficking. 

1.3.6.3 Sumoylation 

In sumoylation, ubiquitin conjugating enzyme-9 (Ubc-9) covalently attaches small 

ubiquitin related modifier (SUMO-1) protein to the target substrates. Overexpression of 

Ubc-9 in 3T3-L1 inhibits GLUT4 degradation and increases GLUT4 targeting to GSVs, 

which promotes insulin stimulated glucose transport (Liu et al., 2007). When Ubc-9 is 

depleted by siRNA knockdown, total GLUT4 protein level is decreased by 50% and GSV 

associated GLUT4 is also reduced causing impaired insulin stimulated glucose transport 

(Liu et al., 2007). Furthermore, cellular levels of TGN associated proteins including 

syntaxin6 and sortilin are also decreased during Ubc-9 knockdown. These syntaxin6 and 

sortilin proteins are important for the regulation of GLUT4 trafficking and GSV biogenesis 

respectively (Perera et al., 2003; Shi et al., 2005). Taken together, sumoylation is also 

important for the regulation of GLUT4 protein level, GLUT4 trafficking and glucose 

transport in adipocytes. 
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1.3.6.4 Phosphorylation 

Several putative phosphorylation sites have been identified in GLUT4 (Sadler et 

al., 2013). Under basal conditions, 20% of GLUT4 is phosphorylated on Ser 488 (James, 

Hiken, et al., 1989; Lawrence et al., 1990a). Phosphorylation of Ser274 of GLUT4 by 

serum/glucocorticoid regulated kinase 1 (SGK1) has been shown to be important for 

glucose transport in GLUT4 and SGK1 co-expressed oocytes, suggesting the potential 

importance of Ser274 phosphorylation of GLUT4 in glucose transport (Jeyaraj et al., 

2007). Further experiments need to be done to clarify exact functional role of Ser274 

phosphorylation of GLUT4 in adipocytes. It has been shown that okadaic acid, which is an 

inhibitor of type I and type II protein phosphatases, which dephosphorylates GLUT4 

protein in-vitro increases the surface GLUT4 level by four fold (Lawrence et al., 1990b). 

These data suggest that the phosphorylation of GLUT4 is important for its membrane 

localization. However, several other studies indicate that GLUT4 phosphorylation 

decreases the glucose transport in adipocytes and is also related to the development of 

type-2 diabetes (James, Hiken, et al., 1989; Lawrence et al., 1990a). 

In spite of significant progress have been made over the past two decades, further 

studies need to be done in order to get a better understanding of this GLUT4 trafficking 

process. Therefore, this also focuses on identification of novel proteins involve in the 

regulation of GLUT4 trafficking in adipocytes.   
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1.4 Macrophages in type-2 diabetes 

The connection between macrophages and the development of type-2 diabetes has 

been known for many years. Accumulation of macrophages in adipose tissues with obesity, 

suggests a potential link between macrophages and type-2 diabetes (Weisberg et al., 2003). 

These infiltrated macrophages in adipose tissues are known as adipose tissue macrophages 

(ATM) and they are a major source of inflammatory mediators (TNF-α) that are linked to 

insulin resistance (Arkan et al., 2005; Kanda et al., 2006; Lumeng et al., 2007; Weisberg et 

al., 2003). When ATM are activated in response to host immune defence, they secrete 

chemokines that recruit additional macrophages to the adipose tissue and further increase 

the inflammatory state (Olefsky et al., 2010). Insulin resistance is in part caused by the 

accumulation of pro-inflammatory cytokine secreting macrophages in adipose tissues. 

These macrophages secrete cytokines such as TNF-α, IL-6, IL-1β and activate 

inflammatory pathways through their paracrine effects (Olefsky et al., 2010). Activation of 

inflammatory pathways in insulin target tissues activates c-Jun-N-terminal kinase (JNK), 

inhibitors of κB kinases (IκB) and many other serine kinases (Olefsky et al., 2010). Studies 

performed using human and rodents showed the upregulation of JNK and IκB signalling in 

insulin resistance muscle and adipocytes (Hirosumi et al., 2002; Itani et al., 2002). 

Activation of serine kinases causes the activation of transcription factor targets such as 

nuclear factor-κB (NF-κB) and activator protein-1 (c-Jun/FOS), which in turn activates the 

transcription of other inflammatory genes (Nguyen et al., 2007). In addition, activated 

serine kinases also phosphorylate insulin receptor substrates, insulin receptors and other 

insulin signalling molecules, thereby disrupting the normal insulin signalling pathways 

causing an insulin resistant state (Olefsky et al., 2010). High levels of pro-inflammatory 

cytokines such as TNF-α and IL-6 have been identified in Japanese patients with insulin 

resistance and type-2 diabetes (Tajiri et al., 2005). Macrophages that secrete these pro-
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inflammatory cytokines are known as classically activated macrophages (M1), while 

macrophages that secrete anti-inflammatory cytokines are known as alternatively activated 

macrophages (M2). Transition from alternatively activated macrophages to classically 

activated macrophages is known to promote insulin resistance (Olefsky et al., 2010). It has 

been shown that macrophages induce insulin resistance in adipose tissues by altering the 

expression of glucose transport proteins and other insulin signalling proteins (Lumeng et 

al., 2007). Additionally, macrophages are also known to infiltrate pancreatic islets and 

regulate their functions, leading to the development of type-2 diabetes (Ehses et al., 2007). 

According to the studies performed by Han et al, the JNK pathway is involved in 

macrophage polarization, particularly in the formation of classically activated macrophage 

phenotype and is also involved in the insulin resistance (Han, Jung, et al., 2013). 

Moreover, when macrophages are incubated with free fatty acids, toll-like receptors (TLR) 

and NFκB pathways are activated causing fatty acid induced insulin resistance (Shi et al., 

2006).  

1.4.1 Macrophage polarization. 

Macrophages function as a host defence system against pathogenic infection, host 

inflammatory responses and wound healing. Micro environmental stimuli such as 

chemokines and cytokines cause macrophage polarization, forming a functionally 

heterogeneous cell population (Zhu, Zhao, et al., 2015). In response to different 

environment stimuli or pathological conditions, macrophages can acquire different 

functional phenotypes by undergoing different polarization (Figure 1.12). M1 macrophages 

promote inflammation and inhibit proliferation of surrounding cells, while alternatively 

activated macrophages suppress immune response and are involved in tissue repair (Wang 

et al., 2014). M1 macrophages function is best described as being a killer cells and M2 

macrophages act as repairing cells. M1 macrophages to M2 macrophages polarization is 
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tightly regulated process, involving many signalling pathways and transcription, post 

transcriptional factors (Wang et al., 2014). Classical activation of macrophages is induced 

by interferon γ (IFN-γ),  IL-1β and lipopolysaccharide (LPS), while alternative activation 

is induced by IL-4 and IL-13 (Van Dyken et al., 2013). M1 macrophages produce 

proinflammatory factors such TNF-α, IL-6, IL-12, nitric oxide and function as potent 

effector cells (Zhu, Zhao, et al., 2015). In addition, M1 macrophages also characterized by 

having high levels of IL-23, antigens and production of reactive oxygen intermediates 

(ROI) (Verreck et al., 2004). M2 macrophages are considered as a “resting phenotype” and 

can be observed during the healing process (Wang et al., 2014). M2 macrophages produce 

anti-inflammatory factors like IL-10, TGF-β and IL-1Ra, weaken the immune and 

inflammatory response and promote angiogenesis and tissue repair (Van Dyken et al., 

2013). M1 to M2 polarization causes the upregulation of Dectin-1, DC-SIGN, CD163, 

CCR2, CXCR1, and CXCR2, mannose receptor, scavenger receptor A, scavenger receptor 

B-1 and also generates ornithine and polyamine through arginase pathway (Martinez et al., 

2009; Wang et al., 2014). 
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Figure 1.12 Macrophage polarization by different cytokines and chemokines.  

Macrophages can be polarized into two different types such as classically activated 

macrophages and alternatively activated macrophages leading to functionally 

heterogeneous cell populations. Cytokines such as IFN-γ, IL-1β and LPS induce 

activation of M1 macrophages, which secrete proinflammatory cytokines. IL-4 and IL-13 

induce M2 macrophage activation, which is important for the anti-inflammatory effect. 

(Adapted from (Johnson et al., 2012)) 

1.4.2 Glucose metabolism and macrophage polarization 

In addition to cytokines and chemokines, macrophages also respond to various 

metabolites such as lipids (Adamson et al., 2011), glucose (Cheng et al., 2015) and NaCl 

(Müller et al., 2013). There are several lines of evidence linking glucose metabolism to 

macrophage polarization and reprograming of cellular metabolism is shown to be 

important for M1 to M2 transition and their respective functions (Shanmugam et al., 2003; 

Xu et al., 2016). During host immune response, M1 macrophages metabolically shift 

towards the anaerobic glycolytic pathway to fulfil the demand of precursors required for 

the pro-inflammatory protein synthesis and to satisfy the rapid energy requirement 

(Rodriguez-Prados et al., 2010; Traves et al., 2012; Zhu, Zhao, et al., 2015). This 
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metabolic shift causes the increase of hexokinase activity, glucose-6-phosphate 

dehydrogenase expression and activity in M1 macrophages (Newsholme et al., 1986). 

Despite less ATP production in anaerobic glycolysis compared to mitochondrial ATP 

production, it plays a major role for macrophage survival during host immune response 

(Garedew et al., 2010). This metabolic shift induced by nutrient flux is known to be 

promoted by Akt/PI3K pathway (Zhu, Zhao, et al., 2015). Despite less tricarboxylic acid 

(TCA) cycle activity in M1 macrophages, the increased succinate level causes the 

stabilization of hydroxylate hypoxia-inducible factor-1α (HIF-α) by inhibiting prolyl 

hydroxylase (PHDs) (Tannahill et al., 2013). The HIF-α binding to IL-1β is known to be 

important for sustained IL-1β production, which induces the M1 macrophage polarization 

(Tannahill et al., 2013; Zhu, Zhao, et al., 2015). Interestingly, when glycolysis is inhibited 

by 2-DOG, which is a competitive inhibitor of glucose, IL-1β production in M1 

macrophages is inhibited, but has no effect on the production of pro-inflammatory 

mediators such as IL-6 and TNF-α (Tannahill et al., 2013). Moreover, 2-DOG also 

decreases the succinate level in M1 macrophages, leading to inhibition of IL-1β mediated 

induction of M1-macrophages (Tannahill et al., 2013). 

 In-vitro studies indicated that LPS induced M1 macrophages have high 

glucose utilization and lactate production (Rodriguez-Prados et al., 2010). Similarly, 

Haschemi et al have been shown that increased glycolysis and decreased oxygen 

production is associated with LPS induced M1 macrophages, while the M2 macrophages 

and unpolarised macrophages have similar metabolic profiles (Haschemi et al., 2012). 

Macrophage stimulation by LPS known to increase glucose utilization via glycolytic 

pathway and pentose phosphate pathway, leading to synthesis of ribose-5-phosphate, 

xylulose-5-phosphate and sedoheptulose-7-phosphate (Haschemi et al., 2012). The 

MEK/ERK pathway, which is known to be important for LPS induced inflammatory 
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responses in macrophages, decreases the fructose-2, 6-bisphosphate concentration in 

macrophages, indicating the crosstalk between inflammatory response and metabolic 

pathways such as glycolysis and gluconeogenesis. (Rao, 2001; Traves et al., 2012). 

 Glucose uptake into M1 macrophage is mediated by glucose transporter 

GLUT1 (Freemerman et al., 2014). When GLUT1 is overexpressed in RAW 264.7 cells, 

glucose uptake and metabolism is increased. The production of reactive oxygen species 

(ROS) and the expression of pro-inflammatory mediators are also increased with GLUT1-

driven elevated glucose metabolism (Freemerman et al., 2014). When cells are treated with 

2-DOG or N-acetylcysteine, which is an antioxidant, the increase of pro-inflammatory 

mediators are attenuated, further supporting the fact that glucose metabolism is linked to 

M1 macrophage polarization and function (Freemerman et al., 2014). Moreover, glucose 6-

phosphate dehydrogenase (G6PD), which involves in the pentose phosphate pathway is 

also known to be correlated with pro-inflammatory genes (Ham et al., 2013). 

Overexpression of G6PD increases the pro-inflammatory gene production, while 

knockdown of this enzyme decreases pro-inflammatory genes in macrophages (Ham et al., 

2013). Moreover G6PD also increases the MAPK and NFκB activation leading to the 

increase of pro-inflammatory signal in macrophages (Ham et al., 2013).  

In summary, glucose metabolism play a major role in macrophage polarization, 

which is important to acquire different functional phenotypes. Despite extensive research, 

it is not clearly understood how macrophages sense the changes of cellular glucose levels. 

Therefore, it is of interest to investigate the potential glucose sensing proteins in 

macrophages which may have impact on their polarization and cytokine secretion. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Cell lines 

 3T3-L1 fibroblast and RAW 264.7 cell lines used in this study were 

purchased from American Type Culture collection (ATCC). INS-1E cells were kindly 

provided by Professor C. B. Wollheim and INS-1 832/2 cells were kindly provided by 

Professor Christopher B. Newgard, Duke University. 

2.1.2 Chemicals 

 All chemicals were purchased from Sigma-Aldrich, Merck, Invitrogen, Bio 

rad and Cayman chemicals.  

2.1.3 Protease inhibitors for cell lysis 

 All the protease inhibitors used in the lysis buffer are summarized below.  

Inhibitor Function Vendor Final concentration 

ALLN Calpain inhibitor Sigma 15 µM 

Aprotonin Trypsin inhibitor Merck 4 µg/mL 

Leupeptin Serine, cysteine protease inhibitor Merck 4 µg/mL 

Pepstatin Aspartyl protease inhibitor Merck 1 µg/mL 

AEBSF Serine protease inhibitor Merck 1 mM 

 
Table 2.1 Protease inhibitors used for cell lysis 
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2.1.4 Antibodies 

All the primary and secondary antibodies used in this study are summarized in table 2.2.  

Antibody Catalogue number Vendor Dilution 

α-E catenin 3240S Cell signalling 1/1000 

α-E catenin EP1793Y 

 
Abcam 1/25,000 

α-N catenin 2131S Cell signalling 1/1000 

p-Tyr 142 β-catenin CP1081 ECM Bioscience 1/1000 

p-552 Ser β-catenin 9566S Cell signalling 1/1000 

p-645 Tyr β-catenin CP4021 ECM Bioscience 1/1000 

p-675 Ser β-catenin 9567S Cell signalling 1/1000 

Active β-catenin 3024DP Symansis 1/1000 

Total β-catenin 3024C Symansis 1/1000 

GLUT4 ab654 

 
Abcam 1/20,000 

PPARγ 2435S Cell signalling 1/1000 

p-Tyr 216 GSK3 612312 BD bioscience 1/1000 

Total GSK3 12456S Cell signalling 1/1000 

p-Ser 473 Akt 4060S Cell signalling 1/1000 

Total Akt 4691S Cell signalling 1/1000 

β-Actin A1978 Sigma 1/1000 

α-Tubulin T6074 Sigma 1/1000 

Anti-rabbit IgG-HRP sc-2004 

 
Santa Cruz 1/1000 

Anti mouse IgG A9044 Sigma Aldrich 1/20,000 

Anti Sheep IgG P0163 

 
Dako 1/10,000 

Alexa Fluor 555 A-21430 Life technology 1/200 

Alexa Fluor 488 4412S Cell signalling 1/200 
 
Table 2.2 List of antibodies used for western blot analysis. 

 

Active and total β-catenin antibodies were diluted in 3% milk, while all 

phosphorylation specific antibodies and other antibodies were diluted in 3% BSA in TBST. 
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2.1.5 Buffer recipes 

Buffer Components 

Lysis buffer 1 M Tris pH 7.5, 5M NaCl, 0.5 M EDTA, 0.5 M EGTA, 
10% Triton x-100, 0.25 M Na4P2O7,0.2 M β-
Glycerophosphate, 0.1 M Na3VO4, 1 M NaF  

Co-IP lysis buffer 50 mM Tris-cl pH 8.0, 150 mM NaCl, 1% Triton x-100, 5 
mM EDTA 

KRBH buffer 119 mM NaCl, 4.74 mM KCl, 1.19 mM MgSO4, 25 mM 
NaHCO3, 1.19 mM KH2PO4, 2.54 mM CaCl2 and 50 mM 
Hepes), pH 7.4, with 0.2% BSA (fatty acid free).  

Blocking buffer 3% BSA in 1xTBST 

Transfer buffer-membrane 
side 

300 mM Tris, 300 mM Glycine, 20% SDS 

Transfer buffer-Gel side 300 mM Tris, 300 mM Glycine, 0.1 % SDS 

Stripping buffer 31.25 ml of 1M Tris pH 6.8, 50 ml of 20% SDS, 3.5 ml of 
β –MCE per 1 L of milli-Q water 

TBS 80 g NaCl, 2g KCl, 30 g Tris-Cl per 1 L of milli-Q water. 
Adjusted to pH 7.5 

TBST 1xTBS with 0.01% of Tween-20 

5x Sample loading buffer 7.5 ml 1M Tris pH 6.8, 3g SDS, 0.03 g Bromophenol 
Blue, 15 ml Glycerol per 50 ml of milli-Q water 

5x Running buffer  25 mM Tris-Cl, 250 mM Glycine pH 8.3, 0.1% SDS 

Electroporation buffer 20 mM Hepes, 135 mM KCl, 2 mM MgCl2, 1% DMSO, 
0.5% Ficol-400, ATP: Glutathione 20:50 mM 

KRBH buffer for glucose 
uptake assay 

120 mM NaCl, 0.6 mM of Na2HPO4.12 H2O, 0.4 mM 
NaH2PO4, 6 mM KCl, 12.5 mM Hepes, 1 mM CaCl2, 
0.2% BSA. pH 7.4 

 
Table 2.3 Recipes for buffer 
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2.2 Methods 

2.2.1 Cell culture 

All procedures were performed in class II lamina floor hood and surfaces and 

gloves were cleaned with 70 % ethanol. Cells were incubated at 370C in 5% CO2 gassed 

incubator. 

2.2.2 INS-1E cell culture 

INS-1E and INS-832/3 β-cells were maintained in RPMI 1640 medium 

supplemented with 10% (v/v) FBS (fetal bovine serum), 100 units/ml penicillin, 100 µg/ml 

streptomycin (Gibco, Life Technologies), 10 mM Hepes (Gibco, Life Technologies), 2 

mM L-glutamine (Gibco, Life Technologies), 1 mM sodium pyruvate (Gibco, Life 

Technologies) and 50 µM 2-mercaptoethanol (Gibco, Life Technologies). Experiments 

were performed on 80% confluent cells after serum-starvation in KRBH buffer  

2.2.2.1 siRNA transfection of INS-1E cells. 

All siRNAs and siRNA transfection reagents were purchased from Invitrogen. For 

1 well in 12 well plate, 20 nM of either negative control siRNA (StealthTM RNAi siRNA 

Negative Control, Med GC) or siRNA specific for α-E catenin, α-N catenin or β-catenin 

were transfected  into 5 x 105 INS-1E cells with 4.3 µl of Lipofectamine™ 2000 

transfection reagent (Thermofisher scientific) using reverse transfection method in media 

lacking antibiotics. 24 hours after transfection, medium was replaced with RMPI with 

antibiotics and transfected cells were used for experiments 48 hours after transfection. 
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SiRNA Primer!number!

α-E catenin siRNA#1 (Rat) RSS358211!
α-E catenin siRNA#2 (Rat) RSS316764!
α-E catenin siRNA#3 (Rat) RSS316766!
α-N catenin siRNA#1 (Rat) RSS311110!

α-N catenin siRNA#2 (Rat) RSS311111!

α-N catenin siRNA#3 (Rat) RSS355878!

β- catenin siRNA#1 (Rat) RSS331356!
β- catenin siRNA#2 (Rat) RSS331357!
β- catenin siRNA#3 (Rat) RSS331358!
β-catenin siRNA (Mouse) MSS202664!
 
Table 2.4 siRNAs used in this thesis 

2.2.2.2 Overexpression of α-catenin in INS-1E cells 

Plasmids including FLAG-tagged wild type α-E catenin and FLAG tagged 1-128 

truncation mutant of α-E catenin were kindly provided by Prof. Kathy Jones, Salk Institute. 

1 µg of each plasmid was transfected into each well of a 12 well plates with 

Lipofectamine-3000 (ThermoFisher scientific) using reverse transfection method. Briefly, 

plasmids were diluted in opti-MEM (ThermoFisher scientific) with P3000. At the same 

time, Lipofectamine™ 3000 was diluted in opti-MEM. Both solutions were briefly 

vortexed for 2-3 seconds and incubated for 15 min at room temperature. Finally, 5 x 105 of 

INS-1E cells were added to each well in 12 well plates along with the diluted plasmids. 

RPMI media without antibiotics was used to resuspend and plate the cells during 

transfection. 24 hours after transfection, media was replaced with complete RMPI media 

with antibiotics. Cells were used for experiments 48 hours after transfection. 
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2.2.2.3 Measure the concentration of secreted insulin 

INS-1E cells were serum starved in KRBH buffer for 2 hours and stimulated with 

10 mM glucose for 2 hours. The media were collected, centrifuged at 2000 rpm for 5 

minutes and supernatants were collected. Insulin concentrations were measured using 

AlphaLISA Insulin Assay kit from PerkinElmer. 

2.2.2.4 Immunofluorescence staining of INS-1E 

INS-1E cells were plated on 12 mM round shaped coverslips during siRNA 

transfection. 48 hours after transfection, cells were serum starved in KRBH buffer for 2 

hours and stimulated with 10 mM glucose for another 2 hours. After stimulation, cells 

were washed with phosphate buffered saline (PBS) and fixed with 4% paraformaldehyde 

for 15 minutes. After permebilization with 0.1 % Triton X-100 for 5 minutes, cells were 

blocked with 3% BSA in PBS for 30 minutes, and incubated with anti-insulin (1:200) 

primary antibody in 3% BSA for 1 hour at room temperature. After incubation with 

primary antibody, cells were washed PBS and incubated with secondary antibody solution 

containing Anti-rabbit Alexa Fluor™ 488 (1:250). After washing with PBS coverslips 

were mounted on glass plates using ProLong® diamond antifade mounting media (Thermo 

Fisher scientific). After overnight incubation in the dark at room temperature, coverslips 

were sealed with nail polish and stored at 40C until imaging. Images were taken at 60x 

using Leica DMI 6000 SP8 confocal microscopy. 

2.2.2.5 Intracellular calcium assay-FLIPR Assay 

Intracellular calcium levels in INS-1E cells were measured using FLIPR® calcium 

5 assay kit from Molecular Devices, Inc. 96 well black wall, clear bottom plates were used 

and INS-1E cells were transfected with relevant siRNAs as mentioned in 2.2.1. For each 

transfection, 7 x 104 cells per well were used. 48 hours after transfection, cells were 
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washed two times with PBS and serum starved in 100 µl KRBH buffer for 1 hour. After 

serum starvation, media was replaced by 100 µl of HBSS buffer plus 20 mM Hepes pH7.4. 

500 mM of probenecid was prepared by dissolving 0.1427g of probenecid in 1 mL of 1N 

NaOH. Probenecid was diluted in HBSS/Hepes buffer to make 250 mM working solution 

and loading dye was prepared by dissolving component A in 10 mL of HBSS/Hepes 

buffer. 250 mM of probenecid was added to the working solution of loading dye, such that 

the final probenecid concentration in each well is 2.5 mM. 100 µl of loading dye was 

added to each well containing HBSS/Hepes buffer and incubated for 1 hour at 370C 

incubator. KCl solution was prepared such that the injecting volume is 10 µl and gave a 

final concentration of 30 mM. Fluorescence signal was mesured using FLUOstar optima 

plate reader. Solvent/H2O was injected at 10 seconds and reagent (KCl) injected to the 

same well after another 30 seconds. Readings were collected at every 2 seconds for 340 

seconds. To calculate the fluorescence signal in relative fluorescence unit (RFU), initial 

reading at t=0 second was subtracted from each fluorescence reading. 

2.2.3 3T3-L1 cell culture 

3T3-L1 fibroblasts were cultured in DMEM high glucose medium supplemented 

with 10% new born calf serum (NCS) and 1% PSF. For differentiation of fibroblasts into 

adipocytes, 3T3-L1 cells within passage number 2-12 were used. 1.5 x 105 cells, 3 x 105, 

10 x 105 cells were plated in each well in 12 well plate, 6 well plate and 10 cm dish 

respectively and allowed to reach confluence. Two days post confluence, differentiation 

was initiated by adding differentiation medium consisted of 100 nM Insulin, 1 µM 

dexamethasone, 10 nM troglitazone, 0.5 mM IBMX in DMEM high glucose/FBS/PSF. 

After 3 days, the differentiation medium was changed to DMEM high glucose containing 

100 nM insulin. After another 3 days, medium was replaced with DMEM high glucose 

media containing 10% FBS and 5% PSF. 
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2.2.3.1 Reverse transfection of 3T3-L1 adipocytes.  

6-8 days after initiation of differentiation, 3T3-L1 adipocytes were transfected 

with either negative control siRNA (StealthTM RNAi siRNA Negative Control, Med GC) 

or siRNA specific for β-catenin at a final concentration of 30 nM using reverse 

transfection method as previously described (Kilroy et al., 2009). Briefly, adipocytes 

grown on 10 cm dishes were washed with PBS and trypsinized with diluted trypsin (1:1 

dilution with PBS). Then cells were re-suspended in 5 mL of DMEM media and 

centrifuged at 500 g for 5 minutes at room temperature. After removing the supernatant, 

cells were re-suspended in the DMEM/FBS media without antibiotics. For the transfection 

of 1 well of a 12 well plate, 4.31 µl of Lipofectamine-2000 was diluted in 172.6 µl of 

OPTI-MEM (Invitrogen) and incubated at room temperature for 5 minutes. Either negative 

control siRNA or β-catenin siRNA was added to above Lipofectamine mixture and 

incubated for a further 20 minutes at room temperature. After 20 minutes incubation, 5 x 

105 adipocytes were added to the each well containing siRNA –Lipofactamine mixture. 24 

hours after transfection, medium was replaced with DMEM/FBS with antibiotics. 

Adipocytes were used for 2- DOG assays after 48 hours of siRNA transfection. 

2.2.3.2 2-DOG uptake assay 

Glucose uptakes into adipocytes were measured by performing 2-DOG uptake 

assay. 8-10 days after initiation of differentiation, 3T3-L1 adipocytes in 12 well plates 

were serum starved in DMEM media with 10% FBS for 3 hours and then cells were 

incubated with KRBH (120 mM NaCl, 0.6 mM Na2HPO4, 0.4 mM NaH2PO4, 6 mM KCl, 

1.2 mM MgSO4, 12.5 mM Hepes, 1 mM CaCl2 pH 7.4) with or without insulin (100 nM) 

for 20 minutes. For drug treatments, cells were pre-treated with pyrvinium/6-

bromoindirubin-3’-oxime (BIO) for 30 minutes. After insulin stimulation, cells were 
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incubated with 2-DOG solution containing 1mM 2-DOG and 1 µCi H3-DOG in KRBG 

buffer for 10 minutes at 37°C. The assay was stopped by incubating cell plates on ice and 

unincorporated radioactive DOG were removed by three washes with PBS containing 10 

µM Phloretin. Finally, cells were lysed with 500 µl of 0.2 M NaOH and radioactivity was 

measured by scintillation counting. 

2.2.3.3 Preparation of matrigel coated coverslips 

Fluorodishes were incubated with 1:50 dilution of matrigel in ice-cold 1 x PBS for 

2 hours at room temperature and subsequently washed twice with PBS followed by 

DMEM media. Matrigel coated coverslips were used to plate adipocytes after 

electroporation. 

2.2.3.4 pEGFP-GLUT4 plasmid transformation into DH5α  E.coli and 

 plasmid isolation 

pEGFP-GLUT4 plasmid was a kind gift from Dr. William Hughes at Garvan 

Institute of Medical Research, Sydney and all the TIRF experiments were performed at 

Garvan Institute under his supervision. pEGFP-GLUT4 plasmids were transformed into 

E.Coli strain DH5α using heat shock method. Briefly, 1 µl of plasmid DNA was mixed 

with 50 µl of DH5α cells in 1.5 ml centrifuge tube and incubated on ice for 20 minutes. 

The tube was heat shocked at 42°C for 30 seconds and then incubated in ice for another 2 

minutes. 250 µl of LB media was added to the bacteria-DNA mixture and sample was 

incubated for another 1 hour at 37°C, while shaking at 225 rpm. 200 µl of this 

transformation mixture was spread on LB/Kanamycin plate and incubated overnight at 

370C. Single colonies from above plate were inoculated in 3 mL of LB/Kanamycin media 

and incubated for 8 hours at 370C, 225 rpm. 200 µl of this bacterial culture was transferred 

to 200 mL of LB/Kanamycin media and incubated overnight 37°C, 225 rpm. Plasmids 



 

 66 

were isolated from the transformed DH5α cells using Nucleobond™ maxiprep DNA 

isolation kit according to manufacturer’s instructions.  

2.2.3.5 Electroporation of Adipocytes  

5-6 days after initiation of differentiation, 3T3-L1 adipocytes were electroporated 

with GFP-GLUT4 and siRNA specific for β-catenin or negative control siRNA as 

previously described (Burchfield et al., 2012). Briefly, 10 cm dishes with <95% of 

differentiated adipocytes were trypsinized and cells were re-suspended and centrifuged at 

500 g for 2 minutes. The pellet was washed twice with 30 mL of PBS and re-suspended in 

1 mL of electroporation buffer. Adipocytes were co-transfected with 30 nM (final 

concentration) of siRNA and 10 µg of GFP-GLUT4 by performing electroporation at 200 

mV for 2 ms using Gene Pulser Xcell™ Electroporation System. Electroporated adipocytes 

were plated on matrigel coated Fluorodishes.  

2.2.3.6 Preparation of 3T3-L1 TIRF microscopy 

Seventy-two hours after electroporation, adipocytes were serum starved in 

DMEM media for 3 hours and pre-treated with vehicle control (DMSO), BIO (5 µM) or 

pyrvinium (100 nM) for 20 minutes. After pre-treatment, adipocytes were stimulated with 

100 nM of insulin in KRBH buffer for 30 minutes at 37°C. Finally, cells were washed with 

ice cold PBS and fixed with 4% paraformaldehyde for 15 minutes and stored in PBS until 

imaging. 

2.2.3.7 TIRF microscopy. 

TIRF-M was performed using Leica AM TIRF MC equipment on a Leica 

DM6000B microscope controlled by LAS AF 3 software (Leica Microsystems). GFP-

GLUT4 transfected cells were identified by epi-fluorescence. TIRF-M was performed 

using 488 nm laser introduced into the excitation light path at an appropriate angle to 
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image 200 nm into cells. Images were analyzed using Fiji ImageJ software (Rasband, 

W.S., National Institutes of Health, http://imagej.nih.gov/ij). 

2.2.3.8 Immunofluorescence staining of 3T3-L1 adipocytes. 

Six-eight days after initiation of differentiation, 3T3-L1 adipocytes were plated on 

gelatine-coated coverslips. After insulin stimulation, cells were washed three times with 1x 

PBS for 5 minutes each and fixed with 4% paraformaldehyde for 15 minutes. Fixed cells 

were permeabilized with 0.1% Triton X-100 for 5 minutes. After washing three times with 

1x PBS for 5 minutes each, cells were blocked with 0.1% BSA/0.01 % saponin in 1x PBS 

for 30 minutes. After brief washing with 1x PBS, cells were incubated with rabbit Anti-

GLUT4 (1:500) and mouse anti-β-catenin (1:250) antibodies overnight at 4°C. On the next 

day, samples were incubated with 1:500 dilutions of Alexa Fluor 488® (rabbit) and Alexa 

Fluor 555® (mouse) secondary antibodies for 1 hour at room temperature. Then coverslips 

were washed with PBS and mounted on glass plates using proLong® Diamond Anti-fade 

mounting media (Invitrogen). After overnight incubation at room temperature in the dark, 

cells were imaged using 100-x objective of Olympus FV 1000 confocal microscope. 

2.2.3.9 Co-immunoprecipitation 

For co-immunoprecipitation experiments, 3T3-L1 fibroblasts were differentiated 

into adipocytes in 10 cm cell culture treated dishes. After serum starvation, adipocytes 

were either untreated or treated with 100 nM insulin for 30 minutes. Cells were washed 

with ice cold PBS for two times and lysed with IP lysis buffer. Cell lysates were pre-

cleared by adding 50 µl of Protein G beads . 500 µg of lysate was mixed with 1 µl of active 

β-catenin antibody, control antibody or no antibody and incubated at 4°C overnight. On the 

next day, antibody lysate mixture was incubated with pre-cleared G beads at 4°C for 2 

hours. After incubation, the protein-beads mixture was centrifuged at 3000 rpm for 30 
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seconds. Beads were washed three times with IP wash buffer and 30µl 1 x SDS was added 

to the beads and incubated at 95°C for 5 minutes. The protein complex was eluted by 

centrifuging the beads at 13000 rpm for 1 minute. 

2.2.4 Culture of RAW 264.7 cells 

RAW 264.7 cells were cultured in RPMI media supplemented with 10% NCS and 

5% PSF. Media was changed with fresh media every 48 hours and passage when cells 

were approximately 80% confluent. During cell passaging, media was removed and cells 

were scraped using cell scraper. Cells were resuspended in fresh RPMI media and 

passaged at a 1:6 ratio. After overnight serum starvation in RPMI media with 0.5 mM 

glucose, cells were treated with relevant drugs as indicated in figures. 

2.2.5 Freezing cells for cryopreservation 

Cells were washed twice with PBS and collected by either trypsinizing (INS-1E, 

INS-832/3, 3T3-L1) or scraping (RAW 264.7 cells) and resuspended in 5 ml of relevant 

culture media. After centrifugation at 500 g for 5 minutes, cell pellet was resuspended in 

freezing media consist of 70%  culture media, 20% of FBS and 10% of DMSO  and 

transferred to cryotubes. Cryotubes were stored at -80°C in Mr. Frosty™ freezing container 

overnight and then transferred to cryostore (liquid Nitrogen) for long term storage. 

2.2.6 Protein Analysis 

2.2.6.1 Cell lysate preparation 

Cells were washed twice with ice cold PBS. 200 µl of lysis buffer was added to 

the each well in 6 well plate and plates were incubated on ice for 10 minutes. Cells were 

scraped and collected into 1.5 ml centrifuge vial and vortexed briefly. After incubating in 
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ice for another 10 minutes, vials were centrifuged at 13,000 rpm for 10 minutes and 

supernatants were collected. 

2.2.6.2 Protein quantification-BCA assay 

Total protein amount in the cell lysates were quantified using BCA assay kit 

(Pierce) according to the manufacturer’s instruction. 2mg/mL BSA (ICP Bio) was used to 

make standard curve. 2 µl of cell lysates were added in duplicates into 96 well plate. 200 µl 

of BCA assay reagent mixture (50 of BCA reagent A: 1 of BCA assay reagent B) was 

added to each well and incubated at 37°C for 10 minutes. Absorbance was measured at 562 

nm using the plate reader (Biotech). Protein concentrations are calculated from the 

standard curve. The required amount of cell lysate (20-40 µg) was mixed with 5x protein 

loading dye and heated for 3 minutes at 95°C before loading into gels.  

2.2.6.3 SDS-PAGE 

8% SDS polyacrylamide gels were prepared according to the table 2.4. First, 

resolving gel was poured into Mini-PROTEIN casting apparatus (Bio-Rad), covered with 

70% ethanol and let to set for 30 minutes. After resolving gel was set, the ethanol was 

removed and the stacking gel mixture was poured on top of the resolving gel and comb (15 

well) was inserted. Once the gel was set, protein samples with loading dye were loaded 

into each well. Electrophoresis was performed at 80 V until dye front passed the stacking 

gel and then at 120 V until dye front ran off the gel. If the number of samples is more than 

14, Mini-PROTEAN® TGX Stain-Free™ Precast Gels ( 18 well gels or 26 well gels) were 

used. 
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Chemical 8% Resolving gel ( for 4 
gels) 

Stacking gel (for 4 gels) 

H2O 15.8 mL 8.7 mL 

40% Acrylamide 6 mL 1.5 mL 

1.5 M Tris pH 8.8 7.6 mL - 

1.5 mM Tis pH 6.8 - 1.5 mL 

10 % SDS 300 µl 120 µl 

10% APS 300 µl 120 µl 

TEMED 18 µl 12 µl 

 
Table 2.5 Recipes for SDS-PAGE gel 

2.2.6.4 Protein transfer 

Proteins on polyacrylamide gels were transferred to nitrocellulose membranes 

using Trans-Blot Turbo transfer system (Bio-Rad). Membrane side transfer buffer and gel 

side transfer buffer were prepared according to the recipe in table 2.3. Filter papers were 

cut as the same size as gel (8.5 cm x 5.5 cm for mini gels). First, the membranes were pre-

wetted by briefly soaking them in methanol and then in the membrane side transfer buffer. 

A stack of four filter papers were pre-soaked in the membrane side transfer buffer and 

second set of four filter papers were pre-soaked in the gel side transfer buffer. The transfer 

stack was assembled by placing the 4x filter papers pre-soaked in membrane side transfer 

buffer, the membrane, the gel, the 4x filter papers pre-soaked in gel side transfer buffer in a 

stack on top of each other. The protein transfer was performed at 2.5 mA current for 12 

minutes for minigel. 

2.2.6.5 Western blot 

When the protein transfer was complete, membranes were incubated in blocking 

buffer (3% BSA or 3% milk in TBST) for 1 hour at room temperature. Membranes were 

then incubated with primary antibodies (as mentioned in table 2.2). After overnight 

incubation at 40C with primary antibodies, membranes were washed three times with 
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1xTBST buffer and  incubated with respective secondary antibodies such as anti-mouse 

IgG HRP (1:20,000; Sigma-Aldrich), anti-rabbit IgG HRP (1:10,000; Santa Cruz 

Biotechnology) or anti-sheep (1:20,000; Dako) for 1 hour at room temperature and 

developed with Clarity™ Western ECL blotting substrates (Bio-Rad Laboratories). Images 

were taken using LAS-3000 Luminescent Image Analyser (Fujifilm). 

2.2.6.6 Membrane stripping for reprobing 

To analyse different proteins or total proteins on the same membrane, membranes 

were incubated with stripping buffer (table 2.3) for 20 minutes at 55°C. Then membranes 

were washed three times with 1xTBS (10 minutes each wash) to remove stripping buffer 

on the membrane. Stripped membranes were then incubated with blocking buffer and then 

the western blot protocol was performed as mentioned above to re-probe the membrane. 

2.2.6.7 Quantification of western blot images 

Multigauge software was used to quantify the pixel density of each western blot 

band. Pixel density of each band was normalized to the pixel density of loading control 

band in the same lane. 

 

2.2.7 Statistical Analysis 

Results are presented as the mean ± S.E.M and statistical differences were 

determined using two-way ANOVA or one-way ANOVA with Tukey’s post hoc test. In 

instances where only two groups were being compared, unpaired t-tests were performed. 

Statistical analyses were performed using statistical software package Graph Pad Prism 6.0 

(Graph Pad Software Inc.)  
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3 α-Catenin protein as a novel glucose sensor and a 

regulator of insulin secretion in rat pancreatic β-cells. 

3.1 Introduction 

Glucose stimulated insulin secretion is a highly regulated process. Release of a 

proper amount of insulin hormone at the right time is critical for blood glucose 

homeostasis. Following food ingestion, blood glucose level is increased. Glucose, which is 

the most important nutrient for inducing insulin secretion is then transported into the β-

cells. Due to subsequent glucose metabolism in the β-cells, ATP level is increased causing 

the closure of ATP sensitive K+ channels, leading to the plasma membrane depolarization 

(Ashcroft et al., 1984). As a result, voltage gated Ca2+ channels are opened, causing Ca2+ 

influx and insulin granule exocytosis (Satin et al., 1985; Wollheim et al., 1981) .  

A better understanding of insulin secretion is important, as deregulation of insulin 

secretion process leads to the development of type-2 diabetes. Previously, we have 

identified that an adherens junction protein β-catenin functions as a glucose sensing protein 

both in pancreatic β-cells (Cognard et al., 2013; Sorrenson et al., 2016) and macrophages 

(Anagnostou et al., 2008). In β-cells, the depletion of β-catenin was resulted in a reduced 

glucose stimulated insulin secretion, indicating the requirement of β-catenin for insulin 

secretion (Cognard et al., 2013). Further supporting above findings, TIRF microscopy data 

revealed that β-catenin regulates the insulin granule localization near the cell periphery. 

(Sorrenson et al., 2016). Altogether, these data indicate the critical role of β-catenin in the 

regulation of insulin secretion potentially via modulating the amount of insulin granules 

near the cell periphery. As mentioned previously, β-catenin is known to interact with 

another adherens junction protein α-catenin, which regulates the actin cytoskeleton 

(Pokutta et al., 2000). Monomeric α-catenin binds with β-catenin-cadherin complex, while 
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dimeric form of α-catenin interacts with actin cytoskeleton (Pokutta et al., 2000; Yamada, 

Pokutta, et al., 2005). The actin cytoskeleton plays a dual role in the regulation of insulin 

secretion process by providing a motive force for insulin granule exocytosis (Malaisse et 

al., 1971; Orci et al., 1972) and functions as a barrier for granule fusion at the cell 

periphery (Malaisse et al., 1975; van Obberghen et al., 1973). α-Catenin protein is known 

to regulate the actin cytoskeleton by inhibiting Arp2/3 mediated actin branching and 

polymerization (Hansen et al., 2013). As α-catenin regulates actin cytoskeleton, which is 

known to be involved in the regulation of the insulin secretion, it is possible that α-catenin 

might also be involved in the regulation of insulin secretion process. Further supporting 

our hypothesis, genome wide association studies provide evidence for the involvement of 

genetic variants of α-catenin in the development of the type-2 diabetes (Hasstedt et al., 

2013). Particularly the CTNNA2 gene, which encodes α-N catenin protein has been 

identified as a type-2 diabetes susceptibility gene in African-American population 

(Hasstedt et al., 2013). Another isoform of α-catenin, α-E catenin protein is also known to 

be involved in the dynactin mediated vesicle trafficking in keratinocytes (Lien et al., 

2008). Given the similarity between vesicle trafficking events in different cells 

independent of the different proteins/hormones secreted by those cell types (Deshaies et 

al., 1988; Palade, 1975; Wang et al., 2004), it is possible that α-catenin may also be 

involved in the regulation of vesicle trafficking in other cells including β-cells. Further 

supporting the above argument, gene expression profiling in human insulinoma cells 

indicated the requirement of CTNNA1 gene, which encodes the α-E catenin protein in 

vesicle transportation (Wang et al., 2004). Altogether, this information led us to 

hypothesize that α-catenin may be involved in the regulation of insulin secretion from the 

pancreatic β-cells. 
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3.2 Specific Aims 

• To investigate whether the depletion of α-catenin affects glucose stimulated insulin 

secretion. 

• To identify potential mechanisms by which α-catenin might regulate insulin 

secretion process. 

• To investigate whether α-catenin responds to insulin secretagogues like glucose, 

cAMP analogues and KCl. 

3.3 Results 

3.3.1 α-E catenin depletion increases the glucose stimulated insulin 

secretion in INS-1E cells. 

Previously, we have identified that one of the main componenets of adherens 

junction β-catenin protein regulates the insulin granule localization near the cell periphery, 

thereby modulating the glucose stimulated insulin secretion. To investigate whether the β-

catenin interacting protein α-catenin is also involved in the regulation of insulin secretion, 

rat pancreatic β-cell line INS-1E cells were transfected with  3 different siRNAs specific 

for α-E catenin. 48 hours after siRNA transfection, cells were serum starved and stimulated 

with 10 mM of glucose 2 hours and the amount of insulin released was measured. Here, we 

observed that α-E catenin knockdown significantly increases the glucose stimulated insulin 

secretion in INS-1E cells, indicating the potential negative regulation of insulin secretion 

by α-E catenin (Figure 3.1). However, the basal level of insulin secretion was not 

significantly changed in α-E catenin siRNA#1 and #2 transfected cell, while in α-E catenin 

siRNA#3 transfected cells the basal insulin secretion also increased. 
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Figure 3.1 α-E catenin depletion increases glucose stimulated insulin secretion in 
INS-1E.  

INS-1E cells were transfected with either negative control siRNA or siRNA specific for α-E 

catenin. 48 hours after siRNA transfection, cells were serum starved for 2 hours and either 

unstimulated or stimulated with 10 mM glucose in 4.7 K+ /KRBH buffer for 2 hours. (A) 

Cell lysates were subjected for western blot analysis and (B) supernatants were used for 

insulin secretion assays. Results are mean±S.E.M. *P<0.05 and **P<0.01 compared with 

negative control glucose stimulated condition, while 
#
P<0.05 compared to negative control 

unstimulated condition as assessed by two-way ANOVA. At least three independent 

experiments were performed to confirm above results (Figure S 3.1). 
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3.3.2 α-N catenin depletion also increases the glucose stimulated insulin 

secretion in INS-1E cells. 

As mentioned previously, α-catenin has three main isoforms which are α-E 

catenin, α-N catenin and α-T catenin. As CTNNA2 gene, which encodes α-N catenin 

protein is known to be linked to type-2 diabetes in African-American population (Hasstedt 

et al., 2013), the next aim was to identify whether α-N catenin has a functional significance 

in insulin secretion. INS-1E cells were transfected with either negative control siRNA or α-

N catenin specific siRNA and performed insulin secretion assays after stimulating with 10 

mM glucose for 2 hours. Similar to α-E catenin, α-N catenin knockdown also significantly 

increases the glucose stimulated insulin secretion in β-cells (Figure 3.2). To compare the 

impact of α-N catenin knockdown and α-E catenin knockdown to β-catenin knockdown, 

which we have already shown to decrease insulin secretion, parallel siRNA experiments 

were performed and insulin secretion assays were conducted. Consistent with previous 

results, β-catenin depletion decreases glucose stimulated insulin secretion, while depletion 

of α-E catenin or α-N catenin increases glucose stimulated insulin secretion in β-cells 

(Figure 3.3). These results indicate the potential negative regulation of insulin secretion by 

α-catenin. However, the basal level of insulin secretion was not significantly changed in α-

N catenin siRNA#1 and #2 transfected cell, while in α-N catenin siRNA#3 transfected 

cells the basal insulin secretion also increased. 
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Figure 3.2 α-N catenin depletion increases the glucose stimulated insulin secretion 
in INS-1E cells.  

INS-1E cells were transfected with negative control siRNA or siRNA specific for α-N 

catenin. 48 hours after siRNA transfection, cells were serum starved with KRBH buffer for 

2 hours and either unstimulated or stimulated with 10 mM glucose in 4.7 K+/KRBH buffer 

for 2 hours. (A) Cell lysates were subjected to western blot analysis and (B) supernatants 

were used for insulin secretion assays. Results are mean ± S.E.M of three data points. 

*P<0.05 and **P<0.01 compared with negative control glucose stimulated condition, while 
#P<0.05 compared to negative control unstimulated condition as assessed by two-way 

ANOVA. At least three independent experiments were performed to confirm above results 

(Figure S 3.2). 
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Figure 3.3 Comparison of glucose stimulated insulin secretion after catenin 
depletion.  
INS-1E cells were transfected with either negative control siRNA or siRNA specific for β-

catenin, α-E catenin or α-N catenin. After 48 hours of siRNA transfection cells were serum 

starved for 2 hours and either unstimulated or stimulated with 10 mM glucose in 4.7 

K+/KRBH for another 2 hours. (A) Cell lysates were subjected for western blot analysis 

and (B) supernatants were used to perform insulin secretion assays. Results are mean ± 

S.E.M of three data points. *P<0.05 and **P<0.01 compared with negative control glucose 

stimulated condition as assessed by two-way ANOVA. At least two independent 

experiments were performed to confirm above results (Figure S 3.3). 
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3.3.3 α-E catenin and α-N catenin have additive effect on insulin 

secretion. 

To investigate whether α-E catenin and α-N catenin have an independent effect on 

insulin secretion, α-E catenin and α-N catenin were simultaneously depleted in INS-1E 

cells. Simultaneous knockdown of both of these α-catenins further increases the glucose 

stimulated insulin secretion, indicating their additive effects on insulin secretion (Figure 

3.4). 

 
 
Figure 3.4 α-E catenin and α-N catenin may have additive effects on glucose 
stimulated insulin secretion. 

INS-1E cells were transfected with either negative control siRNA or siRNA specific of α-E 

catenin (siRNA#3), α-N catenin (siRNA#2) or combination of α-E catenin and α-N catenin 

siRNAs. 48 hours after siRNA transfection, cells were serum starved with KRBH buffer for 

2 hours and stimulated with or without 10 mM glucose for further 2 hours. (A) Cell lysates 
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were subjected for western bloat analysis and (B) supernatants were used to perform 

insulin secretion assays. Results are mean ± S.E.M of three data points. *P<0.05 and 

**P<0.01 compared with control siRNA, glucose stimulated condition, while 
#
P<0.05 

compared to double knockdown (α-E catenin siRNA + α-N catenin siRNA) glucose 

stimulated condition as assessed by two-way ANOVA. At least two independent 

experiments were performed to confirm above results (Figure S 3). 

3.3.4 Depletion of β-catenin attenuates α-E catenin depletion effect on 

insulin secretion. 

Previously, we have shown that β-catenin regulates the glucose stimulated insulin 

secretion via modulating the insulin granule localization at the cell periphery (Cognard et 

al., 2013; Sorrenson et al., 2016) and this study shows that α-catenin may function as a 

negative regulator in the insulin secretion. The next target was to identify the potential 

mechanisms by which α-catenin regulates insulin secretion process. It is possible that α-

catenin may regulate insulin secretion via regulating β-catenin’s function in insulin 

secretion, as previous studies indicated the importance of α-catenin in the regulation of 

transcriptional activity of β-catenin (Choi et al., 2013). Therefore, the next aim was to 

investigate whether the effect of α-catenin on insulin secretion depends on β-catenin. In 

order to investigate this, β-catenin and α-E catenin were simultaneously depleted in INS-

1E cells and insulin secretion assays were performed. Here we observed that the depletion 

of α-E catenin and β-catenin resulted in a glucose stimulated insulin secretion level similar 

to that of negative control siRNA transfected condition, effectively increasing glucose 

stimulated insulin secretion level compared to β-catenin siRNA and decreasing it 

compared to α-E catenin siRNA transfected cells. These data suggest that the effect of α-

catenin on insulin secretion may depend on β-catenin or vice versa (Figure 3.5). 

Altogether, this study indicate the fine tuning of insulin secretion by α-catenin protein and 
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combination of α-catenin and β-catenin may function as a volume regulator of insulin 

secretion.  

  
 
Figure 3.5 Depletion of β-catenin attenuates the α-E catenin knockdown effect on 
insulin secretion. 

INS-1E cells were transfected with either negative control siRNA or siRNA specific for 

either β-catenin (siRNA#2), α-E catenin (siRNA#3) or both β-catenin and α-E catenin 

siRNAs. 48 hours after siRNA transfection, cells were serum starved and stimulated with 

10 mM glucose for further 2 hours. (A) Cell lysates were subjected to western blot 

analysis using α-E catenin, β-catenin or α-tubulin antibodies. (B) Supernatants were used 

to perform insulin secretion assays. Results are mean ± S.E.M of three data points. 

*P<0.05 and **P<0.01 compared with glucose stimulated condition in negative control 

siRNA as assessed by two-way ANOVA. At least three independent experiments were 

performed to confirm above results (Figure S 3.5). 
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3.3.5 Latrunculin treatment further increases the glucose stimulated 

insulin secretion in α- E catenin depleted cells. 

α-E catenin is known to regulate Arp2/3 mediated actin branching, leading to the 

accumulation of unbranched actin filaments (Hansen et al., 2013). The actin cytoskeleton 

regulates insulin secretion via a dual mode of action. Under basal glucose levels, actin 

filaments form a web beneath the plasma membrane (Howell et al., 1979; Orci et al., 

1972), thereby preventing the insulin granule fusion with the plasma membrane (Jewell, 

Luo, et al., 2008). During glucose stimulation, cortical actin at the cell periphery is 

rearranged allowing insulin granule fusion (Thurmond et al., 2003). On the other hand, 

actin filaments facilitate insulin secretion by providing a motive force for insulin granule 

movement to the cell periphery (Malaisse et al., 1971; Orci et al., 1972; Wang et al., 1990). 

To identify whether α-catenin mediated negative regulation of insulin secretion is 

occurring via actin depolymerisation, α-E catenin was depleted in INS-1E cells and cells 

were treated with latrunculin A, which blocks actin polymerization. As previously 

published, latrunculin treatment increases the glucose stimulated insulin secretion (Jewell, 

Luo, et al., 2008). If α-E catenin mediated regulation of insulin secretion is occurring via 

regulation of actin polymerization, latrunculin A treatment should not further enhance 

glucose stimulated insulin secretion in α-E catenin depleted cells. However according to 

our observations, latrunculin treatment further increases the glucose stimulated insulin 

secretion in α-E catenin depleted samples. These data suggest that α-E catenin depletion 

may not completely inhibit actin polymerisation or α-E catenin mediated negative 

regulation of insulin secretion is independent on actin polymerization (Figure 3.6). 

However, comparing to negative control condition, latrunculin A had more severe effect 

on insulin secretion in α-E catenin depleted cells suggesting that α-E catenin depletion may 

potentiate the effect of latrunculin on insulin secretion. Moreover, latrunculin A treatment 
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further increases the glucose stimulated insulin secretion even in both α-E catenin and α-N 

catenin depleted cells suggesting that even the depletion of both α-E catenin and α-N 

catenin might not interfere with actin polymerization to the extent of latrunculin treatment, 

but rather might potentiates the latrunculin effect on actin cytoskeleton (Figure 3.7).

 

 
Figure 3.6 Latrunculin A further increases the insulin secretion in α-E catenin 
depleted cells. 
INS-1E cells were transfected with either negative control siRNA or two different siRNAs 

specific for α-E catenin. 48 hours after siRNA transfection cells were serum starved with 

KRBH buffer for 2 hours and treated with either 0.5 µM Latrunculin A or vehicle control for 

30 minutes. After stimulation with 10 mM glucose for 2 hours (A) cell lysates were 



 

 84 

subjected for western blot analysis and (B) supernatants were used to perform insulin 

secretion assays. Results are mean ± S.E.M of three data points. *P <0.05 and **P<0.01 

compared with negative control glucose stimulated condition as assessed by two-way 

ANOVA. At least three independent experiments were performed to confirm above results 

(Figure S 3.6). 

 

Figure 3.7 Latrunculin A treatment further increases the insulin secretion even in α-
E catenin and α-N catenin double knocked down cells. 

INS-1E cells were transfected with either negative control siRNA or combination of 

siRNAs specific for α-E catenin and α-N catenin. 48 hours after siRNA transfection cells 

were serum starved with KRBH buffer for 2 hours and treated with either 0.5 µM 

Latrunculin A or vehicle control for 30 minutes. After stimulation with 10 mM glucose for 2 

hours (A) cell lysates were subjected for western blot analysis and (B) supernatants were 

used to perform insulin secretion assays. Results are mean ± S.E.M of three data points. 



 

 85 

3.3.6 Glucose stimulation increases the α-catenin levels in rat pancreatic 

β-cell lines. 

Glucose sensing by pancreatic β-cells is critical for proper insulin secretion and 

perturbation of this process leads to the development of type-2 diabetes. As glucose 

sensing is important for proper functioning of β-cells, the next question was whether α-

catenin responds to changes of glucose levels in β-cells. After serum starvation in KRBH 

buffer, INS-1E cells were treated with 0.5 mM or 10 mM glucose for 3 hours. Here two 

different K+ concentrations in KRBH buffer were used, which are physiological K+ 

concentration (4.7 mM) or membrane depolarizing K+ concentration (30 mM), as it might 

help to delineate whether α-catenin functions downstream of potassium channels. As 

shown in the figure 3.8, glucose stimulation increased the α-E catenin and α-N catenin 

protein levels in INS-1E cells. Similarly, even in INS-832/3 cells both α-E catenin and α-N 

catenin protein levels were increased after glucose stimulation for 3 hours (Figure 3.9). 

However in INS-832/3 cells, α-catenin levels increased at 30 mM K+ concentration even at 

the basal glucose level, where as in INS-1E cells there was no such effect of K+ 

concentration on α-catenin levels. As α-catenin levels increased with glucose stimulation, 

here we propose that α-catenin protein may function as a glucose sensor to modify the 

insulin secretory capacity in rat pancreatic β-cells. 
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Figure 3.8 α-catenin protein levels increase with glucose stimulation in INS-1E cells.  

After serum starvation for 4 hours, INS-1E cells were treated with 0.5 mM or 10 mM 

glucose in either 4.7 mM K+/KRBH buffer or 30 mM K+/KRBH buffer for 3 hours. (A) Cell 

lysates were subjected to western blot analysis using α-E catenin, α-N catenin or α-tubulin 

antibodies. (B) Densitometry analysis of α-E catenin and α-N catenin protein expression 

with glucose stimulation in 4.7 mM K+/KRBH buffer. Results are mean ± S.E.M of three 

data points. *P<0.05 and **P<0.01 compared with low glucose condition as assessed by 

unpaired t-test. At least three independent experiments were performed to confirm above 

results (Figure S 3.7 and Figure S 3.8). 
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Figure 3.9 α-catenin protein levels increase with glucose stimulation in INS-832/3 
cells.  

After serum starvation for 4 hours, INS-832/3 cells were treated with 3 mM or 15 mM 

glucose in 4.7 mM K+/KRBH buffer or 30 mM K+/KRBH buffer for 3 hours. (A) Cell lysates 

were subjected to western blot analysis using α-E catenin, α-N catenin or α-tubulin 

antibodies. (B) Densitometry analysis of α-E catenin and α-N catenin protein expression 

with glucose stimulation in 4.7 mM K+/KRBH buffer. Results are mean ± S.E.M of three 

data points. *P<0.05 and **P<0.01 compared with low glucose condition as assessed by 

unpaired t-test. At least three independent experiments were performed to confirm above 

results (Figure S 3.9 and Figure S 3.10). 
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3.3.7 α-catenins respond to glucose at physiologically relevant glucose 

concentrations. 

The next aim was to identify whether α-catenin responds to physiologically 

relevant glucose concentrations. After serum starvation, INS-1E cells were stimulated with 

increasing concentrations of glucose ranging from 2 mM-8 mM for 3 hours. Despite there 

being no significant effect of K+ concentration on α-catenin levels in INS-1E cells, 30 mM 

concentration of KCl in KRBH buffer was used as it is the membrane depolarizing K+ 

concentration which is important for triggering insulin secretion. Here we noticed that α-E 

catenin protein level increased with increasing glucose concentrations and there was a 

significant increase of α-E catenin levels in the physiologically relevant canges of glucose 

concentration. (Figure 3.10). α-N catenin protein levels also significantly increased at 4 

mM, 6 mM and 8 mM glucose concentrations compared to basal glucose level (2 mM). 

These data suggest that both α-E catenin and α-N catenin respond to physiologically 

relevant glucose concentrations. 
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Figure 3.10 α-catenins respond to physiologically relevant glucose concentrations.  
After serum starvation for 4 hours, INS-1E cells were treated with increasing 

concentrations of glucose ranging from 2 mM-8 mM in 30 mM K+/KRBH buffer for 3 hours. 

(A) Cell lysates were subjected to western blot analysis using α-E catenin, α-N catenin or 

α-tubulin antibodies. Densitometry analysis of (B) α-E catenin and (C) α-N catenin protein 

levels in relative to α-Tubulin. Results are mean ± S.E.M of three data points. *P<0.05 and 

**P<0.01 compared with low glucose (2 mM) condition as assessed by one-way ANOVA. 

At least three independent experiments were performed to confirm above results (Figure 

S 3.11, Figure S 3.12).  
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3.3.8 α-catenins respond to glucose within at least 30 minutes of glucose 

stimulation. 

As α-catenin levels change with glucose stimulation and α-catenins involve in the 

regulation of insulin secretion, the next aim was to identify how quickly α-catenins 

respond to glucose stimulation as it might help to identify which phase of the insulin 

secretion is regulated by α-catenin. As mentioned previously, glucose stimulated insulin 

secretion is a biphasic process in which first phase of insulin secretion occurs within 5-10 

minutes of glucose stimulation and second phase of insulin secretion occurs for few hours 

if glucose stimulation remains (Wang et al., 2009). To identify how quickly α-catenin 

responds to glucose stimulation, INS-1E cells were treated with 10 mM glucose (Figure 

3.11) and INS-832/3 cells were treated with 15 mM glucose (Figure 3.12) for indicated 

times. α-E catenin protein level was increased after 30 minutes of glucose stimulation and 

α-N catenin levels increased after 15 minutes of glucose stimulation in INS-1E cells. In 

INS-832/3 cells, both α-E catenin and α-N catenin levels were increased after 30 minutes 

of glucose stimulation, however the increase of α-N catenin was not statistically 

significant. These results further confirm the potential involvement of α-catenin as a 

glucose dependent modulator of insulin secretion process. When we consider the time 

frame in which α-catenin levels changed with glucose stimulation, it is more likely that α-

catenin may regulate the second phase of insulin secretion. As we performed this 

experiment with 30 mM KCl (membrane depolarization), it is also possible that under this 

condition KCl may have an additive effect on glucose induced increase of α-catenin 

despite having no effect of  30 mM KCl alone on α-catenin in INS-1E cells as shown 

previously (Figure 3.9 A). Therefore, further experiments need to be done to clarify the 

exact response time of α-catenin only to glucose stimulation. 
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Figure 3.11 α-catenin levels increase within 30 min of glucose stimulation in INS-1E.  
After serum starvation for 4 hours, INS-1E cells were treated with 10 mM glucose in 30 

mM K+/KRBH buffer for indicated times. (A) Cell lysates were subjected to western blot 

analysis using α-E catenin, α-N catenin or α-tubulin antibodies. Densitometry analysis of 

(B) α-E catenin and (C) α-N catenin protein levels relative to α-tubulin. Results are mean ± 

S.E.M of three data points. *P<0.05 and **P<0.01 compared with 0 minute condition as 

assessed by one-way ANOVA. Three independent experiments were performed to 

confirm above results (Figure S 3.13). 
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Figure 3.12 α-catenin levels increase within 30 minutes of glucose stimulation in 
INS-832/3 cells. 

After serum starvation for 4 hours, INS-832/3 cells were treated with 15 mM glucose in 30 

mM K+/KRBH buffer for indicated times. Cell lysates were subjected to western blot 

analysis using α-E catenin, α-N catenin or α-tubulin antibodies. (B) Densitometry analysis 

of α-E catenin and α-N catenin protein expression. Results are mean ± S.E.M of three 
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data points. *P<0.05 and **P<0.01 compared with control/low glucose condition as 

assessed by one-way ANOVA. 

3.3.9 Glucose induced increase of α-catenin may mediated by β-catenin. 

Many lines of evidence indicate that α-catenin and β-catenin mutually regulate the 

gene and protein expression of each other (Choi et al., 2013; Hwang et al., 2005; Suzuki et 

al., 2008). The proteasomal degradation of α-E catenin is mediated by ARMc8α protein, 

which is a key component of the CTLH complex (Suzuki et al., 2008). It has been shown 

that ARMc8α and β-catenin proteins bind to the same region on α-catenin, however as β-

catenin binding does not affect ARMc8α to α-catenin, it has been suggested that β-catenin 

binding and ARMc8α binding with α-catenin are not competitive interactions (Suzuki et 

al., 2008). Despite β-catenin having no effect on ARMc8α binding with α-catenin, 

overexpression of β-catenin increases α-catenin protein level in chondrocytes by inhibiting 

proteasomal degradation of α-catenin (Hwang et al., 2005). Similarly, an increase in β-

catenin level by Wnt3a stimulation, treatment with glycogen synthase kinase-3 inhibitor 

(LiCl), or a proinflammatory cytokine interleukin-1β (IL-1β) also causes the accumulation 

of α-catenin in chondrocytes (Hwang et al., 2005). All these lines of evidence indicate the 

potential involvement of β-catenin in α-catenin protein degradation or synthesis. 

As we have previously shown that glucose stimulation increases β-catenin protein 

level in rat pancreatic β-cell lines and the above background information indicates that an 

increase in β-catenin level causes α-catenin stabilization, we hypothesised that β-catenin 

may be involved in the glucose induced increase of α-catenin in β-cells. Here, we 

investigated whether the glucose induced increase of α-catenin is occurring via 

stabilization of β-catenin by glucose. First, β-catenin was depleted in INS-1E cells and 

cells were stimulated with 0.5 mM or 10 mM glucose. As expected, β-catenin depletion 

attenuated the glucose effect on α-catenin (Figure 3.13). To further confirm this finding, 
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INS-1E cells were pre-treated with pyrvinium, which is known to promote β-catenin 

degradation and then α-E catenin levels were analysed after glucose stimulation. Similar to 

β-catenin knockdown, β-catenin depletion by pyrvinium also attenuated the α-catenin 

levels despite of glucose stimulation (Figure 3.14) indicating that the expression level of α-

E catenin in INS-1E depends on β-catenin protein. Altogether these data suggest that β-

catenin is required for the increased α-catenin levels caused by glucose in INS-1E cells and 

that increase of α-catenin may occur due to accumulation of β-catenin by glucose.  
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Figure 3.13 Glucose induced increase of α-E catenin may depend on β-catenin 
protein expression. 
INS-1E cells were transfected with negative control siRNA or siRNA specific for β-catenin. 

48 hours after transfection cells were serum starved and treated with 10 mM glucose for 3 

hours in 4.7 K+ /KRBH buffer. (A) Cell lysates were subjected to western blot analysis 

using α-Tubulin antibody as a loading control. Densitometry analysis of (B) β-catenin and 
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(C) α-E catenin protein levels relative to α-tubulin. *P<0.05 and **P<0.01 compared with 

glucose stimulated condition of negative control siRNA as assessed by two-way ANOVA 

followed by Tukey’s test. NS indicates non-significant. At least three independent 

experiments were performed to confirm above results (Figure S 3.14). 

 
 

Figure 3.14 β-catenin inhibitor-pyrvinium decreases the α-E catenin levels, while 
overexpression of β-catenin may increases the α-E catenin level. 

After serum starvation, INS-1E cells were pretreated with either DMSO or pyrvinium for 30 

minutes and stimulated with either 0.5 mM or 10 mM glucose for 3 hours in 4.7 K+/KRBH 

buffer. Cell lysates were subjected to western blot analysis. At least two independent 

experiments were performed to confirm above results (Figure S 3.14). 

3.3.10  Expression level of β-catenin protein may not depend on α-catenin 

protein level. 

According to our previous data, α-E catenin protein expression in β-cells depends 

on β-catenin protein level. Here we have investigated whether β-catenin protein expression 

level is also dependent on α-catenin protein in β-cells. First, INS-1E cells were transfected 

with either GFP control, FLAG tagged WT α-E catenin or FLAG tagged mutant α-E 

catenin (Δ1-128 α-E catenin) that cannot interact with β-catenin (Choi et al., 2013). 

Overexpression of WT or mutant α-E catenin had no effect on β-catenin protein expression 

level in INS-1E (Figure 3.15 A). To further confirm above findings, α-E catenin was 
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depleted in INS-1E cells using three different siRNAs specific for α-E catenin and the 

expression level of β-catenin protein was analysed. α-E catenin siRNA #2 transfected cells 

had no effect on β-catenin protein level, while α-E catenin siRNA #1 and α-E catenin 

siRNA#3 transfected cells showed a slight reduction in β-catenin levels (Figure 3.15 B). 

 

 
Figure 3.15 β-catenin protein expression may not depend on the α-E catenin protein 
level.  

(A) INS-1E cells were transfected with GFP plasmid or plasmids encoding WT α-E catenin 

or Δ1-128 α-E catenin proteins. 48 hours after transfection, cells were serum starved for 2 

hours and stimulated with or without glucose for 2 hours. Cell lysates were subjected to 

western blot analysis. (B) INS-1E cells were transfected with negative control siRNA or 
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siRNA specific for α-E catenin. 48 hours after siRNA transfection, cells were serum 

starved for 2 hours and either unstimulated or stimulated with 10 mM glucose in 4.7 mM 

K+/KRBH for 2 hours. Cell lysates were subjected to western blot analysis.  

 

3.3.11  GLP-1 analogues may also affect α-catenin levels in INS-832/3 

Incretin hormones such as glucagon-like peptide-1 (GLP-1) and glucose-

dependent insulinotropic polypeptide (GIP), which are released by intestinal L cells 

promote the production of cAMP (Tengholm, 2012). cAMP is known to potentiate the 

glucose effect on insulin secretion rather than stimulate insulin release on its own. cAMP 

potentiates insulin secretion through PKA dependent and independent pathways via 

increasing intracellular calcium levels (Tengholm, 2012). Previously we have identified 

that β-catenin regulates both glucose and GLP-1 mediated insulin secretion in INS-832/3 

cells (Cognard et al., 2013; Sorrenson et al., 2016). In addition, treatment of β-cells with 

GLP-1 analogues such as forskolin and exendin-4 increases the phosphorylation of Ser 552 

β-catenin and Ser 675 β-catenin levels (Cognard et al., 2013). As scansite 3 online tool 

(Obenauer et al., 2003) indicated the presence of a potential PKA phosphorylation site on 

α-E catenin, here we investigated whether similar to β-catenin, α-catenin also responds to 

GLP-1 stimulation in β-cells. 
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Table 3.1 Potential phosphorylation sites in α-E catenin.  

Scansite 3 online tool was used to identify potential phosphorylation sites. According to 

above scansite results, α-E catenin can be phosphorylated by protein kinase A at site 

S341. 

Due to the unavailability of antibodies, we were unable to detect whether GLP-1 

stimulation affect S341 phosphorylation on α-E catenin. However we investigated whether 

GLP-1 analogues have any effect on total α-catenin protein levels. After serum starvation, 

INS-1E and INS-832/3 cells were treated with glucose, forskolin or exendin-4 for 3 hours 

and α-E catenin and α-N catenin protein expression levels were analysed. α-E catenin level 

slightly increased with all GLP-1 analogues in INS-832/3 cells (Figure 3.16 A), but not in 

INS-1E cells (Figure 3.16 B). However the effects of GLP-1 analogues on α-N catenin in 

INS-832/3 cells was not clear. 
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Figure 3.16 GLP-1 analogues may also increase α-E catenin levels in INS-832/3 
cells.  

(A) INS-832/3 cells were serum starved for 4 hours and treated with glucose (15 mM), 

Exendin 4 (15 nM) or Forskolin (10 uM) in 4.7 K+/KRBH buffer for 3 hours. Cell lysates 

were subjected for western blot analysis. (B) INS-1E cells were serum starved for 4 hours 

and treated with glucose (15 mM), Exendin 4 (15 nM) or Forskolin (10 µM) for 3 hours. 

Cell lysates were subjected for western blot analysis. At least two independent 

experiments were performed to confirm above results (Figure S 3.15). 

3.3.12  The effect of α-catenin depletion on insulin granule localization is 

undetectable with confocal imaging. 

As we have found that α-catenin depletion increases the glucose stimulated 

insulin secretion in β-cells and previous studies indicate that α-catenin depletion increases 

the dynactin mediated vesicle trafficking in keratinocytes (Lien et al., 2008), we were 

interested to investigate whether α-catenin depletion has any effect on insulin granule 



 

 101 

localization. To investigate this hypothesis, α-E catenin, α-N catenin or β-catenin were 

depleted in INS-1E cells and insulin granules were stained. By using TIRF-M, previously 

we have identified that β-catenin depletion changes insulin granule localization at the cell 

periphery in INS-832/3 and MIN-6 cells (Sorrenson et al., 2016). However according to 

confocal images, there were no changes of insulin granule localization after α-catenin or 

even after β-catenin knockdown in INS-1E cells (Figure 3.17). Unlike TIRF-M imaging, 

confocal imaging cannot detect the changes of insulin granules close proximity to the 

plasma membrane within 200 nm distance. This might explain why we cannot detect any 

changes of insulin granule localization, despite glucose stimulation or catenin depletion. 

Unfortunately we didn’t have access to TIRF microscopy for these experiments. 
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Figure 3.17 The effect of catenin depletion on insulin granule localization is 
undetectable with confocal imaging. 

INS-1E cells were transfected with either negative control siRNA or siRNA specific for α-E 

catenin, α-N catenin or β-catenin. 48 hours after siRNA transfection, cells were serum 

starved and treated with 0.5 mM or 10 mM glucose in 4.7 K+/KRBH for 2 hours. After 

fixing and permeabilization, cells were incubated with insulin antibody (rabbit) for 1 hour at 

RT. Then cells were incubated with Alexa fluor 488-anti-rabbit antibody for 1 hour at RT. 

Cells were imaged with confocal microscopy at 37 Z sections. 3-D images were 

constructed using all 37 Z section images. 

3.3.13  α-Catenin depletion increases the KCl stimulated Ca2+ flux into 

INS-1E cells. 

In response to glucose stimulation, K+ channels are closed leading to the plasma 

membrane depolarization (Ashcroft et al., 1984; Cook et al., 1984). Due to the plasma 

membrane depolarization, voltage gated Ca2+ channels are opened causing rapid influx of 

calcium ions (Satin et al., 1985; Wollheim et al., 1981). To investigate whether α-catenin 

regulates glucose stimulated insulin secretion via regulating calcium flux, FLIPR assays 

were performed after α-E catenin, α-N catenin or β-catenin depletion. In these assays, , 

KCl was added to each sample at 40 seconds after initiation of reading, such that final K+ 

concentration is 30 mM. Readings were taken for 225 seconds in 2 seconds time intervals. 

As shown in figure 3.20, depletion of α-E catenin or α-N catenin increases the K+ 

stimulated Ca2+ flux into INS-1E, while β-catenin depletion has no such effect. 
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Figure 3.18 α-catenin depletion increases the K+ stimulated calcium flux into β-
cells.  
INS-1E cells were transfected with siRNA specific for either α-E catenin, α-N catenin, β-

catenin or negative control siRNA. 48 hours after siRNA transfection cells were incubated 

with calcium binding dye for 1 hour at 370C and readings were taken for 225 seconds at 2 

seconds intervals. At 40 seconds, 10 µl of KCl was added to each well. (A) Florescence 

signals were plotted against the time. (B) Relative Fluorescence units (RFU) were 

calculated by subtracting each fluorescence signal from initial fluorescence signal in 

different siRNA conditions. At least three independent experiments were performed to 

confirm above results (Figure S 3.16). 
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3.4 Discussion 

In response to elevated blood glucose levels, pancreatic β-cells secrete insulin 

hormone, which in turn maintains blood glucose homeostasis. Glucose sensing by β-cells 

is important to trigger a wide range of responses including insulin gene expression and 

insulin secretion (Andrali et al., 2008). Glucose regulates the expression of many other 

genes via different mechanisms such as ATP-sensitive potassium channels (MacDonald et 

al., 2005), AMP activated protein kinase (Winder et al., 2007), activation of PKC (protein 

kinase C) (Brownlee, 2001) and flux through the hexosamine biosynthesis pathway 

(Marshall, 2006). Previously, we have identified that β-catenin protein level is increased 

with glucose stimulation and β-catenin regulates glucose stimulated insulin secretion in rat 

pancreatic β-cells (Cognard et al., 2013; Sorrenson et al., 2016). Moreover, other 

components of adherens junstion such as E-cadherin (Bosco et al., 2007) and N-cadherin 

(Johansson et al., 2010) also shown to be required for proper glucose stimulated insulin 

secretion. At the cell-cell junction, β-catenin protein interacts with both cadherin (Huber et 

al., 2001) and α-catenin proteins (Aberle et al., 1994), which is known to bind with actin 

cytoskeleton (Rimm et al., 1995). In this project, we were interested to investigate the role 

of β-catenin binding protein α-catenin in pancreatic β-cells. 

 α-catenin is mainly considered as a component of adherens junction, which 

connects the cadherin-catenin complex to the actin cytoskeleton, but is not often 

considered as a regulatory protein. However, it has been identified that α-catenin functions 

as a negative regulator of dynactin mediated vesicle trafficking in keratinocytes indicating 

additional roles of α-catenin in cytoplasm (Lien et al., 2008). Here we have investigated 

the role of α-catenin in glucose stimulated insulin secretion in the rat pancreatic β-cell line 

INS-1E. α-catenin depletion in β-cells significantly increases the glucose stimulated insulin 

secretion, suggesting that the glucose induced increases represent a potential negative 
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feedback mechanism in insulin secretion. Similar to α-E catenin, α-N catenin also inhibits 

glucose stimulated insulin secretion. When α-E catenin is depleted along with α-N catenin, 

glucose stimulated insulin secretion further increases, indicating independent and additive 

effects of α-catenin isoforms on insulin secretion. However there is no previous evidence 

for the involvement of α-N catenin in vesicle trafficking. This inhibitory role of α-E 

catenin in β-cells may be similar to keratinocytes, as α-E catenin inhibits dynactin 

mediated vesicle trafficking in keratinocytes (Lien et al., 2008). However, for further 

studies it is important to investigate the exact functions of α-E catenin and α-N catenin in 

insulin secretion regulation and whether those roles are indispensable. 

 It was not surprising to observe the involvement of α-catenin in insulin 

secretion regulation as α-catenin is known to regulate many other proteins that involved in 

this process such as β-catenin (Choi et al., 2013), actin cytoskeleton (Benjamin et al., 

2010) and microtubules (Shtutman et al., 2008). There are several potential pathways by 

which α-catenin may regulate the insulin secretion process. As mentioned previously, α-

catenin is one of the major interacting proteins of β-catenin, which is known to promote 

glucose induced insulin secretion (Cognard et al., 2013). Previously, it has been shown that 

α-catenin promotes the ubiquitination and degradation of β-catenin by stabilizing its 

interactions with APC protein, which is a component of β-catenin degradation complex 

(Choi et al., 2013). Therefore, we hypothesized that the depletion of α-catenin would led to 

stabilization of β-catenin, thereby increasing the glucose stimulated insulin secretion. 

However, overexpression of α-catenin had no effect on total β-catenin level in INS-1E 

cells ruling out the possibility that α-catenin mediated regulation of insulin secretion 

occurrs via modulating total β-catenin levels.  Given that α-catenin regulates the 

cytoplasmic retention of β-catenin when ectopically expressed in EGFR overexpressed 

glioma cells (Ji et al., 2011), it is possible that the depletion of α-catenin might affect the 
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localization of β-catenin in one of these pools, thereby modulate the β-catenin mediated 

regulation of insulin secretion. When α-catenin is depleted in glioma cells, nuclear 

translocation of β-catenin is increased even without EGF stimulation (Ji et al., 2011). 

These data suggest that α-catenin might regulate the localization of β-catenin, thereby 

modulating the cytoplasmic level of β-catenin available for insulin secretion regulation. 

Therefore for future studies, it is important to investigate whether α-catenin has any effect 

on β-catenin localization in β-cells. In addition to regulating β-catenin protein level and 

localization, α-catenin is also known to regulate the transcriptional activity of Wnt/β-

catenin (Choi et al., 2013). It has been shown that the β-catenin/TCF transcriptional 

activity is increased in α-catenin deficient DLD-1 cells, indicating the Wnt transcriptional 

repression by α-catenin. (Choi et al., 2013) α-catenin functions as a transcription repressor 

by inhibiting interaction between β-catenin-TCF complex and DNA (Giannini et al., 2000). 

Even though it is not known whether the transcriptional activity of β-catenin is important 

for its role in insulin secretion, it has been shown that both β-catenin and TCF7L2 regulate 

insulin secretion process, specifically β-catenin has positive effect on insulin secretion, 

while TCF7L2 has negative role in insulin secretion (Sorrenson et al., 2016). Therefore, it 

is possible that α-catenin may regulate the insulin secretion by inhibiting transcriptional 

activity of β-catenin. For further studies, it is also important to investigate whether α-

catenin depletion or overexpression affect the β-catenin transcriptional activity in INS-1E 

cells. As β-catenin transcriptional activity is regulated by α-catenin (Choi et al., 2013) and 

α-catenin degradation is regulated by β-catenin (Hwang et al., 2005), α-E catenin and β-

catenin were simultaneously depleted in INS-1E cells in order investigate whether their 

functions in β-cells are interdependent. When only β-catenin is depleted, glucose 

stimulated insulin secretion is attenuated, while α-E catenin depletion increases the glucose 

stimulated insulin secretion. However, simultaneous depletion of α-E catenin and β-catenin 
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resulted in a glucose stimulated insulin secretion similar to that of control siRNA 

condition. This finding that the effect of α-catenin knockdown on insulin secretion is 

attenuated when β-catenin protein is also depleted in INS-1E cells indicates that the 

presence of both α-catenin and β-catenin at a proper ratio might be crucial for the release 

of right amount of insulin hormone at the right time. Given that α-catenin is switched 

between homodimeric form and heterodimeric form with β-catenin, which is known to 

facilitate insulin secretion and β-catenin is required for α-catenin mediated regulation of 

insulin secretion, we hypothesized that the interaction between α-catenin and β-catenin 

might be crucial for their role in insulin secretion.  

 α-E catenin is also involved in the remodelling of actin cytoskeleton, which 

is a well-known regulator of insulin secretion. As homodimeric α-catenin is known to 

prevent actin branching (Hansen et al., 2013), which may lead to the accumulation of 

unbranched actin filaments at the cell periphery (Rimm et al., 1995), we hypothesized that 

α-catenin mediated regulation of insulin secretion may occur via modulating actin 

dynamics. To investigate whether α-catenin mediated regulation of insulin secretion is 

occurring via modulating actin polymerization, we performed insulin secretion assays in α-

catenin depleted INS-1E cells with or without latrunculin treatment. The argument was, if 

α-catenin depletion completely disrupts actin cytoskeleton, latrunculin treatment should 

not further increase the insulin secretion in α-catenin depleted cells. However, as 

latrunculin treatment further increases the insulin secretion in α-E catenin depleted cells, it 

is possible that α-catenin depletion may not completely inhibit actin polymerization to the 

extent that latrunculin treatment does or that α-E catenin mediated regulation of insulin 

secretion may not completely depend on modulation of actin polymerization. However, 

given that α-catenin also regulate microtubule dynamics (Shtutman et al., 2008), which has 

a negative regulatory role in insulin secretion (Zhu, Hu, et al., 2015), it might also be 
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important to investigate whether microtubule play a role during α-catenin mediated 

negative feedback mechanism in insulin secretion.  

Then we found that two isoforms of α-catenin proteins, which are α-E catenin and 

α-N catenin respond to glucose stimulation in β-cells. Results showing α-catenins respond 

to physiologically relevant glucose concentrations and α-catenin levels increase within at 

least 30 minutes of glucose stimulation, further provide evidence for the involvement of α-

catenin in negative feed back mechanism in insulin secretion. Time frame in which these 

changes of α-catenin levels occur with glucose stimulation suggest that α-catenin might 

affect the second phase of insulin secretion or potentially the shut off of insulin secretion.  

 Glucose sensing by β-cells is critical for the proper regulation of insulin 

secretion. During high blood glucose levels, glucose is transported into β-cells via GLUT2 

(Johnson et al., 1990) . The increase in intracellular glucose levels causes changes in 

proteins that might regulate the insulin secretion process. For instance, previously we have 

shown that the Ser552 β-catenin level and total β-catenin levels increase with glucose 

stimulation in INS-1E cells (Cognard et al., 2013). As α-catenin levels change with glucose 

stimulation, our next aim was to identify potential mediators of this glucose induced 

increase in α-catenin. As mentioned previously, β-catenin is a well-known interacting 

partner of α-catenin and the α-catenin-β-catenin interaction is important to regulate β-

catenin signalling (Hwang et al., 2005). It has been shown that α-catenin is degraded in 

chondrocytes in an ubiquitin independent, proteasomal dependent manner (Hwang et al., 

2005). The fact that accumulation of β-catenin causes the accumulation of α-catenin in 

chondrocytes and accumulated α-catenin and β-catenin are co-localized in the cytoplasm 

and nucleus as a complex (Hwang et al., 2005) led us to hypothesize that accumulation of 

β-catenin by glucose stimulation may cause the stabilization of α-catenin. We observed 

that this is indeed the case because accumulation of α-catenin with glucose stimulation is 
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attenuated when β-catenin is depleted. In agreement with this observation, we also noticed 

an increase of α-E catenin protein with overexpression of WT β-catenin, but not with 

Y142A mutant β-catenin that cannot interact with α-catenin (Choi et al., 2013). 

Furthermore, treatment of β-cells with pyrvinium, which is known to reduce β-catenin 

levels also attenuated the glucose induced accumulation of α-E catenin. Previous findings 

and these observations support a model in which glucose induced accumulation of α-

catenin occurs via binding of α-catenin with excess β-catenin, which is caused by glucose 

stimulation. As proteasome mediated degradation of α-catenin is mediated by ARMC8α, 

whose binding site on α-catenin is in close proximity to β-catenin binding site, it is 

possible that β-catenin binding to α-catenin may prevent ARMC8α mediated degradation 

of α-catenin leading to α-catenin accumulation (Suzuki et al., 2008). Together these data 

suggest that glucose induced increase of α-catenin is occurring via β-catenin, as binding of 

β-catenin with α-catenin prevents its proteasomal degradation (Abdelalim et al., 2014; 

Hwang et al., 2005; Suzuki et al., 2008).  

  As previously mentioned, glucose causes an increase of ATP levels causing 

the closure of KATP channels, leading to the elevation of intracellular K+ levels, ultimately 

causing plasma membrane depolarization. When β-cells were stimulated with 30 mM KCl, 

it bypasses the KATP channels by causing plasma membrane depolarization and rapid influx 

of Ca2+ ions. In FLIPR assays, these Ca2+ ions bind with calcium dye, which are then 

trapped inside the cells and give fluorescent signals. According to FLIPR data, α-catenin 

depletion increases the K+ stimulated calcium flux into the INS-1E cells, but β-catenin 

depletion had no effect. This FLIPR study data led us to suggest that α-catenin depletion 

increases the K+ stimulated calcium influx into the β-cells, which is another potential 

mechanism for α-catenin mediated negative regulation of insulin secretion.  
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 In summary, this study identifies α-catenin as part of the cellular machinery 

that regulate insulin secretion and it also identifies it as a part of the negative feedback 

mechanism for glucose stimulated insulin secretion by β-cell. The proper ratio of α-catenin 

and β-catenin may function as a volume regulator in insulin secretion process, which 

ensures the release of right amount of hormone at the right time. Given that increased level 

of β-catenin facilitates insulin secretion, while increased α-catenin protein level inhibits 

insulin secretion, the complex formation between α-catenin and β-catenin might function 

as a buffering system for amount of free α-catenin and β-catenin proteins in the cells, 

thereby regulating the insulin secretion.  
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4 Investigating the role of β-catenin in glucose uptake 

into 3T3-L1 adipocytes. 

4.1 Introduction 

Insulin stimulated glucose uptake by target tissues such as adipocytes and muscles 

is one of the major regulatory processes in blood glucose homeostasis (Otto Buczkowska 

et al., 2003; Rosen et al., 2006). When blood glucose level is high, pancreatic β-cells 

secrete insulin hormone, which in turn facilitates glucose uptake into adipocytes and 

muscle, thereby lowering the blood glucose level. As described in the introduction, 

GLUT4 is the main insulin responsive glucose transporter in adipocytes (Fukumoto et al., 

1989; James, Strube, et al., 1989; Joost et al., 1988), whose insulin induced plasma 

membrane translocation is critical for the regulation of glucose uptake (Shepherd et al., 

1993). During the pre-diabetic state, these target tissues do not respond to insulin 

stimulation, leading to β-cell dysfunction (Faerch et al., 2015). Identification of proteins 

that regulate glucose transport is important, as it might help to develop novel therapeutics 

for type 2-diabetes. During the last two decades significant advances have been made in 

the understanding of GLUT4 translocation process and glucose uptake mechanisms in 

peripheral tissues. Activation of PI3K pathway by insulin (Brown et al., 1999; Shepherd, 

Nave, et al., 1995; Stephens et al., 1993), followed by Akt activation (Katome et al., 2003; 

Kohn et al., 1996) leading to AS160 phosphorylation (Sano et al., 2003; Zeigerer et al., 

2004) has been identified as a major pathway for insulin stimulated GLUT4 translocation 

to the plasma membrane. The presence of TBC1D4 variant in Greenlandic population 

resulting in abrogation of insulin stimulated GLUT4 trafficking further demonstrated the 

importance of this pathway in humans (Moltke et al., 2014). Despite extensive research, 

there are many unfilled gaps in this trafficking pathway that remain to be answered.  
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 Under basal conditions, GLUT4 is retained intracellularly in specialized 

vesicles called GSV, and insulin stimulation causes redistribution of these vesicles and 

resulted in GLUT4 translocation to the plasma membrane (Sadler et al., 2013). The 

involvement of common proteins (such as SNARE) in vesicle trafficking and fusion events 

in different tissue and cell types has been shown previously (Deshaies et al., 1988; Palade, 

1975; Wang et al., 2004). Previously, we have found that Wnt target protein β-catenin is 

required for glucose induced insulin secretion from β-cells (Cognard et al., 2013). TIRF-M 

studies indicate that β-catenin regulates the insulin granule localization at the cell 

periphery during glucose stimulation, suggesting an important role of β-catenin in vesicle 

trafficking or fusion events (Sorrenson et al., 2016). In addition to regulating vesicle 

localization in β-cells, β-catenin also regulates the vesicle trafficking events in presynaptic 

compartments (Bamji et al., 2003). Similar to GSVs translocation to the plasma membrane 

in adipocytes, recruitment of synaptic vesicles (SV) to the presynaptic compartment is 

important for the release of neurotransmitter. Previously, it has been shown that cadherin-β 

catenin complex plays an important role during the recruitment of synaptic vesicles to the 

synapses (Bamji et al., 2006; Bamji et al., 2003). When β-catenin is depleted, synaptic 

vesicles do not accumulate at the synapses, causing an impaired response to repetitive 

stimulation (Bamji et al., 2003). Furthermore, cadherin binding armadillo domains and C-

terminal PDZ binding domains of β-catenin are known to be important for β-catenin 

mediated SV localization (Bamji et al., 2003). These findings suggest that β-catenin may 

act as a scaffold protein, which recruits PDZ domain containing proteins to the cadherin 

junction, which may have a role in vesicle localization. Recent studies indicated that β-

catenin interacts with PDZ domain containing protein scribble, which is an essential 

regulator of SV turnover (Sun et al., 2009). Taken together these results suggest the 

importance of β catenin in vesicle translocation. 
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 Analogous to SV translocation and insulin granule exocytosis, GSV 

membrane translocation may also follows similar trafficking events. As β-catenin is shown 

to be important in these two vesicle translocations (synaptic vesicles and insulin granules), 

it is possible that β-catenin may also involve in GLUT4 trafficking in adipocytes. 

Previously it has been shown that inhibition of GSK3 improves the insulin stimulated 

glucose uptake in to adipocytes (Oreña et al., 2000). However, it is not clearly understood 

what are the downstream targets of GSK3 that involved in GLUT4 trafficking. As 

mentioned earlier, GSK3 phosphorylates Ser33, Ser37 and Thr41 on β-catenin and directed 

it for proteasome mediated degradation (Rubinfeld et al., 1996). As the inhibition of GSK3 

leading to β-catenin stabilization, it is also possible that GSK3 mediated regulation of 

GLUT4 trafficking is occurring via stabilization of β-catenin. On the other hand, β-catenin 

is also identified as a downstream target protein of Akt (Fang et al., 2007), which connects 

insulin-signalling pathway with GLUT4 trafficking (Leto et al., 2012). It has been shown 

that, Akt phosphorylates β-catenin at ser552 causing the redistribution of β-catenin from 

the plasma membrane to the cytoplasm and nucleus, thereby promoting β-catenin 

transcriptional activity (Fang et al., 2007). Taken together, these background information 

led us to hypothesize that β-catenin may regulate the GLUT4 translocation to the plasma 

membrane in adipocytes. 

4.2 Aims of the study 

• To determine whether β-catenin is requiring for glucose uptake into 3T3-L1 

adipocytes. 

• To determine whether β-catenin is important for plasma membrane localization of 

GLUT4.  

• To understand how β-catenin responds to insulin stimulation in 3T3-L1 adipocytes. 
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4.3 Results 

4.3.1 Reverse transfection of β-catenin siRNA into 3T3-L1 adipocytes 

resulted in >80% knockdown. 

To investigate whether β-catenin is required for glucose uptake in 3T3-L1 

adipocytes, β-catenin was depleted by reverse transfecting siRNA into adipocytes. 

According to western blot analysis, reverse transfection of β-catenin siRNA resulted in 

>80% of protein knockdown in 3T3-L1 adipocytes compared to cells transfected with 

control siRNA (Figure 4.1). 

 

 
Figure 4.1 β-catenin knockdown in 3T3-L1 adipocytes.  
(A) 6-8 days after initiation of differentiation, 3T3-L1 adipocytes were transfected with 

negative control siRNA or siRNA specific for β-catenin using reverse transfection method. 

48 hours after siRNA transfection, cells were lysed and lysates were subjected to western 

blot analysis. PPARγ was used as the loading control. (B) Densitometry analysis of 

western blot image for β catenin compared to PPARγ. *P<0.05 and **P<0.01 compared to 
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negative control siRNA as assessed by unpaired t-test. Results are mean ± S.E.M. At 

least three independent experiments were performed to confirm above results. 

4.3.2 Different glucose levels in starvation media significantly affect the 

fold increase of glucose uptake. 

While more than 90% of 3T3-L1 fibroblasts were differentiated into adipocytes, 

2-DOG uptake assays showed only a 3-4-fold increase of insulin stimulated glucose 

uptake. Compared to other published data, 3T3-L1 adipocytes typically show a 10-15-fold 

increase of glucose uptake in response to insulin (Frost et al., 1985). In order to 

troubleshoot the 2-DOG assay, 3T3-L1 adipocytes were starved in DMEM high glucose 

medium without serum or DMEM no glucose medium without serum for 3 hours. After 

starvation, cells were stimulated with 100 nM insulin for 20 minutes and the 2-DOG assays 

were performed as mentioned in the method section.  

 When cells were starved of both serum and glucose, the insulin stimulated 

glucose uptake was increased compared to serum-starved cells. There was also an increase 

in the level of glucose uptake in non-stimulated (basal) conditions. As a result, in glucose 

and serum starved cells insulin stimulation lead to only a 4-fold increase in glucose uptake 

compared to the basal condition. In cells that had been starved of serum but not glucose, 

the fold increase in insulin stimulated glucose uptake was about 12-fold (Figure 4.2). With 

this acceptable glucose uptake efficiency, only serum starvation (in DMEM, high glucose 

media) was used for future studies, on the basis that the mechanisms we are studying will 

be most obvious when fold stimulation is greatest. 
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Figure 4.2 The effect of starvation media on glucose uptake into 3T3-L1 adipocytes. 
 6-8 days after initiation of adipocytes differentiation, adipocytes were starved with glucose 

and serum or serum only. After stimulation with 100 nM insulin for 20 minutes, 2-DOG 

assays were performed. (A) Radioactivity of each sample was normalized to total protein 

level. Results are mean ± S.E.M. (B) Fold increase was calculated as the ratio between 

stimulated and unstimulated glucose uptake. *p<0.05 and **p<0.01 compared to control 

condition as assessed by unpaired t-test. 
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4.3.3 β-catenin depletion reduces glucose uptake into 3T3-L1 adipocytes. 

To investigate whether β-catenin is required for glucose uptake into 3T3-L1 

adipocytes, β-catenin was depleted from adipocytes using the reverse transfection method. 

After serum starvation, cells were stimulated with 100 nM insulin for 20 minutes and 2-

DOG assays were performed. Depletion of β-catenin from adipocytes resulted in a 

significant reduction of insulin stimulated glucose uptake into 3T3-L1 adipocytes. 

Interestingly, depletion of β-catenin also slightly increases the glucose uptake at the basal 

level, ultimately leading to a significant reduction in the fold increase of glucose uptake. 
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Figure 4.3 β-catenin depletion with siRNA reduces glucose uptake into 3T3-L1 
adipocytes.  
6-8 days after initiation of differentiation, 3T3-L1 adipocytes were transfected with 

negative control siRNA or siRNA specific for β-catenin using lipofectamine 2000. 48 hours 

after siRNA transfection, 3T3-L1 adipocytes were stimulated with 100 nM insulin for 20 

minutes and 2-DOG assays were performed. (A) Radioactivity of each sample was 

normalized to total protein level. (B) Fold increase was calculated as the ratio between 

stimulated and unstimulated glucose uptake. Results are mean ± S.E.M of two 

independent experiments *P<0.05 and **P<0.01 compared with the insulin treated 

condition of negative control siRNA transfected cells as assessed by one-way ANOVA. 

Unpaired t-test was performed to assess the statistical significance in fold increase. 
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4.3.4 Pre-treatment of 3T3-L1 adipocytes with β-catenin inhibitor-

pyrvinium significantly reduces the insulin stimulated glucose 

uptake. 

Amino terminal phosphorylation of β-catenin at Ser45, Ser33, Ser37 and Thr41 is 

important for β-catenin degradation. A complex consisting of CK1 and axin is known to 

phosphorylate β-catenin at Ser45, which primes the subsequent amino terminal 

phosphorylation by GSK3 (Liu, Li, et al., 2002). Pyrvinium pamoate exerts its effect on β-

catenin by potentiating CK1 activity, thereby promoting β-catenin degradation (Thorne et 

al., 2010). Here, 3T3-L1 adipocytes were pre-treated with pyrvinium for 30 minutes and 

stimulated with 100 nM insulin for 20 minutes. Similar to β-catenin knock down, 

pyrvinium treatment also reduces the insulin stimulated glucose uptake into 3T3-L1 

adipocytes (Figure 4.4). In addition, pyrvinium treatment slightly increases the glucose 

uptake at the basal level. Overall β-catenin inhibition by pyrvinium significantly decreases 

the fold increase of glucose uptake. The pyrvinium data further confirms our previous 

finding that β-catenin is required for the regulation of insulin stimulated glucose uptake in 

3T3-L1 adipocytes. 



 

 121 

 
Figure 4.4. The β-catenin inhibitor pyrvinium reduces insulin stimulated glucose 
uptake into 3T3-L1 adipocytes.  

(A, B) After serum starvation in DMEM media for 3 hours, 3T3-L1 adipocytes were pre-

treated with either DMSO or pyrvinium (10 µM) for 30 minutes and then either 

unstimulated or stimulated with 100 nM insulin for 30 minutes and 2-DOG assays were 

performed. Radioactivity values were normalized to the amount of total protein in the 

sample. At least three independent experiments were performed to confirm above results. 

*P<0.05 and **P<0.01 compared to vehicle control, insulin stimulated condition as 

assessed by one-way ANOVA. Results are mean ± S.E.M. Unpaired t-test was performed 

to assess the statistical significance in fold increase. Repeated experiments showed at 

figure S 4.1. 
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4.3.5 BIO treatment increases the insulin stimulated glucose uptake into 

3T3-L1. 

A GSK3 inhibitor-BIO was used to further confirm the role of β-catenin in 

glucose uptake into 3T3-L1 adipocytes. As mentioned previously, Ser33, Ser37 and Thr41 

sites on β-catenin is phosphorylated by GSK3 (Liu, Li, et al., 2002), which will then 

recognized by β-TrCP (Liu et al., 1999), ultimately causing β-catenin degradation. As 

previously shown (Abiola et al., 2009), BIO treatment decreases the activating 

phosphorylation of GSK3 (Tyr216), causing an accumulation of β-catenin (Figure 4.5). 

After pre-treatment with 5 µM BIO for 30 minutes, cells were stimulated with 100 nM 

insulin for 20 minutes. As expected, BIO treatment significantly increases the insulin 

stimulated glucose uptake into adipocytes. (Figure 4.6) Here also we noticed a slight 

reduction of basal glucose uptake leading to a significant increase in the fold increase of 

glucose uptake. 

 

 

Figure 4.5 BIO treatment reduces the p-Tyr 216 GSK3 level and increases the active 
β-catenin level.  

3T3-L1 adipocytes were serum starved and treated with 5 µM of BIO for 3 hours. Cell 

lysates were subjected to western blot analysis using active β-catenin (recognizes amino 
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terminus unphosphorylated form of β-catenin), total β-catenin (recognizes both 

phosphorylated and unphosphorylated form of β-catenin), p-Tyr 216 GSK3 and total 

GSK3 antibodies. 

 
 

Figure 4.6 GSK3 inhibitor-BIO increases the glucose uptake into adipocytes.  
(A, B) 3T3-L1 adipocytes were pre-treated with either DMSO or 5 µM of BIO for 30 

minutes and either untreated or treated with 100 nM insulin for 20 minutes and 2-DOG 

uptake assays were performed. Radioactivity values were normalized to the amount of 

total protein in the sample. Similar results were obtained in at least two independent 

experiments. Results are mean ± S.E.M. *P<0.05 and **P<0.01 compared to vehicle 

control, insulin stimulated condition as assessed by one-way ANOVA.  
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4.3.6 Confocal imaging of endogenous GLUT4 localization in 3T3-L1 

adipocytes. 

To investigate the localization of endogenous GLUT4, 3T3-L1 adipocytes were 

stimulated with 100 nM insulin and fixed with 4% paraformaldehyde after β-catenin 

siRNA transfection. Cells were incubated with GLUT4 and β-catenin primary antibodies 

and relevant fluorescent tagged secondary antibodies as mentioned in the method section. 

According to confocal images, majority of GLUT4 remained intracellulary even after 

insulin stimulation in β-catenin siRNA transfected adipocytes (Figure 4.7). However as the 

effect of β-catenin depletion on  GLUT4 translocation to the plasma membrane was not 

very convincing with confocal imaging, we decided to perform high resolution imaging 

technique-TIRF-M. To further understand the effect of β-catenin depletion on GLUT4 

translocation, TIRF-M was performed, which is a more powerful technique to study 

molecular events occurring near the plasma membrane. All the TIRF-M experiments were 

performed at Garvan Institute of Medical Research under the supervision of Dr. William 

Hughes. 
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Figure 4.7 β-catenin knockdown attenuates the plasma membrane translocation of 
GLUT4. 

Differentiated 3T3-L1 adipocytes were transfected with either negative control siRNA or 

siRNA specific for β-catenin. 48 hours after transfection, adipocytes were either 

unstimulated or stimulated with 100 nM insulin for 20 minutes. Cells were fixed and 

processed for confocal imaging using β-catenin and GLUT4 primary antibodies with 

appropriate Alexa Fluor Conjugated secondary antibodies.   Cells were imaged with 

Olympus FV100 confocal microscopy. Scale bars are 10 µm. Similar results were 

obtained in at least three independent experiments. (Figure S 4.2). 
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4.3.7 β-catenin depletion reduces insulin stimulated GLUT4 

translocation to the plasma membrane. 

As mentioned previously, insulin stimulated glucose uptake into adipose tissues is 

mainly facilitated by GLUT4 protein. Plasma membrane translocation of GLUT4 in 

response to insulin stimulation is a crucial factor determining the insulin sensitivity of 

target tissues. As β-catenin is known to regulate vesicle trafficking in many other tissues 

including neurons (Bamji et al., 2003) and pancreatic β-cells (Sorrenson et al., 2016), first 

we hypothesized that β-catenin may exerts its effect on glucose uptake via regulating the 

plasma membrane translocation of GLUT4. To investigate this hypothesis, 3T3-L1 

adipocytes were electroporated with GFP-GLUT4 and either negative control or β-catenin 

siRNA. As TIRF-M allows study of the molecular events occurring near the plasma 

membrane, TIRF imaging were performed in GFP-GLUT4 transfected adipocytes. Well 

differentiated adipocytes were selected using bright field imaging and GFP-GLUT4 

transfected cells were identified with wide-field epifluorescence imaging. TIRF signals 

indicated the presence of GFP-GLUT4 within 200 nM region from the plasma membrane, 

while epi-fluorescence signals show total amount of GFP-GLUT4 within the cell. For 

quantification, TIRF signal was normalized to the fluorescence signal of each image, 

which gives the normalized GLUT4 signal near the cell periphery. When β-catenin is 

depleted, insulin stimulated GLUT4 translocation is significantly reduced compared to that 

of negative control condition. Interestingly, in accordance with glucose uptake results, β-

catenin depletion significantly increases the GLUT4 translocation at the basal level, 

suggesting a potential regulatory mechanism by which β-catenin may fine tune the degree 

to which insulin can increase glucose transport (Figure 4.8). 

 



 

 127 

 
Figure 4.8 β-catenin knockdown reduces insulin stimulated GLUT4 translocation to 
the plasma membrane.  
6-8 days after initiation of differentiation, 3T3-L1 adipocytes were transfected with GFP-

GLUT4 and either with negative control siRNA or β-catenin siRNA. 48 hours after 

transfection, adipocytes were either untreated or treated with 100 nM insulin for 30 

minutes at 370C and fixed with 4% paraformaldehyde. (A) At least 20 cells were imaged 
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per each condition using TIRF-M and representative images are shown. Scale bars are 14 

µm. (B, C) Images were quantified with Fiji ImageJ software. The ratio between TIRF 

signal and epi-fluorescence is the normalized TIRF intensity. *P<0.05 and **P<0.01 

compared to negative control siRNA, insulin stimulated condition and ¶P<0.05 and 
¶¶P<0.01 compared to negative control siRNA, unstimulated condition as assessed by 

one-way ANOVA. Three independent experiments were performed to confirm above 

results (Figure S 4.3 and S 4.4). TIRF-M experiments were performed at Garvan institute 

of medical research, while working as a visiting researcher under the supervision of Dr. 

William Hughes. 

4.3.8 β-catenin inhibition by pyrvinium also reduces the insulin 

stimulated GLUT4 translocation to the plasma membrane. 

To further confirm the above finding that β-catenin is required for GLUT4 

translocation to the plasma membrane, GFP-GLUT4 transfected adipocytes were pre-

treated with either DMSO or 100 nM pyrvinium for 30 minutes and stimulated with or 

without 100 nM insulin. Consistent with the results from β-catenin siRNA knockdown, 

pyrvinium treatment significantly reduces the insulin stimulated glucose uptake, while 

slightly increases the basal level glucose uptake (Figure 4.9). 
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Figure 4.9 Pyrvinium treatment reduces insulin stimulated GLUT4 translocation to 
the plasma membrane.  
6-8 days after initiation of differentiation, 3T3-L1 adipocytes were transfected with GFP-

GLUT4. 48 hours after transfection, adipocytes were pretreated with 100 nM pyrvinium for 

30 minutes at 37
0
C and either unstimulated or stimulated with 100 nM insulin for 30 

minutes at 37
0
C and fixed with 4% paraformaldehyde. At least 20 cells were imaged per 
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each condition using TIRF-M and representative images are shown. Scale bar is 14 um. 

(B, C) Images were quantified with Fiji Image J software. The ratio between TIRF intensity 

to epi-fluorescence intensity was calculated to determine the normalized TIRF intensity. 

Pyrvinium treatment significantly reduces insulin stimulated GLUT4 level at the plasma 

membrane and slightly increases plasma membrane GLUT4 level at the basal level in 

control basal condition cells. Pyrvinium treatment significantly decreases the fold increase 

of glucose uptake. The ratio between TIRF intensity and confocal intensity is the 

normalized TIRF intensity. *P<0.05 and **P<0.01 compared to vehicle control, insulin 

stimulated condition as assessed by one-way ANOVA with Tukey’s post-hoc test. Results 

are mean ± S.E.M. Three independent experiments were performed to confirm above 

results (Figures S 4.3 and S 4.4). TIRF-M experiments were performed at Garvan institute 

of medical research, Sydney while working as a visiting researcher under the supervision 

of Dr. William Hughes. 

 

4.3.9 β-catenin stabilization by BIO increases the insulin stimulated 

GLUT4 translocation to the plasma membrane. 

Consistant with glucose uptake results, treatment of adipocytes with BIO 

significantly increased the insulin stimulated GLUT4 translocation (Figure 4.10). 

However, BIO treatment slightly increases the GLUT4 translocation even at the basal 

level, which is in contrast to the decrease in glucose uptake at the basal level seen with 

BIO treatment in the 2-DOG assays. 
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Figure 4.10 BIO treatment increases insulin stimulated GLUT4 translocation to the 
plasma membrane.  
6-8 days after initiation of differentiation, 3T3-L1 adipocytes were transfected with GFP-

GLUT4. 48 hours after transfection, adipocytes were pretreated with 5 uM BIO for 30 

minutes at 37
0
C and either unstimulated or stimulated with 100 nM insulin for 30 minutes 
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at 37
0
C and fixed with 4% paraformaldehyde. At least 20 cells were imaged per each 

condition using TIRF-M and representative images are shown. Scale bar is 14 um. (B, C) 

Images were quantified with Fiji Image J software. The ratio between TIRF Intensity to 

confocal intensity was calculated to determine the normalized TIRF intensity. BIO 

treatment significantly increases both basal and insulin stimulated GLUT4 level at the 

plasma membrane. BIO treatment significantly increases the fold increase of GLUT4 

translocation to the plasma membrane. The ratio between TIRF intensity and confocal 

intensity is the normalized TIRF intensity. *P<0.05 and **P<0.01 compared to vehicle 

control, insulin stimulated condition as assessed by one-way ANOVA. Results are mean ± 

S.E.M. Three independent experiments were performed to confirm above results (Figures 

S 4.3 and S 4.4). TIRF-M experiments were performed at Garvan institute of medical 

research, Sydney while working as a visiting researcher under the supervision of Dr. 

William Hughes. 

4.3.10  Effect of β-catenin depletion on components of PI3K pathway. 

 As mentioned previously, the PI3K pathway play a major role during insulin 

stimulated GLUT4 trafficking to the plasma membrane in adipocytes and muscles. To 

investigate whether the depletion of β-catenin affect the phosphorylation or total protein 

levels of the components of PI3K signalling pathway, cell lysates of negative control or β-

catenin siRNA transfected adipocytes were subjected to western blot analysis. According 

to our observations (Figure 4.11), β-catenin depletion does not affect either p-Ser 473 Akt, 

total Akt protein, p-Ser 9/21 GSK3, total GSK3 protein levels or their insulin 

responsiveness. Further experiments need to be performed to identify potential 

downstream targets of β-catenin in adipocytes, which might be important for the regulation 

of insulin stimulated GLUT4 translocation. 
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Figure 4.11 Effect of β-catenin depletion on Akt and GSK3. 

6 days after initiation of differentiation, 3T3-L1 adipocytes were transfected with either 

control siRNA or siRNA specific for β-catenin. 48 hours after siRNA transfection, 

adipocytes were serum starved for 3 hours and then either untreated or treated with 100 

nM insulin for 30 minutes. Cell lysates were subjected to western blot analysis. p-Tyr 142 

β-catenin level increases in response to insulin stimulation.  

To investigate the relationship between insulin stimulation and the role of β-

catenin in GLUT4 translocation, changes in β-catenin phosphorylation states were studied. 

After serum starvation for 3 hours, 3T3-L1 adipocytes were stimulated with 100 nM 

insulin for 30 minutes and cell lysates were subjected to western blot analysis. As shown in 

figure 4.12, insulin stimulation significantly increases the level of p-Tyr 142 β-catenin, 

while there is no significant effect on total β-catenin level or other phosphorylated forms of 

β-catenin. 
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Figure 4.12 Insulin stimulation increases the p-142 β-catenin level in 3T3-L1 
adipocytes.  
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(A) After stimulating with 100 nM insulin, 3T3-L1 adipocytes were lysed and  cell lysates 

were subjected to western blot analysis using p-Tyr 142 β-catenin, p-Tyr 654-β-catenin, p-

Ser 552 β-catenin and p-Ser 675 β-catenin antibodies. (B-E) Each phospho-β-catenin 

protein level was normalized to the total level of β-catenin protein. Unpaired t-test was 

performed to assess the statistical significance. *p<0.05 and **p<0.01 compared to control 

condition. Results are mean ± S.E.M. At least three independent experiments were 

performed to confirm above results (Figures S 4.5 and S 4.6). 

4.3.11   Insulin stimulation of adipocytes for 30 minutes does not affect β-

catenin interactions with cadherin or α-catenin. 

 Previously, it has been shown that receptor tyrosine kinases, FGFR2, 

FGFR3, and TRKA directly phosphorylate β-catenin at Tyr142 (Krejci et al., 2012). 

Phosphorylation at Tyr142 β-catenin has previously been shown to regulate β-catenin 

interaction with adherens junction proteins cadherin and α-catenin (Piedra et al., 2003). 

The interactions of β-catenin with cadherin and α-catenin facilitate the plasma membrane 

localization of β-catenin, while IGF1 stimulation regulates the cytoplasmic localization of 

β-catenin (Playford et al., 2000). As we found that insulin stimulation increases the p-Tyr 

142 β-catenin levels in adipocytes, it was of interest to investigate whether insulin 

stimulation affects the β-catenin’s interactions with adherens junction proteins, which may 

ultimately change the cellular localization of β-catenin. To investigate this hypothesis, 

3T3-L1 adipocytes were stimulated with insulin and then, the β-catenin interacting proteins 

were immunoprecipitated from cell lysates with β-catenin antibody. Antibody that 

targeting the C-terminal of β-catenin was used to avoid the interference with interacting 

sites for cadherin and α-catenin. Pulled down proteins were analysed by performing 

western blot analysis with N-cadherin and α-catenin antibodies. As shown in figure 4.13, 

β-catenin interacts with α-E catenin and N-cadherin in 3T3-L1 adipocytes. However the 

size of N-cadherin protein bands in pulled down lysates are slightly smaller than that of 

total cell lysate and supernatants. The difference of N-cadherin levels in control lysates and 
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insulin stimulated lysates might be due to transferring issues as it was not observed in other 

repeated experiments. However our results provide no evidence that insulin affect the 

interactions of β-catenin with α-catenin or N-cadherin in 3T3-L1 adipocytes.  

 

 
 
Figure 4.13 Insulin stimulation has no effect on β-catenin interactions with N-
cadherin or α-E catenin in 3T3-L1 adipocytes. 

After stimulating with100 nM insulin for 30 minutes, cells were lysed with IP lysis buffer. 

Pre-cleared (with protein G beads) cell lysates were incubated with 1 µl of anti-sheep β-

catenin, anti-sheep control antibody (pERK) or no antibody overnight. Antibody-protein 

complex was precipitated with protein G beads and eluted with 1x SDS buffer. Eluents 

were subjected to western blot analysis. At least three independent experiments were 

performed to confirm above results (Figure S 4.7). 

4.4 Discussion 

Involvement of Wnt signalling in type-2 diabetes was first suggested by the 

identification of single nucleotide polymorphism (SNP) in the Wnt5b gene that leads to the 

development of type-2 diabetes in Japanese population (Kanazawa et al., 2004). In 

addition, the Wnt receptor LRP5 gene has been mapped within the IDDM4 region, which 

has a direct link with type-1 diabetes (Twells et al., 2003). Moreover, GWAS studies have 

identified the SNPs in TCF7L2 gene, which is a transcriptional effector in the Wnt 
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pathway that is known to be associated with type-2 diabetes (Grant et al., 2006). Taken 

together these findings suggest the involvement of Wnt signalling pathway in diabetes. 

 In canonical Wnt/β-catenin signalling pathway, binding of Wnt ligands with 

LRP5/6 or Frizzled receptors leads to the stabilization and accumulation of active β-

catenin in the cytoplasm (Cong et al., 2004). The stabilized β-catenin is then translocated 

to the nucleus, where it binds with transcriptional co-activator TCF7L2 to activates Wnt-

responsive genes including cyclinD1, c-myc and axin (Klein et al., 2008). The Wnt/β-

catenin signalling pathway regulates the glucose homeostasis by functioning as a glucose 

sensing protein in macrophages (Anagnostou et al., 2008; Li et al., 2012) and also in 

pancreatic β-cells where it regulates glucose stimulated insulin secretion (Cognard et al., 

2013).  

 In response to high blood glucose levels, pancreatic β-cells secrete the 

hormone insulin.  As mentioned previously, insulin regulates blood glucose homeostasis 

by promoting glucose uptake into insulin target tissues such as adipocytes and muscles and 

also reduces hepatic glucose production by the liver. Previously, we have shown the 

requirement of β-catenin in glucose stimulated insulin secretion and insulin vesicle 

translocation to the plasma membrane in pancreatic β-cells (Cognard et al., 2013; 

Sorrenson et al., 2016). Similarly, Abiola et al showed that the activation of Wnt/β-catenin 

pathway by Wnt10b overexpression or BIO treatment increases the glucose uptake into 

insulin sensitive and insulin resistant myotubes through differential activation of Akt/PKB 

and AMPK pathways (Abiola et al., 2009). According to their study, culturing myotubes in 

25 mM glucose media induces insulin resistance and Wnt activation restores insulin 

sensitivity in those myotubes (Abiola et al., 2009). Furthermore, proteomics studies 

revealed the potential connection between β-catenin and insulin signalling protein 

(Chaudhuri et al., 2015). Interestingly it has been shown that the treatment of L6 myotubes 
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with pyrvinium also inhibits the insulin stimulated glucose uptake (Chaudhuri et al., 2015). 

As those findings indicate the significance of Wnt/β-catenin signalling in insulin secretion 

and insulin sensitivity, we were interested to investigate whether Wnt/β-catenin is required 

for glucose uptake into adipocytes.  

According to our findings, β-catenin depletion increases the basal level of glucose 

uptake, while reducing the insulin stimulated glucose uptake in 3T3-L1 adipocytes. These 

data suggest that β-catenin may restrict glucose uptake at the basal level, while allowing 

the insulin stimulated glucose uptake. As a result of this differential regulation depending 

on the insulin level, β-catenin depletion resulted in the significant reduction in the fold 

increase of glucose uptake into adipocytes. These findings indicate potential insulin 

sensing by β-catenin. Consistent with these findings, treatment of adipocytes with the β-

catenin inhibitor pyrvinium also decreases the insulin stimulated glucose uptake, while 

increasing the basal glucose uptake. To further confirm our previous findings, we used the 

β-catenin stabilizer, BIO. BIO inactivates GSK3 by reducing activating phosphorylation of 

GSK3 at Tyr216, leading to the increase of active β-catenin level (Abiola et al., 2009). Pre-

treatment of adipocytes with BIO increases the insulin stimulated glucose uptake, while 

reducing the glucose uptake at the basal level, which is the opposite effect of β-catenin 

inhibition or knockdown. These data suggest that fine-tuning of glucose uptake by β-

catenin occurs depending on the level of insulin stimulation. 

During the past two decades many signalling proteins that regulate GLUT4 

trafficking have been identified. As mentioned previously, binding of insulin with insulin 

receptor leads to the phosphorylation of IRS-1 protein (Saltiel et al., 2001). The activated 

IRS-1 activates PI3K, which phosphorylates PIP2 into PIP3. PIP3 functions as a docking 

site for PDK1, which activates Akt (Stephens et al., 1998). Akt is the central hub that 

passes the insulin signalling to the GSV through AS160 and RGC protein (Leto et al., 
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2012). By activating different proteins that involve in GLUT4 trafficking, insulin 

signalling stimulates the translocation of GLUT4 to the plasma membrane, which 

facilitates the glucose uptake process in adipocytes. Despite extensive research on the 

GLUT4 trafficking, many gaps remained to be answered. As our data shows the 

requirement of β-catenin for the regulation of insulin stimulated glucose uptake, we were 

interested to know whether β-catenin is required for GLUT4 translocation to the plasma 

membrane during insulin stimulation. β-catenin depletion significantly reduces insulin 

stimulated GLUT4 translocation to the plasma membrane, while increasing the membrane 

localized GLUT4 at the basal level. These TIRF-M data further support our hypothesis that 

β-catenin regulates the insulin’s ability to regulate glucose uptake by modulating GLUT4 

translocation in 3T3-L1 adipocytes. Results from pyrvinium treatment and BIO treatment 

were in agreement with this hypothesis and further support the above finding that β-catenin 

is required for insulin stimulated glucose uptake into adipocytes, suggesting a potential 

role of β-catenin in determining the insulin sensitivity of target tissue. 

Karczewske-Kupczewske et al showed that the association of Wnt/β-catenin 

signalling pathway with insulin sensitivity is depend on the target tissue type (Karczewska-

Kupczewska, Stefanowicz, Matulewicz, Nikolajuk, et al., 2016). In that study, they have 

examined 117 male participants that were categorized as high insulin sensitive and low 

insulin sensitive. In the low insulin sensitive group, reduced expression level of Ctnn1b 

gene has been observed in adipocytes, while increased level of ctnnb1 gene has been 

observed in muscle. This study further support our finding that β-catenin may correlate 

with the insulin sensitivity of adipocytes. 

The next aim was to identify how β-catenin sense insulin signal? Previously it has 

been shown that incubating HepG2 cells with insulin and IGF-1 for 17 hours increases the 

cytoplasmic level of β-catenin and activates the β-catenin signalling pathway, however 
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there is no such study performed in insulin target tissues (Desbois-Mouthon et al., 2001). 

β-catenin is known to interact with different proteins at a number of locations within the 

cell, including plasma membrane (Nieset et al., 1997) and nucleus (Giannini et al., 2000). 

Phosphorylation at Tyr142 on β-catenin is reported to inhibit its interaction with α-catenin 

(Piedra et al., 2003), while Tyr654 phosphorylation inhibits β-catenin-E-cadherin 

interaction which occurs at the plasma membrane (Roura et al., 1999). Previously it has 

been shown that IGF1, EGF/FGF and Fer, Fyn kinases phosphorylate Tyr 142β-catenin, 

thereby reducing its interaction with α-catenin (Krejci et al., 2012).  According to our 

findings, insulin stimulation also significantly increases the Tyr142 β-catenin level in 3T3-

L1 adipocytes. However there was no effect of insulin on total β-catenin or any other 

phosphorylated forms of β-catenin during 20 minutes stimulation time. As phosphorylation 

at Tyr142 β-catenin is known to regulate binding of β-catenin with α-catenin (Piedra et al., 

2003), we hypothesized that insulin stimulation of adipocytes may affect β-catenin binding 

with α-catenin at the adherens junction via increasing tyrosine phosphorylation of β-

catenin. However, according to co-immunoprecipitation studies we observed that the 

interactions of β-catenin with α-catenin or N-cadherin are not affected by insulin 

stimulation at this time frame, despite of increased Tyr142 phosphorylation on β-catenin.  

Having identified that β-catenin is required for GLUT4 translocation and glucose 

uptake, it is important to investigate the exact role of β-catenin during GLUT4 

translocation. There are several possible mechanisms by which β-catenin may affect 

GLUT4 trafficking. Insulin stimulated translocation of GSVs near to the plasma membrane 

followed by tethering, docking and fusion is important to insert GLUT4 to the plasma 

membrane. According to Hughes et al, insulin stimulation increases the actin 

polymerization near the plasma membrane and disruption of cortical actin with latrunculin 

A inhibits GLUT4 exocytosis (Lopez et al., 2009). However, disruption of actin 
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remodelling does not affect GLUT4 translocation to the plasma membrane, but only 

inhibits the final GLUT4 fusion steps at the plasma membrane (Lopez et al., 2009). As 

mentioned at the beginning, β-catenin is an adherens junction protein, which connects 

cadherin to α-catenin and actin cytoskeleton. According to our previous studies in 

pancreatic β-cells, β-catenin depletion reduces F actin/G actin ratio, while increasing the 

cortical actin at the cell periphery, suggesting a role of β-catenin actin cytoskeleton 

rearranging in β-cells. (Sorrenson et al., 2016). Therefore, it is possible that β-catenin may 

have the same effect on actin cytoskeleton in adipocytes and it might give us a whole new 

understanding of how β-catenin regulates GLUT4 trafficking.  

When considering other potential mechanisms by which β-catenin regulates the 

insulin stimulated GLUT4 translocation, the interaction of β-catenin with synip might also 

be important in this process, as synip is known to be involved in the regulation of GLUT4 

trafficking. Syntaxin associated protein synip has been identified as an Akt substrate and 

also known to inhibit GLUT4 exocytosis (Min et al., 1999; Yamada, Okada, et al., 2005). 

Syntaxin4 is a cell surface t-SNARE protein, while VAMP2 is a v-SNARE that associated 

with the GLUT4 vesicles (Martin et al., 1998; Martin et al., 1996). Binding of syntaxin4 

with the VAMP2 is important for GLUT4 fusion with the plasma membrane (Olson et al., 

1997). At the basal state, synip interacts with synatxin4 preventing syntaxin4 –VAMP2 

interaction leading to inhibition of vesicle fusion (Min et al., 1999). However, insulin 

stimulation dissociates synip -syntaxin4 complexes, leading to vesicle fusion with the 

plasma membrane, which is important for GLUT4 membrane insertion (Min et al., 1999). 

However, it is not clearly understood how insulin regulates synip-syntaxin4 interactions. 

Some studies indicate that insulin stimulated activation of Akt2 phosphorylates Ser99 of 

synip, which prevents its interaction with syntaxin4 (Yamada, Okada, et al., 2005). 

However, some other studies showed that the overexpression of Ser99 mutant of synip in 
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3T3-L1 adipocytes has no effect on GLUT4 translocation (Sano et al., 2005). Therefore, 

more candidates need to be investigated to identify how insulin regulates synip-syntaxin 

interaction. Synip has an amino terminal PDZ domain, which makes it a potential 

candidates to interact with β-catenin and indeed biophysical studies indicate that β-catenin 

interacts with synip (Gujral et al., 2013). Therefore it would be important to identify 

whether the insulin signal passes to synip via β-catenin protein, thereby β-catenin regulates 

GLUT4 trafficking in 3T3-L1 adipocytes.  

 In summary, these results show that β-catenin play a major role in regulating GLUT4 

trafficking in 3T3-L1 adipocytes, thereby modulating the glucose uptake process. This novel 

functional role of β-catenin is in accordance with its involvement in vesicle trafficking in other 

cells including pancreatic β-cells and neurons. Given that the β-catenin mediated differential 

regulation of GLUT4 trafficking depends on insulin stimulation and pTyr142 β-catenin levels 

also increased with insulin stimulation, this raises the prospect that regulation of β-catenin 

phosphorylation or cellular localization will be an important for future investigation to 

understand how defects in insulin action occurs in adipocytes and how these contribute to the 

development of insulin resistant states. 
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5 Glucose regulates α-catenin levels in macrophages 

5.1 Introduction 

 An accumulation of macrophages in adipose tissues from obese subjects 

that secrete pro-inflammatory cytokines provides a direct link between inflammation and 

development of type-2 diabetes (Weisberg et al., 2003). Macrophage polarization highly 

depends on metabolic reprogramming (Zhu, Zhao, et al., 2015). To acquire distinct 

functional phenotype against host cell infection, macrophages can be polarized into 

classically activated (M1) form or alternatively activated (M2) form. . M1 macrophages 

depend on glycolysis, while M2 macrophages rely on fatty acid oxidation (Tannahill et al., 

2013; Vats et al., 2006). According to previous studies, high glucose levels cause the 

activation of macrophages and increased expression levels of TNF-α and IL-1β genes, 

which are pro-inflammatory cytokines secreted by M1 macrophages, suggesting that 

glucose metabolism by M1 macrophages is important to regulate inflammatory responses 

(Jia et al., 2015).  

 As mentioned previously, there are different mechanisms by which cells can 

sense changes of glucose levels such as ATP-sensitive K+ channels (MacDonald et al., 

2005), flux through hexosamine biosynthesis pathway (Marshall, 2006), AMP-activated 

protein kinase (Winder et al., 2007) and activated PKC (Brownlee, 2001). It has been 

shown that glucose uptake into M1 macrophages is mediated by the glucose transporter 

GLUT1 (Freemerman et al., 2014). However, the mechanism by which macrophages sense 

glucose levels and change their polarization between M1 and M2 macrophages is not 

clearly understood. 

 Previously we have shown that stimulation of macrophage cell lines 

RAW264.7 and J774.2 with glucose increases the β-catenin protein levels via hexosamine 
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biosynthesis pathway (Anagnostou et al., 2008). As mentioned previously, β-catenin is a 

major component of adherens junction, which connect cadherin to α-catenin protein. β-

catenin prevents the proteasomal degradation of α-catenin, causing accumulation of α-

catenin in chondrocytes (Hwang et al., 2005). When chondrocytes are treated with β-

catenin stabilization agents such as Wnt, LiCl or IL1-β, α-catenin protein level also 

increases (Hwang et al., 2005). When β-catenin is depleted, Wnt induced increase of α–

catenin is attenuated, indicating accumulation of β-catenin may increases the α-catenin 

protein levels by stabilizing α-catenin (Hwang et al., 2005).  Further confirming above 

correlation between α-catenin and β-catenin, in chapter 3 we have shown that glucose 

increases the α-catenin level in β-cells and the glucose effect on α-catenin is attenuated in 

the absence of β-catenin. This background information led us to hypothesize that similar to 

β-catenin, α-catenin may also respond to glucose stimulation in macrophages cells. 

Previously we have shown that glucose increases Id2 protein (Grønning et al., 

2006) and β-catenin in macrophages via hexosamine biosynthesis (HBP) pathway 

(Anagnostou et al., 2008). The HBP pathway (Figure 5.1) is considered to be a nutrient 

sensing pathway that account for about 2-5% of total glucose metabolism (Fantus et al., 

2006). Posttranslational modifications occurring via HBP pathway include glycosylation of 

protein, production of glycolipids, glycosylphosphatidylinositol anchors and proteoglycans 

(Zachara et al., 2004). When blood glucose level is high, glucose is transported to the cells 

via glucose transporters. Glucose is then phosphorylated forming glucose-6-phosphate, 

which will either become fructose-6-phosphate or glucose-1-phosphate. Fructose-6-

phosphate proceeds to glycolysis, while glucose-1-phosphate enters to the pentose 

phosphate/glycogen synthesis pathway. Fructose-6-phosphate is then converted to 

glucosamine-6-phosphate by glutamine: fructose-6-phosphate amidotransferase (GFAT) 
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enzyme and this is the rate limiting step in hexosamine biosynthesis pathway (Fantus et al., 

2006). GFAT mediated conversion of fructose-6-phosphate into glucosamine-6-phosphate 

requires glutamine. Glucosamine-6-phosphate is then converted to uridine-

diphosphoglucose-N acetylglucosamine (UDP-GlcNAc), which serves as a sugar 

nucleotide donor for N-linked and O-linked glycosylation. O-linked glycosylation of 

proteins is known to be important to regulate protein stability, protein activity and 

transcriptional activity of transcription factors, while N-linked glycosylation is important 

for cell-cell communication and signal transduction (Zhao et al., 2008). 

 

Figure 5.1 Hexosamine biosynthesis pathway (HBP) in glucose metabolism. 

After entering the cell, glucose is phosphorylated to glucose-6-phosphate, which will 

convert to fructose-6-phosphate. Fructose-6-phosphate is then converted to glucosamine-

6-phosphate by GFAT enzyme with the aid of glutamine. Glucosamine-6-phosphate is 

then converted to uridine-diphosphoglucose-N acetylglucosamine (UDP-GlcNAc), which 

serves as a sugar nucleotide donor for N-linked and O-linked glycosylation. Glycosylation 

of proteins is known to be important for many cellular functions including protein stability, 

protein activity and activation of transcription factors, cell-cell communication and signal 

transduction. 
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5.2 Aims of the study 

In addition to its function as an adherens junction protein, α-catenin is also 

involved in many other cellular pathways. We and others have identified the correlation 

between α-catenin and β-catenin protein stabilization in different cell lines including 

pancreatic β-cells, chondrocytes and HEK293 cell lines (Hwang et al., 2005). Glucose 

sensing by macrophages is important for macrophage polarization, which is critical to 

acquire certain cellular functions during inflammation. We previously identified that β-

catenin can function as a glucose sensor in macrophage cell lines and β-catenin is known to 

stabilize α-catenin levels in a number of different cell lines. Therefor this study focussed 

on following aims. 

• To investigate whether α-catenin protein levels change with glucose stimulation in 

macrophage cells  

• To investigate whether hexosamine biosynthesis pathway mediates the glucose 

effect on α-catenin. 

 
5.3 Results  

5.3.1 α-E catenin expression level in  RAW 264.7 cells is glucose 

dependent. 

As shown in figure 5.2, RAW 264.7 cells contain low levels of E-cadherin 

protein, suggesting the majority of α-catenin in these cells should be cadherin free pool of 

α-catenin. When RAW 264.7 cells are treated with glucose for 2 hours, α-E catenin protein 

level was increased. As shown in chapter 3, α-catenin responds to glucose stimulation in 

the pancreatic β-cell lines, INS-1E and INS-832/3. As β-cells have higher expression levels 

of cadherin proteins, we couldn’t delineate whether cadherin-β-catenin complex bound α-
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catenin or the homodimeric form of α-catenin was responding to glucose stimulation. As 

mentioned previously, only the monomeric form of α-catenin binds to the cadherin-β-

catenin complex. and macrophages contain very low levels of E-cadherin, it is possible that 

the majority of α-catenin in RAW 264.7 cells is cadherin free α-catenin pool. These 

findings suggest that the expression of cadherin free pool of α-catenin in macrophages is 

glucose dependent. 

 
 
Figure 5.2 High glucose levels increase the α-E catenin level in RAW 264.7 cells.   
After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were either untreated or treated with indicated concentrations of glucose for 2 hours. (A) 

Cell lysates were subjected to western blot analysis using α-E catenin, α-Tubulin and E-

cadherin antibodies. (B) Densitometry analysis of α-E catenin in relative to α-Tubulin. 

Results are mean ± S.E.M of three data points. *P<0.05 and **P<0.01 compared with 
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untreated sample and #P<0.05 compared with 0.5 mM glucose condition as assessed by 

one-way ANOVA. Three independent experiments were performed to confirm above 

results (Figure S 5.1).  

5.3.2 Glucosamine also increases the α-E catenin level in macrophages. 

To identify the mechanism by which glucose increases α-catenin levels in 

macrophages, RAW 264.7 cells were treated with glucosamine. Similar to glucose, 

glucosamine also forms glucosamine-6-phosphate, which is an important component of the 

hexosamine biosynthesis pathway. If the glucose induced increase of α-E catenin occurs 

via the hexosamine biosynthesis pathway, glucosamine treatment should also have the 

same effect on α-catenin as glucose stimulation. As predicted, glucosamine also increased 

α-catenin protein levels in macrophages (Figure 5.3). Here we noticed that α-N catenin 

level also increased with both glucose and glucosamine stimulation in macrophages. These 

data suggest the potential involvement of hexosamine biosynthesis pathway in glucose 

induced increase of α-catenin. 
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Figure 5.3 Glucosamine stimulation also increases the α-catenin levels in RAW 
264.7 cells. 

After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were treated with indicating concentrations of glucose or glucosamine for 2 hours. (A) Cell 

lysates were subjected to western blot analysis using α-E catenin, α-N catenin and α-

Tubulin antibodies. (B) Densitometry analysis of α-E catenin and α-N catenin protein 

expression in western blot image relative to the α-Tubulin. Results are mean ± S.E.M of 

three data points. Unpaired t-test was performed to analyse the statistical significance. 
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*P<0.05 and **P <0.01 compared with untreated samples. Three independent 

experiments were performed to confirm above results (Figure S 5.2).  

5.3.3 Glutamine is required for the glucose effect on α-E catenin 

Glutamine is an important precursor for the conversion of fructose 6-phosphate to 

glucosamine-6-phosphate in hexosamine biosynthesis pathway (Kornfeld, 1967). To 

further confirm the involvement of hexosamine biosynthesis pathway in glucose induced 

increase of α-catenin, cells were treated with glucose in the absence and presence of 

glutamine. As DMEM media without glutamine already contains 11.1 mM glucose, cells 

were treated with either 0 mM or 11.1 mM glucose in the presence of glutamine to 

compare the effect of glutamine on glucose induced increase of α-catenin. There is no 

effect of glucose on α-E catenin level in the absence of glutamine, indicating there is a 

requirement for glutamine in the glucose induced increase of α-catenin (Figure 5.4). These 

results are consistent with the glucose induced increase of α-catenin being dependent on 

the hexosamine biosynthesis pathway. 
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Figure 5.4 Glutamine is required for glucose effect on α-catenin levels in RAW 264.7 
cells.  

After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were treated with indicated concentrations of glucose in the presence or absence of 

glutamine in the RMPI media for 2 hours. (A) Cell lysates were subjected to western blot 

analysis using α-E catenin and α-Tubulin antibodies. (B) Densitometry analysis of western 

blot image of α-E catenin protein expression relative to α-Tubulin. Results are mean ± 

S.E.M of three data points. *P<0.05 and **P<0.01 compared with untreated samples as 

assessed by one-way ANOVA. At least three independent experiments were performed to 

confirm above results (S 5.3). 
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5.3.4 GFAT inhibitor-Azaserine attenuates the glucose effect on α-E 

catenin. 

To further confirm the involvement of hexosamine biosynthesis pathway in 

glucose induced increase of α-E catenin, RAW 264.7 cells were treated with Azaserine, 

which is a known GFAT inhibitor. At a 10 µM concentration of Azaserine, the glucose 

effect on α-catenin is significantly reduced and at 50 µM of Azaserine the glucose effect is 

further reduced (Figure 5.5). These results confirm that GFAT activity is required for 

glucose induced increase of α-catenin, which is a key enzyme that regulates the rate 

limiting step in hexosamine biosynthesis pathway.  
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Figure 5.5 Azaserine inhibits the glucose effect on α-E catenin level in RAW 264.7 
cells. 

After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were treated with 20 mM glucose in the presence or absence Azaserine in the RMPI 

media for 4 hours. Cell lysates were subjected to western blot analysis using α-E catenin 

and α-Tubulin antibodies. Same results were obtained with at least two independent 

experiments (Figure S 5.4). 
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5.3.5 Inhibition of N-linked glycosylation decreases the glucose effect on 

α-E catenin. 

UDP N-acetylglucosamine is the sugar nucleotide donor for the N-linked 

glycosylation and O-linked glycosylation (Torres et al., 1984). To identify which type of 

glycosylation is responsible for glucose effect on α-catenin, RAW 264.7 cells were treated 

with tunicamycin, which is an inhibitor of N-linked glycosylation. When N-linked 

glycosylation is inhibited with tunicamycin treatment, the glucose effect on α-catenin is 

attenuated (Figure 5.6 A, B), indicating N-linked glycosylation may mediate the glucose 

induced increase of α-catenin in macrophages. To further confirm this finding, cells were 

treated with 2-DOG, which is also known to inhibit the N-linked glycosylation (Kurtoglu 

et al., 2007). 2-DOG treatment also decreased the α-E catenin level in the presence and 

even in the absence of glucosamine (Figure 5.6 C) or glucose (Figure 5.6 D). As 2-DOG 

also inhibits glycolysis pathway (Pelicano et al., 2006), α-E catenin level was decreased 

even in the absence of glucose or glucosamine . 
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Figure 5.6 N-linked glycosylation mediates the effect of glucose on α-E catenin.  

(A) After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 

cells were treated with 20 mM glucose in the presence or absence of tunicamycin (10 

µg/ml) for 2 hours. Cell lysates were subjected to western blot analysis using α-E catenin 

and α-Tubulin antibodies. (B) Densitometry analysis of α-E catenin protein expression in 

western blot relative to the α-Tubulin level after tunicamycin treatment. (C) Cells were 
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treated with 0.2 mM glucosamine, 0.2 mM glucosamine and 5 mM 2-DOG or 5 mM DOG 

alone. (D) After serum starvation, cells were treated with 10 mM glucose in the presence 

of different concentrations of 2-DOG as indicated. Results are mean ± S.E.M of three data 

points. Unpaired t-test was performed to analyse the statistical significance. *P<0.05 and 

**P<0.01 compared with untreated samples.  

5.3.6 α-E catenin contains potential O-glycosylation sites. 

The hexosamine biosynthesis pathway provides the nucleotide sugar donar used 

in O-linked glycosylation and N-linked glycosylation of proteins, which are important for 

protein stability, protein activity, cell-cell communication and signal transduction (Wells et 

al., 2001; Zhao et al., 2008). To identify whether α-catenin contains potential O-

glycosylation sites, we used an online tool YinOYang (Gupta et al., 2002). When protein 

sequence is submitted to the YinOYang tool, it generates glycosylation predictions. 

Outcome of this analysis indicates the Ser/Thr sites, which can be O-GlcNAcylated and 

also shows the NetPhos threshold value for each sites, which is an indication of the 

potential of a specific site for being glycosylated. According to this analysis, α-E catenin 

contains several potential O-GlcNAc sites (Figure 5.7). 
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Figure 5.7 α-E catenin contains potential O-linked glycosylation sites.  
YinOYang 2.1 server was used to identify the presence of potential O-GlcNAc sites on α-

E catenin. (A) Graph indicating the presence of potential O-GlcNAc sites on α-E catenin. 

The blue line indicates the threshold value for O-linked glycosylation. Green peaks are the 

potential Ser/Thr sites that can be glycosylated. (B) Table indicating the Ser/Thr sites, 

which can be O-GlcNAcylated and shows the NetPhos threshold values for each site, 

which is an indication of the potential of a specific site for being glycosylated.  

5.3.7 O-linked glycosylation may not be important for glucose induced 

increase of α-E catenin 

As α-E catenin contains potential glycosylation sites (according to YinOYang 

prediction analysis), we hypothesized that glucose induced O-linked glycosylation may be 

important for α-E catenin stabilization. To investigate this possibility, RAW 264.7 

macrophages were treated with O-(2-Acetamido-2-deoxy-D-glucopyranosylidene) amino 

N-phenyl carbamate (PUGNAc) in the presence and absence of glucose. Attachment of O-
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GlcNAc moieties to proteins is mediated by O-GlcNAc transferase enzyme (OGT), while 

O-GlcNAcase removes those post translational modifications (OGA) (Dehennaut et al., 

2014). PUGNAc is known to increase O-linked glycosylation potentially via inhibiting the 

O-GlcNAcase enzyme (Arias et al., 2004). However, treatment of RAW 264.7 cells with 

PUGNAc for 4 hours  had no effect on glucose induced increase of α-E catenin (Figure 

5.8) suggesting that O-linked glycosylation might not be important for the glucose effect 

on α-catenin. 

 
 

Figure 5.8 PUGNAc treatment has no effect on α-E catenin protein level in 
macrophages.  

After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were treated with 20 mM glucose in the presence or absence of 40 µM PUGNAc for 4 

hours. Cell lysates were subjected to western blot analysis using α-E catenin and α-

Tubulin antibodies. 

5.4 Discussion 

The aim of this chapter was to investigate whether glucose stimulation regulates 

α-catenin protein levels in macrophages. Macrophages were of interest due to their direct 

link to insulin resistance and type-2 diabetes. Previously, we have identified that glucose 

and other metabolites regulate the α-catenin levels in β-cells and glucose induced increase 

of α-catenin depends on β-catenin protein. As previously it has been shown that β-catenin 

protein level in macrophages is regulated by glucose (Anagnostou et al., 2008), we 

hypothesized that glucose may also regulate the α-catenin protein levels in macrophages. 
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The RAW 264.7 cell line was mainly used due to low expression level of E-cadherin 

protein, which anchors α-catenin to the plasma membrane. Here we observed that both α-E 

catenin and α-N catenin protein levels increase with glucose stimulation.  

 The next aim was to identify a potential mechanism by which glucose 

regulates α-catenin levels in macrophages. Hexosamine biosynthesis pathway was one of 

major interest due to the presence of potential O-linked glycosylation sites on α-E catenin, 

which occurs downstream of hexosamine biosynthesis pathway. The finding that 

glucosamine also regulates the α-catenin levels in RAW 264.7 cells indicating the potential 

involvement of  hexosamine biosynthesis pathway in glucose induced regulation of α-

catenin. Consistent with this result, a GFAT inhibitor-Azaserine also reduced glucose 

induced increase of α-catenin levels. In hexosamine biosynthesis pathway, glucose is 

metabolized into UDP-GlcNAc, which is a sugar donor for N-linked and O-linked 

glycosylation. Despite having potential glycosylation sites according to YingOYang 

analysis, our data suggest that α-E catenin might not be O-glycosylated or at least O-linked 

glycosylation may not affect glucose induced increase of α-catenin in RAW 264.7 cells. 

However, with this data we cannot rule out the possibility of O-linked glycosylation on α-

E catenin, as this experiment only addresses whether O-linked glycosylation mediates the 

glucose induced stabilization of  α-catenin or not. For further studies it is important to 

investigate whether α-catenin can be O-glycosylated by performing co-

immunoprecipitation experiments. When cells were treated with tunicamcycin, glucose 

effect on α-E catenin is attenuated, indicating N-linked glycosylation is important for 

glucose mediated regulation of α-E catenin protein. N-linked glycosylation is important for 

proper folding of protein which is critical for the stability of the protein. Moreover, 

treatment with 2-DOG decreases α-E catenin level both in the presence or absence of 

glucose. This severe effect of 2-DOG is due to its inhibition of both N-linked glycosylation 
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(Kurtoglu et al., 2007) and glycolysis (Pelicano et al., 2006). Altogether, findings of this 

chapter indicate that glucose regulates the α-E catenin levels in macrophages potentially 

via the hexosamine biosynthesis pathway.  

 Having identified that both β-catenin and α-catenin levels increased with 

glucose stimulation in macrophages, it is important to identify their roles in macrophages. 

As mentioned previously, high glucose levels induce macrophage polarization towards M1 

macrophages, which secrete pro-inflammatory cytokine (Cheng et al., 2015). As both α-

catenin and β-catenin protein levels change with glucose stimulation, it is possible that 

these catenins might be involved in glucose induced macrophage polarization. When 

considering previous findings regarding functions of catenins in macrophages, IL-4 

mediated activation of macrophages induces the expression of β-catenin and depletion of 

β-catenin increases the IL-4 induced conversion of macrophages to multinucleated giant 

cells (Binder et al., 2013). However in those experiments, α-catenin levels not changed 

with macrophage inducers such as IL-4, IL-13, IL-10, TGF-β1 or LPS (Binder et al., 

2013). Furthermore, IL-4 and polyamine induced cadherin-catenin complex is known to 

involve in the cell-cell connections in alternatively activated macrophages (Van den 

Bossche et al., 2009) 

When considering potential link of α-catenin to the component of pro-

inflammatory pathway, the pro-inflammatory gene NF-κB is known be inhibited by α-

catenin in skin cells (Kobielak et al., 2006) and E-cadherin negative breast cancer cell lines 

(Piao et al., 2014). NF-κB signaling system plays a major role in pro-inflammatory 

signaling pathway (Schuliga, 2015) (Fig 5.9). 
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Figure 5.9 NF-κB signaling in pro-inflammatory signaling pathway 
In the presence of pro-inflammatory signal, IKKα/β is phosphorylated leading to its 

activation. Activated IKKα/β then phosphorylates IκB leading to its proteasome 

degradation and releases the NF-κB from the inhibitory complex. NF-κB is then 

translocated to the nucleus where it activates the transactivation of inflammatory genes 

(Schuliga, 2015). 

 In the presence of incoming inflammatory signal, IKKβ is activated, which 

in turn phosphorylates the IκB. Unphosphorylated IκB forms a complex with NF-κB, 

thereby restricting its localization to the cytoplasm. Due to Phosphorylation, IκB is 

degraded and NF-κB is released from the complex. NF-κB is then translocated to the 

nucleus where it transactivates the inflammatory pathway gene. According to 

transcriptional profile analysis and biochemical studies, depletion of α-catenin in epidermis 

from E18.5 embryo leads to the activation of NF-κB and its pro-inflammatory target genes 

(Kobielak et al., 2006). High glucose treatment is known to induce the nuclear 

translocation of NF-κB, leading to its activation (Cheng et al., 2015). According to the 

findings from this chapter, high glucose levels also increases the α-catenin levels in RAW 

264.7 macrophages. As α-catenin is known to inhibit NF-κB activation in other cell lines, 

it is possible that glucose induced increase of α-catenin might negatively regulate the NF-
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κB activation thereby, fine-tune the pro-inflammatory macrophage activation (Fig 5.10). 

Similar functional pattern has been observed in β-catenin.  Therefore, it is of interest to 

identify whether α-catenin has the same inhibitory effect on macrophages as it might shed 

light in to the novel regulatory function of α-catenin in macrophages.  In summary, these 

results indicate the glucose dependent increase of α-catenin in macrophage cell line Raw 

264.7 via hexosamine biosynthesis pathway. 
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6  Conclusion and Overall Discussion 

 In this thesis we have explored novel molecular mechanisms associated 

with type-2 diabetes. Type-2 diabetes, which is one of the major health concerns in the 

world, mainly originates due to the insulin resistance in target tissues. During the pre-

diabetic state, insulin target tissues such as adipocytes, muscles and liver do not respond to 

insulin stimulation leading to insulin resistance. Prolonged insulin resistance causes 

compensatory insulin secretion by pancreatic β-cells leading to β-cell dysfunction. In 

addition to β-cells and insulin target tissues, macrophages are also directly linked to type-2 

diabetes as classically activated macrophages (M1) are known to accumulate in adipose 

tissues with obesity (Weisberg et al., 2003). Accumulation of M1 macrophages in adipose 

tissues causes the insulin resistance, which is one of the major factors causing type-2 

diabetes. This thesis addresses molecular mechanisms associated with type-2 diabetes from 

different angles including insulin secretion by β-cells, glucose uptake regulation into 

adipocytes and glucose sensing by macrophages. 

 Chapter 3 proposes a potential mechanism by which the amount of insulin 

hormone released by β-cells is regulated. Pancreatic β-cells should be able to sense the 

changes of blood glucose levels, which is critical to release the insulin hormone when 

needed. The release of proper amount of insulin hormone at the right time is critical, as it is 

important for blood glucose homeostasis. It has long been known that insulin secretion is 

regulated in a timely manner, which is associated with two different pools of insulin 

granules being released at different times depending on glucose stimulation (Cerasi et al., 

1974; Daniel et al., 1999). However, despite extensive research on insulin secretion 

regulation, the factors regulating the size of the pool of insulin granules remain poorly 

understood. Many adherens junction proteins such as β-catenin and cadherins are known to 
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regulate glucose stimulated insulin secretion in β-cells (Cognard et al., 2013; Parnaud et 

al., 2015; Sorrenson et al., 2016). Based on our previous finding that β-catenin regulates 

insulin secretion from β-cells and some background information suggesting the negative 

regulation of vesicle trafficking by α-catenin, initially it was hypothesized that α-catenin 

may be involved in the regulation of insulin secretion process. Our initial findings 

demonstrated that both α-E catenin and α-N catenin are important for the negative 

regulation of insulin secretion. Moreover, both α-E catenin and α-N catenin protein levels 

alter with glucose stimulation, suggesting that α-catenins function as a glucose sensor in rat 

pancreatic β-cells. The potential physiological relevance of α-catenin in insulin secretion is 

suggested by the finding that a polymorphism in the CTNNA2 gene is associated with 

development of type-2 diabetes (Hasstedt et al., 2013). Results of this chapter support a 

model in which α-catenin controlling the volume of insulin hormone secreted from β-cells 

at a given time. The fact that α-catenin levels change relatively rapidly during changes of 

glucose concentrations in the physiological range suggests that α-catenin may modulate the 

maximum insulin secretion in response to extracellular stimuli. When considering the time 

frame that α-catenin changes with glucose stimulation, it is more likely that α-catenin may 

regulate the magnitude of second phase of insulin secretion. According to our previous 

studies, depletion or inhibition of β-catenin protein promotes insulin secretion mainly by 

regulating the insulin granule localization at the cell periphery and modulating actin 

polymerization (Cognard et al., 2013; Sorrenson et al., 2016). As α-catenin and β-catenin 

are correlated with each other under different aspects including subcellular co-localization, 

regulation of cell adhesion, regulation of transcriptional activity and most importantly 

regulation of proteasome degradation, we hypothesized that the complex formation 

between α-catenin and β-catenin may be critical for their function in β-cells. Interestingly, 

we observed that the glucose induced increase of α-catenin is dependent on β-catenin 
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protein level in β-cells, but α-catenin has no effect on β-catenin expression level. When 

considering the effects of catenins on insulin secretion, β-catenin facilitates insulin 

secretion, while α-catenin inhibits insulin secretion. However, simultaneous depletion of α-

catenin with β-catenin brought the insulin secretion to the level of negative control 

condition, suggesting that the effect of α-catenin depletion on insulin secretion is negated 

when β-catenin is also depleted and vice versa. When considering the overall picture, 

glucose stimulation increases β-catenin level in pancreatic β-cells, which causes an 

increases in the size of the pool of releasable insulin inside the cell. With glucose 

stimulation α-catenin level is also increased, potentially due to the increased level of β-

catenin protein. Increased level of α-catenin inhibits insulin secretion indicating fine tuning 

of insulin secretion by α-catenin. A similar functional pattern has been observed in 

chondrocytes, where Wnt stimulation increases both β-catenin and α-catenin levels in 

chondrocytes and accumulation of β-catenin causes the accumulation of α-catenin (Hwang 

et al., 2005). Moreover, β-catenin activates Wnt/β-catenin mediated transcription, while α-

catenin has the opposing effect on Wnt/β-catenin mediated transcriptional activation 

(Hwang et al., 2005). According to our insulin secretion data and previous studies, it is 

possible that α-catenin in combination with β-catenin may fine tune the glucose stimulated 

insulin secretion. As α-catenins equilibrate between homodimer and a heterodimeric form 

with β-catenin (figure 6.1), it is possible that the complex formation between α-catenin and 

β-catenin may regulate the amount of free β-catenin and α-catenin proteins, which interact 

with actin cytoskeleton that regulates the insulin secretion. The proper ratio of α-catenin 

and β-catenin may ensure the release of the right amount of insulin hormone. With this 

finding that suggests the potential involvement of α-catenin in insulin secretion, it is more 

apparent that adherens junction proteins are involved in the regulation of insulin secretion. 

Our research opens new directions for further studies such as whether the α-catenin-β-
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catenin complex formation in the adherens junction together with cadherin are critical for 

insulin secretion regulation or the nuclear α-catenin-β-catenin complex in combination 

with well-known type-2 susceptibility gene TCF7L2 are involved in insulin secretion 

regulation. These findings may shed light on whole new understanding of insulin secretion 

regulation. 

 

 
Figure 6.1 Proposed model for catenin mediated regulation of insulin secretion.  
α-catenin is switched between α-catenin-α-catenin homodimer and α-catenin-β-catenin 

heterodimer. β-catenin facilitates glucose stimulated insulin secretion, while α-catenin 

inhibits insulin secretion. Proper ratio between α-catenin and β-catenin may regulate the 

actin cytoskeleton rearrangement, which will eventually control the release of right amount 

of insulin hormone at the right time. Here we are proposing that α-catenin in combination 

with β-catenin to function as a volume regulator during glucose stimulated insulin 

secretion. 
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 The results in chapter 4 propose a novel role for β-catenin in regulating the 

ability of insulin to stimulate glucose uptake into adipocytes. The facts that depletion or 

inhibition of β-catenin significantly decreases the insulin stimulated glucose uptake, while 

slightly increases the glucose uptake at the basal level indicate the requirement of β-catenin 

for the regulation of glucose uptake process. Consistent with this finding, treatment of 

adipocytes with β-catenin stabilizer-BIO significantly increases the insulin stimulated 

glucose uptake, while reducing the glucose uptake at the basal level. In adipocytes, glucose 

uptake is mainly mediated by GLUT4, which is translocated to the plasma membrane in 

response to insulin stimulation (Fukumoto et al., 1989). Further supporting our model that 

β-catenin inhibits basal glucose uptake while facilitating insulin stimulated glucose uptake, 

TIRF-M data shows that β-catenin retains GLUT4 intracelullary in the basal state, while 

facilitating the insulin stimulated GLUT4 translocation to the plasma membrane, which is 

critical for the regulation of glucose uptake process. Findings of this chapter led us to 

suggest that β-catenin is required for the insulin responsive GLUT4 trafficking process in 

3T3-L1 adipocytes and our evidence suggests that β-catenin is involved in the mechanisms 

that retain GLUT4 intracellularly at the basal level and thus regulates the insulin sensitivity 

of adipocytes. These data propose a novel role for β-catenin in adipocytes as a facilitator 

for glucose uptake process rather than only as an inhibitor of adipocyte differentiation. 

Interestingly, further supporting our findings in adipocytes, it has been shown that the 

activation of Wnt/β-catenin pathway increases the glucose uptake into insulin resistant 

myotubes (Abiola et al., 2009). Furthermore, low expression levels of β-catenin gene have 

been identified in adipocytes of low insulin sensitive male participants suggesting that β-

catenin is important for insulin sensitivity of adipocytes (Karczewska-Kupczewska, 

Stefanowicz, Matulewicz, Nikołajuk, et al., 2016). Our further studies showed that Tyr 142 

β-catenin is phosphorylated in response to insulin stimulation, which is known to be 
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important for the binding of β-catenin with α-catenin and cadherin (Piedra et al., 2003). 

However, according to our results, despite Tyr142 β-catenin level is increased, the 

interactions of β-catenin with either α-E catenin or N-cadherin in adipocytes are not 

affected with insulin stimulation for 30 minutes. For further studies it is important identify 

whether Tyr142 β-catenin phosphorylation is important for insulin stimulation of glucose 

uptake and GLUT4 translocation into 3T3-L1 adipocytes. As α-catenin in combination 

with β-catenin is important for the regulation of insulin secretion via feedback mechanism, 

it is also important to investigate whether α-catenin has a functional importance in 

adipocytes. Similar to its inhibitory role in insulin secretion, α-catenin is also known to 

inhibit dynactin mediated vesicle trafficking in keratinocytes (Lien et al., 2008). Therefore 

it is possible that α-catenin may be involved in the GLUT4 translocation in adipocytes and 

insulin mediated Tyr142 phosphorylation may release the β-catenin from α-catenin, 

thereby regulates the amount of free β-catenin which might be important for glucose 

uptake process. Altogether the outcome of this research provides new insight for the 

requirement of β-catenin in the regulation of glucose uptake into adipocytes. 

 Chapter 5 provides evidence for the glucose dependent change of α-catenin 

protein levels in macrophages. As mentioned previously, high glucose levels activate M1 

macrophages, which produce pro-inflammatory factors and kill microorganisms (Cheng et 

al., 2015; Xu et al., 2016). Activated M1 macrophages rely on anaerobic glycolytic 

pathway to fulfil their rapid energy requirements (Zhu, Zhao, et al., 2015). As high glucose 

levels known to affect macrophage polarization (Cheng et al., 2015) which is important to 

acquire distinct functional properties, it is important to identify how macrophages can 

sense changes of cellular glucose levels. Findings from this thesis and our previous studies 

indicate that both α-catenin and β-catenin levels change with glucose stimulation in 

macrophages via hexosamine biosynthesis pathway. For future studies it is important to 
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identify potential role of glucose induced increase of catenins in macrophage function. As 

high glucose levels activate M1 macrophage polarization, it is important to investigate 

whether glucose induced increase of α-catenin or β-catenin involves in macrophage 

polarization and the interactions between α-catenin and β-catenin is important for this 

function. 

 As a summary, this thesis addresses the potential involvement of catenin 

proteins in molecular mechanisms associated with type-2 diabetes. Chapter 3 provides a 

novel mechanism by which α-catenin in combination with β-catenin might function as a 

volume regulator during the insulin secretion process. In the chapter 4, we showed that β-

catenin regulates the insulin mediated GLUT4 translocation to the plasma membrane and 

glucose uptake into 3T3-L1 adipocytes. Chapter 5 showed the glucose dependent change 

of α-catenin levels in macrophages potentially via hexosamine biosynthesis pathway. 

Altogether these results propose novel mechanisms involving α-catenin and β-catenin in 

different cellular processes associated with type-2 diabetes.  
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7 Appendices 

 
 

Figure S 3.1 α-E catenin depletion increases glucose stimulated insulin secretion in 
INS-1E.  
INS-1E cells were transfected with either negative control siRNA or siRNA specific for α-E 

catenin. 48 hours after siRNA transfection, cells were serum starved for 2 hours and either 

unstimulated or stimulated with 10 mM glucose in 4.7 K+ /KRBH buffer for 2 hours. (A, B) 

Results of two independent experiments. These are the repeated experiments of Figure 

3.1 
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Figure S 3.2 α-N catenin depletion increases the glucose stimulated insulin 
secretion in INS-1E cells.  

INS-1E cells were transfected with negative control siRNA or siRNA specific for α-N 

catenin. 48 hours after siRNA transfection, cells were serum starved with KRBH buffer for 

2 hours and either unstimulated or stimulated with 10 mM glucose in 4.7 K+/KRBH buffer 

for 2 hours. supernatants were used for insulin secretion assays. Results are mean ± 

S.E.M of three data points. (A, B) Results of two independent experiments. These are the 

repeated experiments of Figure 3.2 
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Figure S 3.3 Comparison of glucose stimulated insulin secretion after catenin 
depletion.  

INS-1E cells were transfected with either negative control siRNA or siRNA specific for β-

catenin, α-E catenin or α-N catenin. After 48 hours of siRNA transfection cells were serum 

starved for 2 hours and either unstimulated or stimulated with 10 mM glucose in 4.7 

K+/KRBH for another 2 hours. Supernatants were used to perform insulin secretion 

assays. Results are mean ± S.E.M of three data points. This repeated experiments of 

Figure 3.3 
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Figure S 3.4 α-E catenin and α-N catenin may have additive effects on glucose 
stimulated insulin secretion. 

INS-1E cells were transfected with either negative control siRNA or siRNA specific of α-E 

catenin, α-N catenin or combination of α-E catenin and α-N catenin siRNAs. 48 hours 

after siRNA transfection, cells were serum starved with KRBH buffer for 2 hours and 

stimulated with or without 10 mM glucose for further 2 hours. Supernatants were used to 

perform insulin secretion assays. Results are mean ± S.E.M of three data points. (A, B) 

Results of two independent experiments. These are the repeated experiments of Figure 

3.4 
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Figure S 3.5 Depletion of β-catenin attenuates the α-E catenin knockdown effect on 
insulin secretion. 
INS-1E cells were transfected with either negative control siRNA or siRNA specific for 

either β-catenin, α-E catenin or both β-catenin and α-E catenin siRNAs. 48 hours after 

siRNA transfection, cells were serum starved and stimulated with 10 mM glucose for 

further 2 hours. Supernatants were used to perform insulin secretion assays. Results are 

mean ± S.E.M of three data points. (A,B) Results of two independent experiments. These 

are the repeated experiments of Figure 3.5 

 

 

 

 

 



 

 175 

A""

 

B"

 
Figure S 3.6 Latrunculin A further increases the insulin secretion in α-E catenin 
depleted cells. 

INS-1E cells were transfected with either negative control siRNA or two different siRNAs 

specific for α-E catenin. 48 hours after siRNA transfection cells were serum starved with 

KRBH buffer for 2 hours and treated with either 0.5 µM Latrunculin A or vehicle control for 

30 minutes. After stimulation with 10 mM glucose for 2 hours. supernatants were used to 

perform insulin secretion assays. Results are mean ± S.E.M of three data points. (A,B) 

Results of two independent experiments. These are the repeated experiments of Figure 

3.6 



 

 176 

 

 
 

Figure S 3.7 α-catenin protein levels increase with glucose stimulation in INS-1E 
cells.  
After serum starvation for 4 hours, INS-1E cells were treated with 0.5 mM or 10 mM 

glucose in either 4.7 mM K+/KRBH buffer or 30 mM K+/KRBH buffer for 3 hours. (A) Cell 

lysates were subjected to western blot analysis using α-E catenin, α-N catenin or α-tubulin 

antibodies. Densitometry analysis of (B) α-E catenin and (C) α-N catenin protein 

expression with glucose stimulation in 4.7 mM K+/KRBH buffer. Results are mean ± S.E.M 

of three data points. This is the first repeated experiment of Figure 3.8 
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Figure S 3.8 α-catenin protein levels increase with glucose stimulation in INS-1E 
cells.  

After serum starvation for 4 hours, INS-1E cells were treated with 0.5 mM or 10 mM 

glucose in either 4.7 mM K+/KRBH buffer or 30 mM K+/KRBH buffer for 3 hours. (A) Cell 

lysates were subjected to western blot analysis using α-E catenin, α-N catenin or α-tubulin 

antibodies. Densitometry analysis of (B) α-E catenin and (C) α-N catenin protein 

expression with glucose stimulation in 4.7 mM K+/KRBH buffer. Results are mean ± S.E.M 

of three data points. This is the second repeated experiment of Figure 3.8 
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Figure S 3.9 A α-catenin protein levels increase with glucose stimulation in INS-
832/3 cells.  

After serum starvation for 4 hours, INS-832/3 cells were treated with 3 mM or 10 mM 

glucose in either 4.7 mM K+/KRBH buffer or 30 mM K+/KRBH buffer for 3 hours. (A) Cell 

lysates were subjected to western blot analysis using α-E catenin, α-N catenin or α-tubulin 

antibodies. (B) Densitometry analysis of α-E catenin and α-N catenin protein expression 

with glucose stimulation in 4.7 mM K+/KRBH buffer. Results are mean ± S.E.M of three 

data points. This is the first repeated experiment of Figure 3.9 
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Figure S 3.10 B α-catenin protein levels increase with glucose stimulation in INS-
832/3 cells. 

After serum starvation for 4 hours, INS-832/3 cells were treated with 3 mM or 10 mM 

glucose in either 4.7 mM K+/KRBH buffer or 30 mM K+/KRBH buffer for 3 hours. (A) Cell 

lysates were subjected to western blot analysis using α-E catenin, α-N catenin or α-tubulin 

antibodies. (B) Densitometry analysis of α-E catenin and α-N catenin protein expression 

with glucose stimulation in 4.7 mM K+/KRBH buffer. Results are mean ± S.E.M of three 

data points. This is the second repeated experiment of Figure 3.9 
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Figure S 3.11 α-catenins respond to physiologically relevant glucose 
concentrations. 

After serum starvation for 4 hours, INS-1E cells were treated with increasing 

concentrations of glucose ranging from 2 mM-8 mM in 30 mM K+/KRBH buffer for 3 hours. 

Cell lysates were subjected to western blot analysis using α-E catenin, α-N catenin or α-

tubulin antibodies. Densitometry analysis of α-E catenin protein levels in relative to α-

Tubulin. This is the first repeated experiment of Figure 3.10 
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Figyre S 3.12 α-catenins respond to physiologically relevant glucose 
concentrations.  

After serum starvation for 4 hours, INS-1E cells were treated with increasing 

concentrations of glucose ranging from 2 mM-8 mM in 30 mM K+/KRBH buffer for 3 hours. 

(Cell lysates were subjected to western blot analysis using α-E catenin, α-N catenin or α-

tubulin antibodies. This is the second repeated experiment of Figure 3.10 
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Figure S 3.13 α-catenin levels increase within 30 min of glucose stimulation in INS-
1E.  

After serum starvation for 4 hours, INS-1E cells were treated with 10 mM glucose in 30 

mM K+/KRBH buffer for indicated times. Cell lysates were subjected to western blot 

analysis using α-E catenin, α-N catenin, β-actin and α-tubulin antibodies. (A,B) These are 

the repeated experiments of Figure 3.11 
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Figure S 3.14 Glucose induced increase of α-E catenin may depend on β-catenin 
protein expression. 

(A) INS-1E cells were transfected with negative control siRNA or siRNA specific for β-

catenin. 48 hours after transfection cells were serum starved and treated with 10 mM 

glucose for 3 hours in 4.7 K+ /KRBH buffer. Cell lysates were subjected to western blot 

analysis using α-Tubulin antibody as a loading control (B) β-catenin inhibitor-pyrvinium 

decreases the α-E catenin levels, while overexpression of β-catenin may increases the α-

E catenin level. After serum starvation, INS-1E cells were pretreated with either DMSO or 

pyrvinium for 30 minutes and stimulated with either 0.5 mM or 10 mM glucose for 3 hours 

in 4.7 K+/KRBH buffer. Cell lysates were subjected to western blot analysis. These are the 

repeated experiments of figure 3.13. 
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Figure S 3.15 GLP-1 analogues may also increase α-E catenin levels in INS-832/3 
cells.  

INS-832/3 cells were serum starved for 4 hours and treated with glucose (15 mM), 

Exendin 4 (15 nM) or Forskolin (10 uM) in 4.7 K+/KRBH buffer for 3 hours. Cell lysates 

were subjected for western blot analysis. This is the first repeated experiment of Figure 

3.16 B 
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Figure S 3.16. α-catenin depletion increases the K+ stimulated calcium flux into β-
cells.  
INS-1E cells were transfected with siRNA specific for either α-E catenin, α-N catenin, β-

catenin or negative control siRNA. 48 hours after siRNA transfection cells were incubated 

with calcium binding dye for 1 hour at 370C and readings were taken for 225 seconds at 2 

seconds intervals. At 40 seconds, 10 µl of KCl was added to each well. Relative 

Fluorescence units (RFU) were calculated by subtracting each fluorescence signal from 

initial fluorescence signal in different siRNA conditions. These are the repeated 

experiments of Figure 3.18. 

 

 

 

 



 

 186 

 
Figure S 4.1 The β-catenin inhibitor pyrvinium reduces insulin stimulated glucose 

uptake into 3T3-L1 adipocytes. (A, B) After serum starvation in DMEM media for 3 

hours, 3T3-L1 adipocytes were pre-treated with either DMSO or pyrvinium (10 nM, 100 

nM, 500 nM) for 30 minutes and then either unstimulated or stimulated with 100 nM insulin 

for 30 minutes and 2-DOG assays were performed. Radioactivity values were normalized 

to the amount of total protein in the sample.  
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Figure S 4.2 β-catenin knockdown attenuates the plasma membrane translocation 
of GLUT4. 
Differentiated 3T3-L1 adipocytes were transfected with either negative control siRNA or 

siRNA specific for β-catenin. 48 hours after transfection, adipocytes were either 

unstimulated or stimulated with 100 nM insulin for 20 minutes. Cells were fixed and 

processed for confocal imaging using β-catenin and GLUT4 primary antibodies with 

appropriate Alexa Fluor Conjugated secondary antibodies. Cells were imaged with 

Olympus FV100 confocal microscopy.  
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Figure S 4.3 (A,B) β-catenin knockdown reduces insulin stimulated GLUT4 

translocation to the plasma membrane. 6-8 days after initiation of differentiation, 3T3-

L1 adipocytes were transfected with GFP-GLUT4 and either with negative control siRNA 

or β-catenin siRNA. 48 hours after transfection, adipocytes were either untreated or 

treated with 100 nM insulin for 30 minutes at 370C and fixed with 4% paraformaldehyde. 

(C) 48 hours after GFP-GLUT4 transfection, adipocytes were pretreated with 100 nM 

pyrvinium for 30 minutes at 37
0
C and either unstimulated or stimulated with 100 nM 

insulin for 30 minutes at 37
0
C and fixed with 4% paraformaldehyde. (D) 48 hours after 

GFP-GLUT4 transfection, adipocytes were pretreated with 5 uM BIO for 30 minutes at 

37
0
C and either unstimulated or stimulated with 100 nM insulin for 30 minutes at 37

0
C and 

fixed with 4% paraformaldehyde. 15- 20 cells were imaged per each condition using TIRF-

M. Images were quantified with Fiji Image J software. The ratio between TIRF Intensity to 

confocal intensity was calculated to determine the normalized TIRF intensity. These are 

the repeated experiment set of figure 4.8, 4.9 and 4.10. 
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Figure S 4.4 (A,B) β-catenin knockdown reduces insulin stimulated GLUT4 

translocation to the plasma membrane. 6-8 days after initiation of differentiation, 3T3-

L1 adipocytes were transfected with GFP-GLUT4 and either with negative control siRNA 

or β-catenin siRNA. 48 hours after transfection, adipocytes were either untreated or 

treated with 100 nM insulin for 30 minutes at 370C and fixed with 4% paraformaldehyde. 

(C) 48 hours after GFP-GLUT4 transfection, adipocytes were pretreated with 100 nM 

pyrvinium for 30 minutes at 37
0
C and either unstimulated or stimulated with 100 nM 

insulin for 30 minutes at 37
0
C and fixed with 4% paraformaldehyde. (D) 48 hours after 

GFP-GLUT4 transfection, adipocytes were pretreated with 5 µM BIO for 30 minutes at 

37
0
C and either unstimulated or stimulated with 100 nM insulin for 30 minutes at 37

0
C and 

fixed with 4% paraformaldehyde. 15- 20 cells were imaged per each condition using TIRF-

M. Images were quantified with Fiji Image J software. The ratio between TIRF Intensity to 

confocal intensity was calculated to determine the normalized TIRF intensity. These are 

the repeated experiment set of figure 4.8, 4.9 and 4.10. 
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Figure S 4.5 Insulin stimulation increases the p-142 β-catenin level in 3T3-L1 
adipocytes.  

(A) After stimulating with 100 nM insulin, 3T3-L1 adipocytes were lysed and  cell lysates 

were subjected to western blot analysis using p-Tyr 142 β-catenin, p-Tyr 654-β-catenin, p-

Ser 552 β-catenin and p-Ser 675 β-catenin antibodies. ( B) p-Tyr 142 β-catenin protein 

level was normalized to the total level of β-catenin protein. This is the first repeated 

experiment of figure 4.12. 
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Figure S 4.6 Insulin stimulation increases the p-142 β-catenin level in 3T3-L1 
adipocytes.  

(A) After stimulating with 100 nM insulin, 3T3-L1 adipocytes were lysed and  cell lysates 

were subjected to western blot analysis. (B) p-Tyr 142 β-catenin protein level was 

normalized to the total level of β-catenin protein. This is the second repeated experiment 

of Figure 4.12. 
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Figure S 4.7 Insulin stimulation has no effect on β-catenin interactions with N-
cadherin or α-E catenin in 3T3-L1 adipocytes. 

After stimulating with100 nM insulin for 30 minutes, cells were lysed with IP lysis buffer. 

Pre-cleared (with protein G beads) cell lysates were incubated with 1 µl of anti-sheep β-

catenin, anti-sheep control antibody (pERK) or no antibody overnight. Antibody-protein 

complex was precipitated with protein G beads and eluted with 1x SDS buffer. Eluents 

were subjected to western blot analysis. This is a repeated experiment of figure 4.13 
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Figure S 5.1 High glucose levels increase the α-E catenin level in RAW 264.7 cells.   

After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were either untreated or treated with indicated concentrations of glucose for 2 hours. (A,C) 

Cell lysates were subjected to western blot analysis using α-E catenin, α-Tubulin and E-

cadherin antibodies. (B,D) Densitometry analysis of α-E catenin in relative to α-Tubulin. 

These are the repeated experiments of figure 5.2 
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Figure S 5.2 A, B Glucosamine stimulation also increases the α-catenin levels in 
RAW 264.7 cells. 

After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were treated with indicating concentrations of glucose or glucosamine for 2 hours. (A) Cell 

lysates were subjected to western blot analysis using α-E catenin and α-Tubulin 

antibodies. These are the repeated experiments of figure 5.3 

 

 

Figure S 5.3 (A,B) Glutamine is required for glucose effect on α-catenin levels in 
RAW 264.7 cells.  
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After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were treated with indicated concentrations of glucose in the presence or absence of 

glutamine in the RMPI media for 2 hours. Cell lysates were subjected to western blot 

analysis using α-E catenin and α-Tubulin antibodies. These are the repeated experiments 

of figure 5.4 

 

 

 
Figure S 5.4 Azaserine may inhibits glucose effect on α-catenin levels in RAW 264.7 
cells. 

After overnight serum starvation in RPMI media with 0.5 mM glucose, RAW 264.7 cells 

were treated with 20 mM glucose in the presence or absence Azaserine in the RMPI 

media for 4 hours. Cell lysates were subjected to western blot analysis using α-E catenin 

and α-Tubulin antibodies. These are the repeated experiments of figure 5.5 

 

 

 

 

 

 

 

 

 

 

 

 



 

 196 

Full blots for mainly used antibodies in this thesis 
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