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Abstract 

One important component of the glucose homeostatic process is the ability of key tissues 

to detect changes in glucose levels and respond appropriately. Insulin is the major hormone 

in the body for lowering blood glucose and is produced only by β cells. Both the 

transcriptional function and the adhesion function of β-catenin binding have been implicated 

as essential for β cells in releasing insulin. β-catenin has also been reported to associate with 

some PDZ domain containing proteins, which act as scaffold proteins during membrane 

motility of synapses. Our research group has previously found that an increase in glucose 

levels dramatically increases the Ser552 phosphorylation of β-catenin in β cell lines. This 

thesis has focused on understanding the role this event may play in regulating glucose 

homeostasis. 

The main approach was to use mutagenesis at Ser552 of β-catenin and investigate the 

interactions of these mutants by co-immunoprecipitations in β cells. Co-

immunoprecipitations were also used to detect the changes in β-catenin associations under 

glucose or incretin stimulation. Mutation of mass-spectrometry was applied to look for 

interactions with β-catenin. Furthermore, Ser552 of β-catenin in a knock-in mouse model was 

generated to investigate its physiological role. 

Surprisingly, β-catenin did not interact with its transcriptional co-factor TCF7L2 in INS-

1 β cells and long term high glucose raised most proteins of interest in this thesis, but not 

TCF7L2. In β cells, β-catenin bound both N-cadherin and E-cadherin, and Ser552 

phosphorylation of β-catenin did not significantly affect these interactions. In addition, 

Shank3, a PDZ domain containing protein, associated with β-catenin at the overexpressed 

level in β cells and this interaction was affected by glucose and Ser552 phosphorylation of β-

catenin. Interestingly, the first round of animal experiments indicated that the heterozygous 

S552A β-catenin knock-in mice display a protective role against high fat diet induced obesity. 

All things considered, Ser552 is an important site in β-catenin for its physiological functions. 

More specifically, Ser552 phosphorylation of β-catenin may function in β cells’ response to 

glucose through its interaction with N-cadherin and Shank3. Accordingly, further 

investigation on β-catenin interactions during glucose stimulated insulin secretion (GSIS) in 

β cells is still needed. 
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Chapter 1. Introduction 

1.1. Wnt/β-catenin pathway and β-catenin 

1.1.1. General introduction to Wnt/β-catenin 

The Wnt signalling pathway is a series of signalling events induced by Wnt proteins. 

There are three subtypes of pathway: the canonical Wnt pathway; the planar cell polarity 

pathway and the Wnt/calcium pathway. The focus in this study is the canonical Wnt pathway, 

in which β-catenin is a major mediator.  

In the absence of Wnt, the non-bound cytoplasmic β-catenin is primarily associated with 

the destruction complex (1, 2). The destruction complex consists mainly of Axin, APC 

(Adenoma Polyposis Coli), GSK3β (glycogen synthase kinase) and PP2A (protein 

phosphatase 2A) and serves to phosphorylate β-catenin at multiple sites near its N-terminal (3).  

The N-terminal phosphorylation of β-catenin leads to the recognition of β-catenin by an E3 

ubiquitin ligase, mostly β-Trcp, which in turn results in the ubiquitination and proteasomal 

degradation of β-catenin.  

With Wnt ligand bound, the Frizzled (Fz) receptor (4) is activated and binds to Dvl 

(Dishevelled). Subsequently, Dvl multimerizes and recruits LRP6 (low-density lipoprotein 

receptor related protein 6) or LRP5 (low-density lipoprotein receptor related protein 5)  as co-

receptors to the Fz receptor (5). The receptor complex then recruits Axin, thus disturbing the 

association of the destruction complex with β-catenin (6). Unbound β-catenin that has 

dissociated from the destruction complex accumulates in cytoplasm and then translocates into 

the nucleus. Once in the nucleus, β-catenin can associate with transcriptional factors, mainly 

TCF/Lef (T-cell factor/lymphoid enhancer-binding factor) proteins. It converts TCF/Lef from 

transcriptional repressor complexes into TCF/β-catenin bipartite transcriptional activators (7, 8) 

for the target genes of the Wnt pathway (Figure 1-1). 
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Figure 1-1: Schematic Wnt/β-catenin pathway  
Wnt ligand is recognized by the Frizzled receptor and LRP co-receptor. The Wnt complex then recruits and disrupts the destruction 
complex of β-catenin, resulting in a freer pool of β-catenin in the cytoplasm. Some of the free β-catenin translocates into the nucleus and 
acts as a transcriptional co-activator of Wnt target genes. 
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1.1.2. Basic structure of β-catenin 

β-catenin is a member of the armadillo (ARM) repeat protein superfamily. ARM repeat 

proteins usually contain several tandem Armadillo repeats. Each repeat is a triplet of α-

helices consisting of 42 amino acids. Twelve armadillo repeats constitute the central 

component of β-catenin and this central domain is flanked by the N-terminal and C-terminal 

domains. The N-terminal domain is pivotal to the stability of β-catenin because of the 

multiple phosphorylation sites targeted by the destruction complex in the cytoplasm located 

here and this leads to the ubiquitination and degradation of β-catenin (2). A specific conserved 

helix (Helix-C) connects the last ARM repeat to the C-terminal domain (9). There is also a 

loop in the 10th ARM repeat (9), around the Ser552 site of β-catenin, which extends out from 

the standard armadillo repeat structure. The crystal structure of this loop is variable, 

indicating that several different conformations are possible (Figure 1-2).   
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Figure 1-2: Simplified structure of β-catenin 
(A) Structure of armadillo repeat domains  of β-catenin. The green, yellow and blue cylinders represent the three helices in an armadillo 
repeat. The dashed red line indicates the groove surrounded by the armadillo repeats. The numbers represent each of the armadillo 
repeats. Taken from Wenqing Xu (2007), Journal of Cell Science 120 (19), 3337–3344. (B) Simplified structure diagram of β-catenin and its 
interactions. NTD: N-terminal domain; CTD: C-terminal domain. CTTA: domains critical for TCF transcriptional activity. There is an 
unstructured loop in the 10 th armadillo repeat where the Ser552 phosphorylation site is located. The position of the lines indicates the 
domains of β-catenin required for association with its binding partners. Taken from Valenta T (2012), EMBO J. 31(12):2714-36. 
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1.2. Another classical role of β-catenin in adherens junctions 

The transcriptional role of β-catenin occurs via Wnt/β-catenin signaling and is often 

thought of as its major function in the cell. In fact,  β-catenin was first identified as a 

component of the adherens junction (10). Adherens junctions are one type of cell-cell adhesive 

junction in mammals (11), and are characterized by the transmembrane glycoproteins 

cadherins which bridge neighbouring cells through their homophilic ectodomain interactions. 

Inside cells, the cytoplasmic terminal of cadherins binds to β-catenin or p120-catenin, a 

newly discovered armadillo repeat protein which binds to E-cadherin near the cell membrane. 

It is a is a tyrosine kinase substrate which recruits α-catenin, and in turn associates with actin 

cytoskeleton to form a dynamic network (Figure 1-3). The dynamic features and complexity 

of this system make adherens junctions highly regulated. Further, adherens junctions vary in 

different tissues, which is important for organ morphogenesis. 

Adherens junctions provide a basic way for cells to communicate and support each other 

morphologically. They are master mediators for the polarization of epithelial cells. Genetic 

studies have discovered that E-cadherin, the crucial component of adherens junctions, is 

essential for epithelium polarization (12) and embryonic development (13). In addition, adherens 

junctions have been found to mediate adjacent membrane trafficking in order to respond to 

tension changes (14). Contact inhibitions among cells are also believed to be regulated by 

adherens junctions (15). Epithelial-mesenchymal transition (EMT), during which epithelial 

cells turn into mesenchymal stem cells by losing cell polarity and adhesion (16), is 

accompanied by a reduction of E-cadherin and an increase in N-cadherin. The fact that EMT 

is related to the invasion and metastasis of some cancers implies that cell motility is regulated 

by adherens junctions. Although the apparent function of adherens junctions is to connect 

cells together, these junctions are not static. The complexes of these junctions turn over 

through internalization. In addition, post-translational modifications influence the structures 

of these complexes within adherens junctions. They are dynamic enough to adjust to the 

morphogenetic development and are crucial for development. Furthermore, adherens 

junctions do not always execute these regulations on their own, but also by cooperating with 

other junction types; namely, cytoskeleton systems and membrane anchored signaling 

pathways, such as the Notch pathway and Wnt pathways. 
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1.2.1. Cadherins 

Cadherins are glycoproteins. They are the major component of adherens junctions and 

function in a Ca2+ dependent way. There are different subcategories of cadherins according to 

their predominant expression patterns in different tissues, such as E-cadherin (epithelial), N-

cadherin (neuronal) and T-cadherins (testes and heart). However, the expression of cadherins 

is not exclusively restricted to the specific cell types they are named for. N-cadherin is found 

in the cell adhesion structures of some epithelial cells as well, such as in biliary ducts and 

renal tubules (17). Both E-cadherin and N-cadherin are expressed in some cells. For example, 

E-cadherin and N-cadherin are abundantly expressed in the β cell lines used in this thesis. 

The difference between E-cadherin–catenin and N-cadherin–catenin complexes is still not 

fully understood. The most obvious difference is that loss of E-cadherin and gain of N-

cadherin are crucial events in EMT.  

The extracellular domains of cadherins are called extracellular cadherin repeats (EC 

domains). EC domains consist of five repetitive subdomains. Different family members share 

the same calcium-binding sequences within their repetitive subdomains (18). The other parts of 

the EC domains adjust with different subcategories and this variation renders the adhesive 

specificity by homophilic interactions (19). Cadherins were found to be functionally important 

for the construction and development of tissues in a study that disturbed cadherin function 

with specific antibodies (20). The cytoplasmic domain of cadherin binds β-catenin or p120-

catenin, which connects the cadherin and catenin complex to the actin cytoskeleton. These 

cytoplasmic associations have been largely conserved throughout evolution (21). 

1.2.2. Catenins 

Apart from α-catenin, the catenin family shares a central armadillo domain structure and 

binds directly to cadherins in adherens junctions (22). In addition, some catenins are also 

involved in desmosomes, such as ɣ-catenin/plakoglobin which associates with intermediate 

filaments (23). Like cadherins, α-catenin is classified into α-E-catenin (epithelial), α-N-

catenin (neuronal) and α-T-catenin (testes and heart) according to their expression profile in 

specific tissues. α-catenin binds armadillo catenins (β-catenin) and serves to link the 

cadherin/catenin complex to the actin or intermediate filament cytoskeletons in adherens 

junctions. Interestingly, α-catenin was once thought to bind exclusively to β-catenin or F-

actin (24). α-catenin is also able to regulate β-catenin stability by interacting with APC and 
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suppressing the target genes of Wnt/β-catenin (25). Another catenin subfamily existing only in 

vertebrates is p120-catenin, which binds to cadherin and influences Rho GTPases (26).  

 

Figure 1-3: Schematic β-catenin related adherens junctions  
Cadherins are a family of transmembrane glycoproteins. The cytoplasmic domain of cadherin binds to β-catenin. Then β-catenin recruits α-
catenin, which in turn associates with actin cytoskeleton. The binding of β-catenin to cadherin repels the approach of the destruction 
complex. 
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1.2.3. The linkage between Wnt/β-catenin signaling and adherens junctions  

Overexpression of cadherins has been found to interfere with dorsal axial development 

which is a functional effect of the Wnt/β-catenin pathway. This inhibition was able to be 

rescued by overexpression of β-catenin (27). Another study found that cadherin antagonized 

the signalling activity of β-catenin by sequestering β-catenin from binding its signaling 

partners (28). These studies imply that there is competition between cadherins and TCF7L2 

(Transcription factor 7 like 2) in association with β-catenin. The nexus of Wnt/β-catenin 

signalling and adherens junctions is their interactions with β-catenin, although they bind to β-

catenin in different subcellular locations. β-catenin binding with cadherins and the catenin-

actin system occurs near the cytoplasmic membrane where adherens junctions are located, 

whereas the effect of Wnt/β-catenin signaling is produced by TCF7L2 interacting with β-

catenin in the nucleus to regulate the transcription of Wnt target genes. The connection 

between the two is that β-catenin can shuttle between the cytoplasm and nucleus. However, 

as explained below, the shuttling occurs via mechanisms that remain unknown (Figure 1-4).  

The transition between the adherens junction role of β-catenin and its transcriptional co-

activation role correlates with the shuttling of β-catenin between the cytoplasm and nucleus.  

The exact mechanism for this shuttling of β-catenin has not been well established and no 

recognizable nuclear localization sequence has been found in β-catenin. One hypothesis is 

that β-catenin translocates directly into the nucleus through a nuclear pore complex, as it was 

found that this translocation is competitive with the translocation of importin-β through 

nuclear pores (29). Another theory is that some structural units of β-catenin such as the ARM 

domain (30) are requisite for its translocation, but the underlying mechanism is not fully 

understood.  

The central ARM repeats are stable in their 3D structure and serve as a relatively rigid 

scaffold (31). They form a positively charged superhelix, which provides a platform for 

various interacting partners, such as TCF7L2 in the Wnt pathway (32), E-cadherin as in 

adherens junctions (33) and APC as a component of the destruction complex of β-catenin (34). 

These binding partners also influence the subcellular localizations of β-catenin to some 

degree. When stabilized by the presence of Wnt ligand, β-catenin builds up in the cytoplasm 

and then translocates into the nucleus to play a role in transcriptional activation through 

association with TCF7L2. When β-catenin is bound to cadherin, a transmembrane protein, it 

is restricted near the plasma membrane. Most of the unbound β-catenin in the cytoplasm is 
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degraded by the ubiquitination proteasome system in the absence of Wnt, with APC playing 

an important role as a component of the destruction complex (35, 36). The binding affinities of 

β-catenin for cadherins and TCF7L2 have been found to be similar (37). Logically, the 

competition for β-catenin between cadherin/catenin adherens and β-catenin/TCF7L2 is 

mainly reliant on the amount of binding partners. So, in this respect the binding partners of β-

catenin are believed to modulate its localization as well. For example, APC is considered to 

mediate the exit of β-catenin from the nucleus for destruction (38-41). Due to the special 

binding platform structure of β-catenin, its post-translational modifications may also play a 

role in determining the localization of β-catenin through indirect regulation.  

 

 

Figure 1-4: Schematic of the association of β-catenin with adherens junctions and with TCF4 transcriptional pathway  
Cadherin and α-catenin bound β-catenin is restricted to the plasma membrane and protected from the destruction complex which targets 
it for degradation. Most of the cytoplasmic β-catenin is phosphorylated by the destruction complex and subsequently degraded by the 
ubiquitin proteasome system. Any β-catenin that does not associate with the destruction complex can translocate into the nucleus and 
have a role as a transcriptional co-activator. A role for β-catenin that is not targeted by the destruction complex but remains in the 
cytoplasm is yet to be determined. The affinity of these two interactions  is reported to be the same. If the free pool of β-catenin can go to 
either the adherens junctions or the transcriptional factors, there would be a competition for β-catenin between these two interactions.   
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1.2.4. Post-translational modifications of β-catenin and how it regulates function 

Besides its binding partners, post-translational modifications of β-catenin may also 

contribute to its subcellular redistribution (38). Post-translational modifications of β-catenin 

may regulate its subcellular localization via influencing its binding patterns. One well-known 

example is N-terminal phosphorylation of β-catenin leading to its degradation, which in turn 

inhibits its nucleus localization. Tyrosine phosphorylated β-catenin has also been reported to 

facilitate nuclear sequestration via Bcl9, resulting in the obstruction of its role in the adherens 

junction (42).  

Diverse types of post-translational modification have been identified for β-catenin: 

phosphorylation, ubiquitylation, acetylation and glycosylation. Phosphorylation is the most 

frequently seen post-translational modification of β-catenin. Both Ser/Thr phosphorylation 

and Tyr phosphorylation are common. A typical example of Ser/Thr phosphorylation is 

phosphorylation at the N-terminal domain of β-catenin by CK 1 (casein kinase 1) at Ser45 

and GSK 3β at Ser33, Ser37 and Thr41 (1, 2) , leading to the degradation of β-catenin. The 

Thr112 (43) and Thr393 (44) sites of β-catenin which are phosphorylated by CK2 function in 

adhesion and signalling respectively. Further, PKD 1 (Protein kinase D 1) phosphorylates β-

catenin at Thr120, inhibiting its nuclear signalling activity (45).  JNK2 (c-Jun N-terminal 

kinases) phosphorylates β-catenin at Ser191 and Ser605, and is believed to affect the nuclear 

translocation of β-catenin (46). PKA (Protein Kinase A) (47) and PAK (P21-activated kinase) (48) 

have both been reported to phosphorylate β-catenin at Ser675, and PKA and AKT (PKB, 

Protein kinase B)  phosphorylate β-catenin at Ser552 (49). 

In terms of tyrosine phosphorylation, β-catenin is phosphorylated at Tyr654 by a number 

of diverse kinases: Src (50), AbI (51) and Met (52), which dramatically obstructs its interaction 

with cadherin (53) as the negatively charged β-catenin following phosphorylation likely 

opposes the effects of the positively charged central groove. Tyr142 phosphorylation of β-

catenin is regulated by Fer or Fyn tyrosine kinases (54) and this phosphorylation is believed to 

regulate the translocation of β-catenin and also affect its signaling activity (42). In addition, 

Src has been reported to phosphorylate β-catenin at Tyr333, affecting the signaling activity of 

β-catenin independent of Wnt (55). AbI has also been reported to phosphorylate β-catenin at 

Tyr89, which regulates the stability of β-catenin (51), and at Tyr489 which hampers its binding 

to N-cadherin (56). 



 

11 
 

Most β-catenin phosphorylations result in the enhancement of its signalling function and 

at the same time weaken its associations in adherens junctions due to competition between its 

adherens junction interactions and those with transcriptional factors, mainly TCF family 

proteins (27, 28).  

As part of its degradation cycle, β-catenin is ubiquitylated (57, 58) and then degraded by the 

proteasome. With respect to the acetylation, β-catenin has been found to be acetylated by 

CREB-binding protein (CBP) (59) and P300 (60) at Lys49 and Lys345 respectively when it is 

functioning as a transcriptional activator. In addition, β-catenin can also be glycosylated by 

O-GlcNAc transferase (61). 

Table 1:  Summary of the post-translational modifications of β-catenin 

 

 

 

 

 

 

 

 

  

Post-translational modifications Sites of β-catenin Enzymes 

Phosphorylation Ser/Thr 
phosphorylation 

Ser33, Ser37, Thr41 GSK3β 
Ser41 Ck1 

Thr112, Thr393 Ck2 
Thr120 PKD1 

Ser191, Ser605 JNK2 

Ser675 PAK 
Ser552, Ser675 PKA 

Ser552 AKT 

Tyr 
phosphorylation 

Tyr142 Fer or Fyn 

Tyr333, Tyr654 Src 
Tyr89, Tyr489, Tyr654 AbI 

Tyr654 Met 

Ubiquitylation  β-TrCP 

Acetylation Lys49 CBP 

Lys345 P300 

Glycosylation  O-GlcNAc transferase 
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1.3. Disease relevance of the Wnt pathway and β-catenin 

1.3.1. General roles in development and disease 

The Wnt/β-catenin pathway is crucial for axis development. For example, the Drosophila 

wingless gene is a segment gene for larval development (62, 63) and Wnt1 (64) and β-catenin (65) 

proteins have been shown to induce an axis duplication in Xenopus. In addition, loss of 

function of XTcf-3, a member of the TCF family, inhibits the effect of β-catenin on inducing 

axis duplication (65). Mutation in the LRP6 gene results in similar embryonic developmental 

defects because of its obstruction of Wnt functions (66). The Wnt pathway is also associated 

with human limb formation (67, 68) and tissue development (69, 70). Further, the Wnt/β-catenin 

pathway modulates cell fate during development via regulation of its multiple target genes, 

such as in myogenesis (71), adipogenesis (72) and hair follicle development (73-75). The 

importance of β-catenin during development has been further verified by the discovery that 

the development of mouse embryos lacking β-catenin, from conventional knockout, was 

impeded (76). This effect is not predominantly due to the role of β-catenin in the adherens 

junction as it was observed in a later β-catenin-deficient mouse embryo study (77) that 

plakoglobin (ɣ-catenin), another armadillo family member, can compensate for β-catenin and 

associate with cadherins. 

The fact that many targets genes of the Wnt pathway are involved in cell cycle regulation 

and proliferation processes, along with its role in determining the fate of cells, make it clear 

that Wnt signaling is linked to control over stem cells. Indeed, Wnt3a has been found to play 

an important role in maintaining the self-renewal characteristic of haematopoietic stem cells  

(78). Other components of Wnt signaling have also been linked to the maintenance of 

Haematopoietic stem cells (79). Further, a study on TCF7L2-/- mice revealed that TCF7L2 (for 

which β-catenin is a transcriptional coactivator) was important for maintaining the status of 

crypt stem cells in the small intestine (80). The self-renewal of other stem cells such as 

epidermal (81) and mammary stem cells (82) is known to be modulated by the Wnt pathway as 

well.  

Again, the role of the Wnt pathway in regulating cell proliferation and maintaining the 

self-renewal status of stem cells logically links it to tumorigenesis. Many muations in Wnt 

signaling components have been found in various cancer cells. The importance of the Wnt 

pathway in colorectal cancers has also been addressed in numerous studies. APC is a tumour 
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suppressing component of the Wnt/β-catenin and its loss-of- function mutations, which 

activate the canonical Wnt pathway by stabilising β-catenin (83, 84), have been frequently 

found in colorectal cancers. It is thought that the accumulated β-catenin binds TCF proteins 

and then abnormally activates some of their target genes involved in regulating the 

development of intestinal crypts, resulting in the over proliferation associated with 

cancer/tumourgenesis (83). Gain-of- function mutations in β-catenin (85) and TCF7L2 (86) have 

since been found in colorectal cancers as well. Mutations of β-catenin that result in 

stabilization of β-catenin and thus gain-of-function have been noted as correlating with 

cancers (87) and the activity of β-catenin/TCF7L2 complex has been identified as a mediator 

in other types of cancer, such as human sebaceous tumours (88), lung adenocarcinoma 

metastasis (89), hair  follicle tumours (90), melanoma (91), hepatocellular cancer and 

medulloblastoma (92). Additionally, mutations in other components of Wnt signaling have 

been identified to be functionally important in many cancers, such as the truncation or 

missense mutations of Axins in hepatocellular (93) and colorectal cancers (94), and LRP5 in 

breast cancers (95). 

The Wnt pathway has been linked to the pathogenesis of many other diseases besides 

cancers. Mutations of LRP5 identified in the trait for high bone mass (96) provide a genetic 

correlation between the Wnt pathway and bone disease. In addition, Fz-4 and LRP5 defects in 

familial exudative vitreoretinopathy (97) link the Wnt pathway to retinal vascular disorders. 

Because the Wnt signaling pathway is indispensable for the development and function of the 

central nervous system, it can also be linked to psychiatric disorders. The Wnt signaling 

pathway is known to be crucial for the anteroposterior patterning of the neuraxis in Xenopus 

(98), as well as neural cell differentiation (99) and dorsal telencephalon development (100). TCF 

protein, the transcriptional activator in the Wnt pathway, has been identified as essential for 

brain development in zebrafish (101). Diabetes, an major metabolic disease involving Wnt 

signaling, will be discussed in detail in the next section.  
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1.3.2. Involvements in glucose metabolism from β-catenin mice studies 

Their high degree of genomic (102) and physiological similarity to humans make mice 

good research models. Many β-catenin engineered mouse models have been generated and 

studied to reveal more about the physiological functions of β-catenin. The complex structure 

and post-translational modifications of β-catenin make it a powerful gene which regulates 

multiple cellular processes in the body, which has been described in the earlier sections. 

Because β-catenin is essential for gastrulation and therefore conventional β-catenin knock-out 

mice die in embryo (103), tissue specific knock-outs of β-catenin have been applied in a range 

of research.  

In terms of relevance to glucose metabolism the three tissues of major importance are in 

the brain, liver and pancreas. Blood glucose is the primary energy source for the brain and the 

liver and pancreas are crucial to the regulation of blood glucose. Conditional knock-out of β-

catenin under Wnt1-Cre in mice resulted in the impairment of brain and craniofacial 

development (104). As β-catenin is constitutively degraded after phosphorylation at its N-

terminus (1, 2, 57, 58), gain-of- function forms of β-catenin include those with exon 3 deleted β-

catenin (105-107), or the N-terminal site mutated β-catenin (108, 109). Transgenic mice expressing 

a central nervous system specific stabilized form of β-catenin with the N-terminal site 

mutated  (108) were used to evaluate the role of β-catenin in the mood stabilizing effect of 

Lithium. β-catenin was found to be an important effector in this study, as the overexpression 

of β-catenin exhibited a similar phenotype with lithium-sensitive behaviors (110). The 

importance of β-catenin in the brain was exhibited in another β-catenin transgenic mouse 

model which expressed N-terminally truncated β-catenin in neural precursors, leading to an 

enlarged brain and disorganization of the cerebral cortex layers (111). On the other hand, β-

catenin specific knock-out in hippocampal pyramidal neurons led to a decrease of synaptic 

vesicles through interaction at its PDZ binding domain (112). The similarity between the 

mechanisms for synaptic vesicle exocytosis and insulin granule exocytosis reflect the 

potential relevance of β-catenin in insulin secretion.  

The importance of β-catenin in liver cell growth and proliferation was confirmed by 

breeding floxed β-catenin (exons 2-6, where the translational start codon is included) mice 

with Albumin-Cre mice, which resulted in the specific deletion of β-catenin in liver cells (113). 

β-catenin was found to be involved in the glutamine synthesis pathway in the liver in another 

hepatocyte specific β-catenin knockout mouse study (114). In other studies, hepatocyte-specific 
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N-terminally truncated β-catenin transgenic mice showed abnormal gene expression and 

increased blood ammonia (115) and liver specific stabilized β-catenin (S45D β-catenin) 

transgenic mice developed high fat diet induced obesity and insulin resistance  (109). Liver-

specific β-catenin knock-out mice in the same study were resistent to diet induced obesity but 

had higher liver cell apoptosis. 

Many β-catenin related knock-out studies have also been carried out for pancreatic tissue, 

usually by breeding Pdx1 (pancreatic and duodenal homeobox 1)-Cre mice as Pdx-1 is 

highly expressed in pancreatic β cells. Loss of β-catenin has been found to affect the 

development of the pancreas through both Wnt signaling (116) and its role in adherens 

junctions (117), resulting in a reduction in endocrine islet numbers (117) and lack of acinar cells 

(118). Pancreas specific transgenic mice with constitutively stabilized β-catenin that lacks the 

third exon ,where the multiple phosphorylation sites leading to ubiquitylation and degradation 

are located, showed increased organ size in the development of the pancreas (106). 

Furthermore, another study found that the conditional pancreatic expression of this 

constitutively stabilized β-catenin enhanced the size of the pancreas and even increased its 

production of insulin (107).  

The β-catenin mice models outlined above indicate a number of different roles for β-

catenin in glucose metabolism related tissues, implying involvement of β-catenin in 

regulation of glucose metabolism. The cadherin mediated adherens junctions of β cells are 

also crucial for the stimulated release of insulin to work properly (119, 120). These connections 

between Wnt/β-catenin signaling and the pathogenesis of diabetes, which is characterized by 

the improper regulation of glucose metabolism, are a focus of this thesis. 
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1.4. Involvement of Wnt/β-catenin pathway in diabetes 

Diabetes is a chronic metabolic disease that is characterized as uncontrolled high blood 

glucose level for a prolonged period, resulting from the inappropriate regulation of glucose 

homeostasis. Insulin is the major hormone in the body that can reduce blood glucose 

concentration; it is secreted from pancreatic β cells in response to high levels of glucose and 

nutrients. Diabetes is generally divided into three types: Type 1 diabetes, type 2 diabetes and 

gestational diabetes during pregnancy, although this classification is really dependent on the  

the patient’s condition at the time of diagnosis, and may change with time. Type 1 diabetes 

mainly results from insulin deficiency which is caused by the destruction of β cells. It can be 

further classified as autoimmune-mediated diabetes and idiopathic diabetes. Gestational 

diabetes is the diabetes that develops during pregnancy. The most prevalent form of diabetes 

is type 2 diabetes, also known as adult-onset diabetes, which covers almost 90% of all 

diabetic patients. Type 2 diabetes is normally caused by deficient insulin secretion and 

decreased insulin sensitivity of responsive tissues. The severity of this disease is reflected by 

the level of blood glucose, as hyperglycaemia is the prominent feature of diabetes.  

Type 2 diabetes is mainly caused by insufficient insulin levels in the body to react to 

enhanced metabolic demand. In this type of diabetes, glucose levels increase gradually and 

often no classic symptoms are obvious at the preliminary stages. The increased blood glucose 

normally leads to enhanced insulin demand and then insulin resistance, creating a vicious 

cycle. The impaired secretion of insulin in the β cells of Type 2 diabetics is due to the 

combined effect of lifestyle, environment and genetic predisposition. Many single nucleotide 

polymorphism (SNP) variants of Wnt signaling pathway components have been linked with 

the risk of developing type 2 diabetes. Apart from the association of SNPs with diabetes, Wnt 

signaling is crucial for the development of the pancreas (121) and β cell  mass (122) through the 

regulation of targets genes during development. In addition, Wnt signalling is active in 

adipogenesis. The Wnt5b gene has been found to promote adipogenesis and obesity is a 

major risk factor for type-2 diabetes (123).  

Polymorphisms in LRP5, a vital component of Wnt signaling, are also associated with 

increased risk of developing Type 2 diabetes in Han Chinese people (124). LRP5-deficient 

islets exhibit a reduced level of glucose induced insulin secretion and an earlier study 

reported impaired glucose tolerance in LRP5 knockdown mice (125). In another study, 

pancreatic β cell specific β-catenin knockout mice died shortly after birth from dysregulation 
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of glucose and insulin levels due to impaired islet morphology and function (126). TCF7L2, a 

binding partner of β-catenin in the Wnt pathway, is a diabetes susceptibility gene. SNPs in 

TCF7L2 have been consistently reported to correlate with an increased risk of type 2 diabetes 

(see Table 2), but the underlying mechanism is still unclear. Various mechanisms for this 

connection have been proposed in different studies.  

The repeated findings across different populations suggest TCF7L2 is a predisposing 

gene for Type 2 Diabetes. TCF7L2 is a protein which acts as a transcription factor. It was 

first identified in lymphoid cells, and then given its alternative name, TCF4, because of its 

high mobility group boxes. In a yeast two-hybrid screen, lymphoid enhancer-binding factor 

(LEF-1), another family member of TCF/LEF family was found to interact with β-catenin 

and then regulate the downstream genes of β-catenin (127). Without β-catenin binding, TCFs 

bind the co-repressor protein Groucho (128) and CREB-binding protein (CBP) to repress the 

transcription activity of target genes. After binding to β-catenin, TCFs turn into 

transcriptional activators for the target genes of the Wnt/β-catenin pathway. 

Table 2: SNPs of TCF7L2 found to be related to high risk for diabetes 

SNP of TCF7L2 Verified in Populations 
DG10S478  Icelandic (129-131) 

Danish(129-131)  

American(129-131) 

rs12255372 Finnish(130) 

Swedish(130) 
Hui Chinese(132) 

rs7903146 Finnish(133) 
Scandinavian women 

Asian women 

gestational diabetes(134-136) 

rs7901695 Japanese(137) 
rs11196218 Han Chinese(124) 

rs1225572 
 

North Indian Punjabi population(138) 
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While SNPs of TCF7L2 are found in different cohorts of diabetes patients, understanding 

of their pathological mechanism is still vague. Some TCF7L2 susceptible polymorphisms 

have even been found to have no effects on β cell function, but do cause a reduced initial (0-

60 min) appearance of exogenous glucose in the systemic circulation, thus leading to 

impaired insulin secretion (139). Protein levels of TCF7L2 are suspected to underlie the 

association of TCF7L2 SNPs with diabetes. In Swedish and Finnish cohorts, the risky CT/TT 

genotype SNP rs7903146 and the GT/TT genotype rs12255372 in TCF7L2 result in increased 

expression of TCF7L2 and impaired insulin secretion in human islets (140). TCF7L2 allele 

numbers were also found to have negative effects on the risk of Type 2 diabetes in a study 

that generated a series of mice models with different TCF7L2 allelic copy numbers (141). On 

the other hand, diabetic mice and rat models in another study exhibited decreased TCF7L2 

protein levels, together with decreased GLP-1R/GIP-R signaling (142). Lower protein levels of 

TCF7L2 in diabetic rodent models correlate with impaired glucose simulated insulin 

secretion (GSIS) and lower insulin gene expression in β cells (143-145). There are indications 

that the impairment is not solely due to regulation of insulin gene expression, as impaired 

GSIS results from the reduction of the TCF7L2 protein via regulation of secretory vesicle 

fusion (146). In addition, lower TCF7L2 protein level has been shown to result in reduced β 

cell proliferation and increased β cell apoptosis (147).  

The exact effects of TCF7L2 SNPs on GSIS are unclear. However, the primary function 

of TCF7L2 is believed to arise from its transcriptional activity. We hypothesise that the 

effects of TCF7L2 on β cell proliferation and cell mass predominantly occur via regulation of 

target genes and require the binding of β-catenin, its binding partner. This implies one 

possible role of β-catenin in the pathogenesis of diabetes. 
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1.5. Insulin secretion in β cells and the involvement of β-catenin 

1.5.1. Glucose and glucagon-like peptide-1 (GLP-1) stimulated insulin exocytosis 

Insulin is the only hormone in the body which lowers blood glucose. It is produced and 

released by cells when the blood glucose level rises. Glucose stimulated insulin secretion 

occurs in two phases. In β cells, Glucose increases the cytoplasmic ATP/ADP ratio during 

glycolysis, which in turn leads to the closure of the ATP-sensitive K+ (KATP) channels. This 

results in depolarization of the cytoplasmic membrane and influx of Ca2+. The rise in 

cytosolic Ca2+ triggers the exocytosis of insulin from the readily releasable pools. The whole 

process occurs within a few minutes following stimulation and this fast insulin release is the 

first phase of insulin secretion (148). The second prolonged phase of insulin secretion requires 

the replenishment of insulin granules from the reserve pools, which takes much longer than 

the first phase (148). The incretin hormone GLP-1 is one of the mainpotentiating factors for 

GSIS. While GLP-1 alone does not trigger insulin release, it substantially enhances the 

amount of insulin released in response to glucose (149).  

During the first phase of insulin secretion, insulin granules in the readily releasable pools 

located at or near the plasma membrane are ready for immediate release upon stimulation. 

The second secretion phase is longer as it requires granules from the reserve pools to travel 

from within the cell, and dock and fuse with plasma membrane before exocytosis occurs. A 

process of vesicle trafficking is needed to tether and prime more insulin granules to the 

plasma membrane. The SNARE (soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor) complex regulates vesicle docking and fusion with the plasma membrane 

(Figure 1-5). The SNARE protein complex consists of two subcategories named according to 

their location: vesicle (v-) SNAREs and target plasma membrane (t-) SNAREs. The typical 

SNARE core complex for insulin secretion pairs the vesicle v-SNARE Vamp2 with the t-

SNAREs, syntaxin and SNAP23/25. This SNARE complex is modulated by the 

Sec1/Munc18 (SM) protein family binding to syntaxin (150). 

The role of SNARE complexes in exocytosis in synaptic vesicles has been thoroughly 

reviewed, including a comparison with insulin-granule (151). However, the complete 

mechanism of their role in insulin secretion is still not well understood (152). A few additional 

proteins have been implicated in this process including the PDZ containing protein STXBP4 
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(Syntaxin binding protein 4, also known as Synip), which regulates interaction with t-

SNAREs (153).   

 

Figure 1-5: Schematic trafficking of the reserve-pool insulin granules 
(A) Insulin granules are tethered towards the plasma membrane upon stimulation by mechanisms that are still unclear. One hypothesis is 
that β-catenin may be involved in this process. (B and C) Insulin granules are associated with the plasma membrane by SNARE proteins and 
the Sec1/Munc18 (SM) protein family. (D) Finally, the membrane of insulin granules is fused with the plasma membrane and insulin can 
then be released out of the cell. 
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1.5.2. Involvement of β-catenin in the machinery of insulin secretion 

As mentioned in earlier sections, β-catenin is a protein with multiple functions that are 

mostly determined through associating with different partners in diverse cell compartments. 

Both of its main functional aspects are crucial for maintaining the normal status of β cell 

function. First, cadherin/catenin-dependent adherens junctions are important for adhesion and 

communication between β cells, which is needed for them to secrete insulin (119, 120). The 

association with cadherins near the cell membrane places β-catenin in a perfect location to 

mediate insulin vesicle release when the vesicle dissociates from the actin cytoskeleton and 

fuses with the membrane (154). Similarly, the Wnt/β-catenin signaling pathway has long been 

known to be important in maintaining functional β cells status; Wnt3a was shown to 

potentiate GSIS and increase β-catenin in β cell models in a 2003 study (155). As discussed 

above, TCF7L2 SNPs have been linked to abnormal functionality in β cells (143-145). Another 

link between the Wnt pathway and β cells is through Cyclin D2, a transcriptional target of β-

catenin/TCF7L2 (156) critical for the growth of β cells (157). Furthermore, β-catenin has been 

found to associate with FoxO, another transcriptional factor (158) crucial for β cell function 

(159). Additionally, our research group has found that β-catenin is itself crucial for glucose 

stimulated insulin secretion in β cells through regulating the localization of insulin granules 

near the plasma membrane (160, 161).  

How does β-catenin achieve its specific function in β cells? Regulating the localization of 

β-catenin could be a way to fine tune these competing interactions which locate at the central 

domain of β-catenin, such as interactions with TCF, cadherin and FoxO. However, it is not 

yet fully understood whether it is the binding partners that determine the localization of β-

catenin, or the localization of β-catenin that determines its association with other proteins. 

Because the affinity between β-catenin and E-cadherin happens to be equivalent to its 

interaction with TCF7L2 (37), this may create some competition among different interaction 

partners. Accordingly, subtle shifts in the equilibrium of these interactions may explain the 

consequent diversity in regulation of β-catenin functions. Specifically, the balance between 

associations of β-catenin within adherens junctions and within the Wnt/TCF pathway could 

be of great importance for β cells.  

The other possibility is that post-translational modifications of β-catenin may affect its 

association with other proteins. Phosphorylation of Ser552 β-catenin increases with glucose 

(160) and this phosphorylation could be important in mediating the balance of these β-catenin 



 

22 
 

interactions. Our group has found that glucose induces an increase of cAMP levels and, 

consequently, an increase in the activity of PKA, which phosphorylates β-catenin at Ser552 

(160). This has previously been described as a phosphorylation event for stabilising β-catenin 

(162). However, it may be that this phosphorylation of β-catenin affects the adjustment of 

different β-catenin interactions, as site Ser552 is in a relatively loose part of the β-catenin 

structure and phosphorylation in this area may induce conformational changes.  

Furthermore, as a platform for binding proteins, β-catenin may function through 

interacting with other partners such as PDZ domain containing proteins. Some PDZ domain 

containing proteins are confined to the plasma membrane as scaffold proteins, where they 

affect cell-cell junctions via associating with β-catenin (163). It is known that β-catenin binds 

the PDZ domain of the scaffold proteins Scrib and Shank3, which have been implicated in 

regulating actin dynamics (164) and actin dynamics is important for insulin secretion. β-catenin 

has also been reported to interact with PDZ domain containing proteins such as Magi and 

Scrib, to recruit synaptic vesicles for exocytosis (112, 164). Given the similarity between 

synaptic vesicle exocytosis and insulin granule exocytosis (151), it is easy to hypothesize that 

β-catenin may play a role in the mobilization of insulin granules to and fusion with the 

plasma membrane during exocytosis. However, the potential role of β-catenin in interacting 

with PDZ domains during insulin secretion has not been reported so far. 
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1.6. β-catenin interacts with PDZ domain containing proteins  

1.6.1. General introduction to the PDZ domain 

The PDZ domain is a protein structure present in organisms ranging from prokaryotes to 

humans. More than 150 proteins containing PDZ domains have been identified in the human 

proteome (165). PDZ domains consist of 80–90 amino acids formed into strands. They provide 

platforms for protein-protein interactions. There are certain motifs that PDZ domains prefer 

to bind. Initially, PDZ domains were discovered to recognize and bind a certain amino acid 

sequence at the C-terminus of target proteins, namely Serine or Threonine-X (any amino 

acid)-Valine (T/SXV motif). A second type of target sequence is a carboxyl-terminal ΨXΨ 

motif (Ψ: hydrophobic amino acids), and carboxyl-terminal DXV (Asp-any amino acid-Val) 

is a third type of binding motif (166, 167). Besides C-terminus binding, other types of binding 

have been found for PDZ domains, such as internal sequences (168), another PDZ domain (169),  

and they can even bind to lipid (170). A systematic survey of PDZ domains reported that a 

significant portion (~20%) in the mammalian genome displays phosphatidyl inositide-

dependent membrane-binding capacity, indicating that binding to lipid membranes may be 

another general property of PDZ domains (171).  

PDZ domains connect proteins within the same cellular compartment at particular times, 

thus playing a role as scaffold proteins. The diversity of their binding partners means PDZ 

domains have varied and important functions in cell processes, such as intercellular junctions, 

vesicle trafficking and cell signaling pathways (172). As the structure of PDZ domains and 

their binding motifs are well known, some small molecules that can inhibit PDZ domain 

interactions have been considered for use in drugs to treat neurological dysfunction (173). 
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1.6.2. General function of PDZ domain in synapses 

PDZ domains were first identified in post synaptic density protein PSD-95, Drosophila 

disc large tumour suppressor (Dlg1), and zonula occludens-1 protein (zo-1) (174). PDZ domain 

containing scaffold proteins are functionally important in neuronal synapses (175). They are 

abundant in the postsynaptic density (PSD) (175, 176) and interact with numerous 

neurotransmitter receptors such as glutamate receptors, which contain PDZ binding motifs  

(177). These interactions play an important role in the nervous system in maintaining the 

plasticity of synapses (176). For instance,  PTEN (phosphatase and tensin homologue deleted 

on chromosome 10 protein), which is important for neuronal survival, is reported to be 

regulated by its PDZ domain containing binding partners (178). 

The relatively weak association of PDZ domains with various partners renders them 

flexible and able to rapidly change structure during membrane motility (179). For instance, the 

trafficking of AMPA receptors during synaptic plasticity is mainly dependent on interactions 

with PDZ domain containing proteins (180). In addition, PDZ domains are reported to be 

involved in the exocyst–NMDAR (N-methyl-D-aspartate receptors) interaction and be 

essential for the trafficking of NMDAR to synapses (181).  

In summary, PDZ domains play a crucial role in sorting proteins to target membranes in 

nerve cells (Figure 1-6). As there is a marked resemblance between synaptic vesicle 

exocytosis and insulin granule exocytosis (151), we hypothesize that PDZ domain containing 

proteins may play assisting roles during insulin granule trafficking, and perhaps through 

interaction with β-catenin as well.  
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Figure 1-6: Schematic diagram of PDZ domain containing proteins involved in trafficking of receptors and their 

involvement during the recycling of receptors between endocytosis and exocytosis at synapses  
Taken from Garner CC (2000), Trends in Cell Biology, 10(7):274-80 
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1.6.3. Evidence for interaction of PDZ domains with β-catenin 

The last four amino acids of β-catenin are DTDL, which does not fit any classification of 

the three conventional PDZ domain interacting motifs. However, the PDZ domain containing 

Tax- interacting protein (Tip1) was found to interact with β-catenin after a mammalian two-

hybrid screen and this interaction occurred with the last four residues of β-catenin (182). Many 

other PDZ domain containing proteins are also known to bind β-catenin. The fifth PDZ 

domain of Magi1, which consists of six PDZ domains, was shown to potentially bind β-

catenin and this interaction was important for the adhesion junction in MDCK cells (183). In a 

family-wide screen assessing PDZ domain containing proteins, many were found to interact 

with β-catenin (164). Scrib was one of the partners for β-catenin identified in the screen, and 

this interaction was found to be essential for vesicle localization at the synapse (184). 

Furthermore, β-catenin has been reported to modulate the localization of the reserved 

synaptic vesicle pool at presynaptic sites via binding PDZ domain containing proteins (112). 

These results suggest that β-catenin serves as a scaffold for membrane mobility by 

associating with PDZ domain containing proteins. Although these interactions between β-

catenin and PDZ domains are mainly found in nerve cells, the similarity between synaptic 

vesicle exocytosis and insulin granule exocytosis indicates the potential involvement of β-

catenin at the vesicle-membrane fusion point in co-ordinating insulin release. 

Indeed, the PDZ domain containing protein Synip (STXBP4) was shown to bind β-

catenin in the family-wide screen mentioned above (164). STXBP4 bound to Syntaxin 4 is 

known to preclude Syntaxin 4 interacting with its cognate v-SNARE, and so suppresses 

vesicle fusion to plasma membrane (153). Loss of Synip has been found to dysregulate GSIS 

(153) and a lower Syntaxin 4 level is found in islets from type-2 diabetics (185), indicating 

defects at insulin granule vesicle fusion could be a reason for the attenuation of insulin 

release seen in diabetes.  

The scaffold protein Pdzd2 was another protein identified as bound to β-catenin via its 

PDZ domain in the family-wide screen (164). Pdzd2 appears to play a role in insulin secretion 

as its loss-of- function leads to elevated insulin secretion (186). Further, β-catenin was shown to 

bind the PDZ domain of Rac-GEF Tiam (164) and small GTP proteins are known to modulate 

insulin secretion (152). Rac-1 activates PAK-1 kinase and PAK-1 is essential for insulin 

granule release (187). These connections reveal a possible mechanism by which β-catenin 

could spatially organize the activation of small GTP proteins, such as Rac-1, to regulate 
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insulin secretion. Interestingly, the Ser552 site on β-catenin fits the target consensus site for 

PAK-1 (188), so Ser552 phosphorylation of β-catenin could be involved in this hypothetical 

regulation.  
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1.7. Hypothesis for the involvement of β-catenin in insulin secretion 

β cells are the only cells in the body that secrete insulin and so β cell lines are important 

research models for insulin secretion studies. The INS-1 cell line, generated from a rat 

insulinoma by Asfari and colleagues in 1992 (189), has been a widely used   cell research 

model. These cells secrete insulin within the physiological range in response to glucose (189). 

Other cells lines have subsequently been generated from the parent INS-1 cells, including 

INS-1E and INS-1 832/3. The GSIS capbility of INS-1E cells is closer to that of rat islets (190), 

while INS-1 832/3 cells are more sensitive to GLP-1 than INS-1E cells (191). As mentioned in 

Section 1.5.1,  the incretin hormone GLP-1 is a common factor in potentiating GSIS. Both 

the INS-1E and INS-1 832/3 cell lines were used in this project to evaluate the involvement 

of β-catenin during insulin secretion. 

The ability of β-catenin to associate with a diverse range of proteins involved in cell 

junctions, signaling and as PDZ scaffold proteins makes it a compelling functional regulator. 

The balance of these different β-catenin associations and thus the varied functionality of β-

catenin could be one key way in which it modulates insulin secretion in β cells. Modifications 

of β-catenin may therefore play a role in regulating this function. A recent study reported 

phosphorylation of β-catenin at Tyr654 modulates vesicle dynamics via enhanced association 

with N-cadherin during synaptogenesis (192). Ser552 phosphorylation of β-catenin may have a 

similar effect as it is the same type of modification in a similar region of this protein. In a 

previous study by our group, the Ser552 site of β-catenin was identified in the flexible area, 

with a loop extending out from the standard armadillo repeat structure, and phosphorylation 

of Ser552 was shown to increase with high glucose in β cells (160). This raises the possibility 

that the phosphorylation at Ser552 regulates the conformation of β-catenin and then affects 

the binding patterns of β-catenin in β cells. Thus, the binding patterns of β-catenin potentially 

regulate the functionality of β-catenin in β cells under glucose stimulation.  

The finding that β-catenin is indispensable for GSIS in β cells (160), together with the 

observation that Ser552 β-catenin phosphorylation increases with glucose treatment and 

correlates with an increase in insulin secretion, led us to hypothesize a novel mechanism: 

glucose or GLP-1 mediates changes in β-catenin levels and/or phosphorylation levels and this 

then affects its binding patterns, which leads to regulation of insulin secretion in β cells 

(Figure 1-7). The classical interactions of β-catenin are with TCF7L2 in Wnt pathways and 

with cadherins in adherens junctions. Another recently reported interaction of β-catenin is 
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with PDZ domain containing proteins. The aims of this study were to find which interactions 

of β-catenin are crucial during GSIS in β cells, and whether phosphorylation of Ser552 β-

catenin plays an active role in these interactions in β cells. Furthermore, we generated a 

genetically modified mouse model to test the physiological function of Ser552 of β-catenin in 

vivo. 

 

Figure 1-7: Schematic diagram of the balance of β-catenin functions in β cells 
Following stimualtion, β-catenin may be involved in the tethering and/or fusion of insulin granules to the plasma membrane in β cells. The 
free pool of β-catenin may contribute to the involvement of β-catenin in insulin granule trafficking through associations with some PDZ 
containing proteins. Cadherin/β-catenin interaction may also be involved during insulin granule trafficking. Apart from the binding 
competition between β-catenin in the adherens junction and β-catenin in Wnt/β-catenin pathway, associations with PDZ domains could 
be another source of competition for β-catenin. 
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Chapter 2. Materials and methods 

2.1. Cell culture of INS-1 E, INS-1 832/3 cells and HEK 293 cells 

2.1.1. Introduction 

The INS-1 cell line, which has the characteristic of secreting insulin as a response to 

glucose within the physiological range, was generated from a rat insulinoma by Asfari and 

colleagues in 1992 (189). Due to the nonclonal nature of INS-1 cells, Merglen and colleagues 

isolated clonal INS-1E cells from INS-1 cells in 2004 (190), finding that GSIS from INS-1E 

cells is closer to that of rat islets than the parent INS-1 cells. In 2000, the Hohmeier group 

overexpressed human proinsulin gene in INS-1 cells through stable transfection (191). Of the 

clones obtained, INS-1 832/3 is strongly responsive to glucose and also demonstrates 

potentiated insulin secretion in response to 100 nM glucagon- like peptide 1 in combination 

with 15 mM glucose. Previous studies show that INS-1E cells can be safely cultured and used 

within 40–100 passages, with a similar secretory response to rat islets. Long-standing use of 

INS-1 cells in Peter Shepherd’s lab has provided comparable data within 40–80 passages. All 

the experiments in this study were conducted in INS-1E cells or INS-1 832/3 cells within 40–

80 passages. Lastly, the HEK 293 cell line is widely used in gene function studies as it is easy 

to culture and can be transfected with both plasmids and siRNA at high efficiency. 
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2.1.2. Reagents and equipment 

2.1.2.1. Cell Growth Medium 

Product   Supplier 

RPMI-1640 Medium Gibco  
REF 11875-093 

DMEM, high glucose Gibco  

REF 11956-092 

Antibiotic-Antimycotic  Thermo Fisher  
Cat# 15240-062 

2.1.2.2. Phosphate Buffered Saline (PBS) 

Buffer  Components  

PBS  
Adjust to PH=7.4 

1.5 M NaCl 
100 mM Na2HPO4 

40 mM KH2PO4 

2.1.2.3. Trypsin-EDTA 

Product  Supplier 

Trypsin-EDTA (0.25%),  
phenol red 

Gibco 
Cat#: 25200-072 

2.1.2.4. Equipment 

Product Supplier 

Flasks Corning Inc. 

Microscope Millennium Science (Evos core xl) 

O2/CO2 Incubator SANYO (MCO-18M) 

 

  



 

32 
 

2.1.3. Protocol 

2.1.3.1. Cell culture medium  

INS-1E cells and INS-1 832/3 cells were cultured in RPMI-1640 medium with 10% fetal 

calf serum, 10 mM Hepes, 2 mM L-Glutamine, 0.05 mM 2-Mercaptoethanol and 1% of 

Antibiotic-Antimycotic. HEK 293 cells were cultured in high glucose DMEM medium with 

10% newborn calf serum and 1% Antibiotic-Antimycotic. 

2.1.3.2. Thawing cell lines 

Vials containing frozen cell suspension were rapidly thawed in a 37℃ waterbath until 

most cells were thawed (1–2 minutes). After spraying the vial with 70% ethanol, the thawed 

cell suspension was transferred, using an aseptic technique, into a T-75 tissue culture flask 

containing 20 mL of growth medium. The cells were then cultured at 37℃ in a humidified 

environment with 5% CO2. After 24 hours, once the cells had adhered to the flask, the 

medium was replaced with fresh culture medium to remove DMSO-containing freezing 

medium. 

2.1.3.3. Subculture procedure 

After three to four days of culture, the cells became confluent and were subcultured. 

Firstly, the cell growth medium was removed from the flask and discarded. The cells were 

rinsed twice with warm PBS (about 10 mL) and then 2–3 mL of Trypsin-EDTA solution was 

used to briefly rinse the cells. The flask was tilted to ensure all cells were exposed to the 

Trypsin-EDTA and then the solution was promptly removed and discarded. The cells were 

observed under the microscope (using the 20× magnification) until they started to separate. A 

sufficient volume of new growth medium was added to stop trypsinization and the cells were 

gently mixed. An appropriate volume of the cell suspension was added to a new flask 

containing fresh culture medium. The subculture ratios were 1:4 for INS-1E cells, 1:6 for 

INS-1 832/3 cells and 1:10 for HEK 293 cells and occurred every three days on average. Care 

was taken throughout subculturing to avoid vigorous shaking or other mechanical stress to 

the cells.  
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2.1.3.4. Cryopreservation of cells 

Cells were cryopreserved to maintain their viability and to maintain cells stocks at low 

subculture numbers. Prior to cryopreservation, cells were checked for optimal growth and 

contamination. The freezing medium was made up with DMSO, growth medium and serum 

in the ratio 1:3:6. Cells were trypsinized as in the subculture procedure and then suspended in 

growth medium. After centrifuging for 5 minutes at 1,000 rpm at room temperature, cell 

pellets were resuspended in an appropriate volume of freezing medium and aliquoted at 1 mL 

per cryovial. After being clearly labelled, these cryovials were transferred into a Mr. Frosty™ 

Freezing Container and placed in a -80℃ freezer. After approximately 24 hours, cryovials 

were transferred into liquid nitrogen for long term storage. 
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2.2. WESTERN BLOT 

2.2.1. Introduction 

Western blot, also known as protein immunoblotting, is a widely used methodology for 

detecting the relative amount of a specific protein in a certain sample. First, polyacrylamide 

gel electrophoresis is used to separate proteins in the lysate of cells or tissues. Then proteins 

are immobilized in a sheet of membrane. The procedure for transferring protein to a sheet of 

membrane was first described by Harry Towbin in 1979 (193); the idea was based on 

“Southern blot” which transfers and detects DNA samples. Ultimately, the immobilized 

proteins can be detected by labelled antibodies using chemiluminescent western blot 

detection, which is a highly sensitive alternative to isotopic detection of proteins bound to 

blotting membranes.  
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2.2.2. Reagents and Equipment 

2.2.2.1. Sample preparation: 

Buffer  Components 

Cell lysis buffer 20 mM Tris (Invitrogen) pH7.5  
150 mM sodium chloride    
1 mM EDTA  

1 mM EGTA  
1% Triton X1000  

2.5 mM sodium pyrophosphate  
1 mM β-glycerol phosphate  
1 mM vanadate  

100 mMNaF 

Protease inhibitors 
(added freshly before use) 

9.4 μM Leupeptin  
1.5 μM Pepstatin A  

1 mM AEBSF  
0.6 μM Aprotinin  
30 μM ALLN  

1 mM DTT 

Loading buffer 
5x SDS Loading blue 

4% SDS  
0.2 M Tris (pH 6.8)  

50% Glycerol (100%)  
200 mM DTT  

1% bromophenol blue 

2.2.2.2. Recipes for SDS-PAGE gels 

GEL percentsge 4% 8% 10% 12% 15% 

40% Acrylamide/Bis solution, 29:1 

(Bio-Rad #1610146) 

4% 8% 10% 12% 15% 

Tris-HCl PH8.8 (mM)  375 375 375 375 

Tris-HCl PH6.8 (mM) 125     

SDS (W/V) 0.1% 0.1% 0.1% 0.1% 0.1% 

Ammoninum persulphate (W/V) 0.1% 0.1% 0.1% 0.1% 0.1% 

TEMED(V/V) 0.1% 0.06% 0.04% 0.04% 0.04% 

2.2.2.3. Running buffer 

Buffer Components 

SDS-PAGE GEL running buffer 25 mM Tris 

250 mM Glycine  
0.1% SDS  
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2.2.2.4. Transfer buffer 

Buffer Components 

Membrane side buffer 300 mM Tris 
300 mM Glycine 
20% ethanol 

Gel side buffer 300 mM Tris 
300 mM Glycine 
0.1% SDS 

2.2.2.5. Blocking buffer 

Buffer  Components 

Milk blocking buffer 3 g low fat milk powder in 100 mL of TBST 

BSA blocking buffer 3 g BSA powder in 100 ml of TBST 

2.2.2.6. Antibodies 

Antibody name Supplier 

Total β-catenin (sheep) Symansis/ In house  

Dephosphorylated β-catenin/ 

active β-catenin (sheep) 

Symansis/ In house 

β-catenin (rabbit) Cell signaling technology 

P-Serine 552 β-catenin (rabbit) Cell signaling technology 

p-serine 133 CREB(rabbit) Cell signaling technology 

CREB (mouse) Cell signaling technology 

GSK3β (rabbit) Cell signaling technology 

N-cadherin (rabbit) Cell signaling technology 

E-cadherin (rabbit) Cell signaling technology 

T-cadherin (rabbit) Santa Cruz 

VE-cadherin (rabbit) Cell signaling technology 

α-N-catenin (rabbit) Cell signaling technology 

α-E-catenin (rabbit) Cell signaling technology 

β-actin (mouse) Sigma 

Shank3 (rabbit) Santa Cruz 

Pdzd2 (rabbit) Sigma 

Magi-1(mouse) Santa Cruz 

Munc18-1 (rabbit) Cell signaling technology 

NHERF-1(rabbit) Santa Cruz 

NHERF-2 (mouse) Santa Cruz 

Scrib (rabbit) Santa Cruz 

Tiam1(rabbit) Santa Cruz 

Syntaxin1A (rabbit) Cell signaling technology 

Synatxin4 (rabbit) Santa Cruz 

Vamp2 (rabbit) Cell signaling technology 

Tip1 (rabbit) Cell signaling technology 
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GFP (mouse) Santa Cruz 

Flag (mouse) Sigma 

Foxo1 (rabbit) Cell signaling technology 

CDK5 (rabbit) Santa Cruz 

TCF7L2 (rabbit) Cell signaling technology 

Synip (rabbit) Cell signaling technology 

Cyclin D2 (rabbit) Cell signaling technology 

C-Jun (rabbit) Cell signaling technology 

Anti-sheep secondary antibody Dako 

Anti-mouse secondary antibody Sigma 

Anti-rabbit secondary antibody Santa Cruz 

2.2.2.7. ECL substrates 

Product name Supplier 

Clarity™ Western ECL Blotting Substrate Bio-rad 

Western Lightning Ultra PerkinElmer 

2.2.2.8. Stripping buffer 

Buffer Component 

Stripping buffer 

 

100 mM β-mercaptoethanol 

2% SDS (w/v)  
62.5 mM Tris-HCl, pH 6.7 

2.2.2.9. Membrane washing buffer 

2.2.2.10. Equipment 

Buffer Component 

TBST 10 mM Tris  
10 mM NaCl  

1.34 mM KCl  
0.1% Tween-20 (v/v) 

TBS 10 mM Tris  
10 mM NaCl  

1.34 mM KCl  

Equipment Supplier 

Well plates Corning.Inc 

Microfuge 22R Centrifuge Beckman Coulter 

Gel electrophoresis equipment: PowerPac™ Basic Power Supply Mini-

PROTEAN® Tetra Cell Systems (BIO-
RAD) 

Trans-Blot® Turbo™ Transfer System BIO-RAD 

VSR-50 Laboratory Platform Rocker Lab plus series, PRO scientific 

Water bath: Grant 
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2.2.3. Protocol 

2.2.3.1. Protein lysate preparation (taking 6-well plate as an example) 

At the end of the treatments, cells were rinsed twice with cold PBS and lysed by the 

addition of 200 µL of lysis buffer (containing protease inhibitors) per well. After being 

incubated on ice for 10 minutes, the wells were scraped and the lysates then transferred into 

chilled tubes. After 5 minute incubation on ice, the lysate tubes were briefly vortexed and 

then centrifuged at 4℃ for 10 minutes at 13,000 xg. Finally, the supernatants were removed 

and used as the lysate samples for western blotting. 

2.2.3.2. Protein quantification 

Protein concentrations of lysate samples were measured in a 96 well plate by Pierce™ 

BCA Protein Assay Kit (ThermoFisher cat# 23225). Two mg/mL of BSA stock solution was 

used as the standard protein sample to generate a standard curve. Then 2 µL of each sample 

and BSA standard was measured in duplicate along with 2 µL of lysis buffer alone to 

determine background signal, after which 200 μL of BCA reagent mixture (reagent A to 

reagent B ratio=50:1) was added into each well and the plate covered and incubated at 60℃ 

for 15–30 minutes. After the plate cooled to room temperature, the absorbance at 562nm was 

measured using a plate reader (BioTek Synergy 2 Multi-Mode Reader). The concentration of 

each unknown sample was caluclated using the standard curve created from the BSA protein 

samples of known concentration. The appropriate volume of protein sample required to give 

the total amount of protein needed was mixed with 6X loading buffer for SDS-PAGE. 

2.2.3.3. Running PAGE gel and transferring  

Protein samples were loaded into the wells of the SDS-PAGE gel, along with molecular 

weight markers. Then gel was run at 80–100V for approximately 30 minutes to allow 

proteins to enter the stacking gel, and then run at 100–120V for around 60 minutes until the 

dye front was near the bottom of the resolving gel. Membrane side transfer buffer and gel 

side transfer buffer were prepared. PVDF membranes were first activated in methanol and 

then equilibrated with membrane side buffer, together with membrane side filter paper. 

Another set of filter paper was equilibrated with gel side buffer. The transfer sandwich was 

Luminescent image analyser Fujifilm LAS 4000 

Synergy 2 Multi-Mode Reader BioTek 
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set up in the Trans-Blot® Turbo™ Transfer cassette and the semi-dry transfer system run at 

25V, 2.5A for 12 minutes. 

2.2.3.4. Antibody blotting 

After transfer, the membrane was blocked in 3% BSA for 1 hour at room temperature. 

Antibodies of interest were diluted in 3% BSA according to manufacturer’s instructions. 

Subsequently, membranes were incubated in diluted primary antibodies at 4℃ overnight with 

gentle shaking. At the end of the incubation, primary antibodies were recycled and the 

membranes were washed three times in TBST for 5 minutes each time with gentle shaking. 

Membranes were then incubated in corresponding secondary antibodies diluted at 1:10,000 in 

3% BSA at room temperature for 1 hour. At the end of the incubation, antibody solution was 

removed and the membranes were washed three times in TBST for 5 minutes each time with 

gentle shaking. After the last wash with TBST, membranes were incubated with mixed 

Western ECL Blotting Substrates (Bio-Rad) at room temperature for 5 minutes and images 

then captured using the LAS 4000 Imager. 

2.2.3.5. Stripping and re-probe 

After imaging, membranes can still be used for probing with further antibodies, including 

for loading controls or total protein measurement after detection of phosphoprotiens. To strip 

the membranes of antibody they were soaked in stripping buffer and incubated at 55℃ for 20 

minutes. After three cycles of washing with TBS for 15 minutes, the membranes were ready 

for a new round of blocking and antibody incubation. 
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2.3. Mutagenesis of plasmids 

2.3.1. Introduction 

First, the parental plasmid was methylated by incubation with 4U DNA Methylase at 37℃ 

for 20 minutes. Then, the plasmids were amplified by PCR with two overlapping primers that 

contained the desired mutation. The DNA with the mutation was recombined and then 

transformed into the DH5α™-T1R competent E. coli cells. The linear mutated DNA was 

circularized in these competent cells. The McrBC endonuclease in these competent cells 

digested the methylated parent, the wild type plasmid, but mutant clones were left to grow as 

the newly amplified DNA chains were not methylated.  These clones were used to inoculate 

cultures. Plasmids were extracted from these cultures and then sequenced to confirm the 

presence of the mutation.  

2.3.2. Reagents and Equipment 

Product Supplier/Volume 

The GENEART(R) Site-Directed Mutagenesis 

System 

ThermoFisher 

Catalog number: A13282 

Target plasmid DNA 20 ng/μL 

Custom primers for mutation of the target plasmid 10 μM each 

AccuPrime™ Pfx DNA polymerase 2.5 U/μL 

PCR machine Bio-Rad C1000™ Thermal Cycler 

Gel electrophoresis equipment Bio-Rad 

37℃ Incubator Shaker New Brunswick™ Innova® 42/42R 

QIAprep Spin Miniprep Kit 

QIAGEN 

Catalog number: 27104 
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2.3.3. Protocol 

The GENEART® Site-Directed Mutagenesis System was used for the mutagenesis. SAM 

was freshly diluted from 200X to 25X before use, the mutation primers were diluted from 

100 µM to 10 µM and the targeting plasmid was diluted to 20 ng/µL. 

The diluted reagents were used to make the following mixture in PCR tubes: 

Component Volume Final Concentration 

10X AccuPrime™ Pfx Reaction mix 5 µL 1X 

10X Enhancer 5 µL 1X 

Primer mix (10 µM each) 1.5 µL 0.3 µM each 

Plasmid DNA (20 ng/µL) 1 µL 20 ng 

DNA Methylase (4 U/µL) 1 µL 4 units 

25X SAM 2 µL 1X 

AccuPrime™ Pfx (2.5 U/µL) 0.4 µL 1 unit 

PCR water  to 50 µL 

 

The PCR program was set as following: 

Temperature   Duration Number of Cycles 

37ºC 20 minutes 

1 94ºC 2 minutes 

94ºC 20 seconds 

18 cycles 

57ºC 30 seconds 

68ºC 30 seconds/kb of plasmid 

68ºC 5 minutes 1 
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4ºC forever 1 

After the PCR had been completed, 5 µL of the PCR products was analysed on a 0.8% 

agarose gel to check for the presence of product. Excess mutagenesis reaction product was 

stored at −20℃. 

The recombination reaction was then carried out by mixing the components detailed 

below. This mixture then was incubated at room temperature for 10 minutes: 

Component Volume 

5X Reaction Buffer 4 µL 

PCR water 10µL 

PCR sample 4 µL 

10X Enzyme mix 2 µL 

 

At the end of the incubation, the reaction was terminated by adding 1 µL 0.5 M EDTA on 

ice and the 2µL of recombination reaction was immediately transformed into 50 µL of 

DH5α™-T1R E.Coli. After 12 minutes of incubation on ice, the transformation mixture was 

heat shocked for exactly 30 seconds in a 42℃-water bath without shaking. The transformed 

DH5α cells were then recovered in 250 µL of pre-warmed SOC medium at 37℃for 1 hour at 

225 rpm. Finally the culture products were spread onto LB plates containing the appropriate 

antibiotic and incubated at 37℃ overnight. The next day, clones were used to inoculate LB 

broth cultures. After the cells were cultured overnight at 37℃ in a shaker, the plasmids were 

extracted by QIAprep Spin Miniprep Kit. The extracted plasmids were then sent to be 

sequenced to confirm the presence of the desired mutation. 
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2.4. Transfection of DNA and siRNA into mammalian cells 

2.4.1. Introduction 

The introduction of nucleic acids into cells is one of the most valuable and frequently 

used techniques for gene function studies. DNA in the form of cloned genes can be 

transfected into cells to explore the effects of gene expression, site mutation, gene regulatory 

elements and production of recombinant proteins. The transfection of RNA can also be a 

useful tool in repressing target gene expression via RNA interference (RNAi). 

There are several types of transfection techniques suited to different experimental 

applications. In this project, site-mutated β-catenin plasmids were transfected into INS-1E 

cells and HEK 293 cells to investigate the function of the site of this gene, and siRNAs were 

transfected to study loss of function in genes. Transient transfection with Lipofectamine® 

3000 Reagent (Life Technologies) was used for the transfection of both plasmids and siRNA 

in this project. 

2.4.2. Reagents and equipment 

Product Supplier/Volume 

Opti-MEM Reduced Serum Medium 

Thermo Fisher 

Cat#11058021  

microcentrifuge tubes Axygen 

Lipofactamine 3000 kit 

Thermo Fisher  

Cat#: L3000150 

Cells 70-90% confluence 

Target plasmid DNA or siRNA N/A 
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2.4.3. Protocol 

2.4.3.1. Preparation  

This project used validated siRNAs purchased from Thermo Fisher. The plasmid DNAs 

used for transfection were extracted by mini-prep. After checking thequality of the plasmids 

using the Nanodrop, those plasmid DNA with 260/280 absorbance ratio between 1.8 to 2.0 

and 260/230 greater than 2.0 were suitable for transfection. If necessary, the quality of the 

plasmid DNA could have been further checked by gel electrophoresis. Cells for transfection 

are required to reach 70-90% confluence at the time of transfection (12 to 24 hours after 

seeding). For INS-1E cells, 8-11 x 105 cells plated per well of a 6-well plate is normally 

sufficient to perform transfection. 

2.4.3.2. Transfection procedure (taking 6-well plate as an example)  

When conducting the transfection, lipofectamine 3000 reagent and nucleic acid were 

diluted separately and incubated in Opti-MEM Reduced Serum Medium. For the plasmid 

transfection, 2 µg of DNA and 4 µL of P3000 reagent per well were diluted in 125 µL of 

Opti-MEM. Then 4 µL of lipofectamine 3000 per well was diluted in 125 µL of Opti-MEM. 

These two solutions were mixed and then incubated for 5 minutes at room temperature. For 

the transfection of siRNA, 60 pmol of siRNA and 4 µL of lipofectamine P3000 were 

separately diluted in 125 µL of Opti-MEM for each well. The samples were mixed and 

incubated for 5 minutes at room temperature. Forty-eight hours post-transfection, the cells 

were used for experiments such as insulin secretion assay and western blot or 

immunoprecipitation assays. 
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2.5. Immunoprecipitation 

2.5.1. Introduction 

Proteins rarely function alone. Many cellular processes are carried out by molecular 

machines built through the interaction of protein complexes. Immunoprecipitation (IP) is a 

well-recognized technique for investigating interactions among proteins. By immobilising a 

known protein with an antibody, it is possible to pull the entire protein complex out of cell 

lysate and thereby identify unknown members of the protein complex. After this pull-down, 

mass spectrometry (MS) and western blotting can be adopted to further identify the unknown 

members of the complex. 

2.5.2. Reagents and equipment 

Product Supplier 

Antibodies Cell signaling technology 

Protein A/G beads: Sigma 

Lysis buffer Same as in Western Blot section 

Rotator Stuart Equipment 

Microfuge 22R Centrifuge Beckman Coulter 

2.5.3. Protocol 

Cell extracts for pull down assays were prepared by washing cells with cold PBS, and 

then lysed using lysis buffer supplemented with protease inhibitors (0.3 mL per well of a six-

well plate). After quantifying the concentration of protein extracts, 500 µg of protein sample 

was mixed with 1 µg of the antibody of interest and the mixture incubated on a rotating 

shaker at 4℃ for 2 to 3 hours. 15 µL of protein A/G-Sepharose beads was added into the 

lysate antibody mixture and kept rotating at 4℃  for another 1 hour. After a quick 

centrifugation of the lysate mixture, the supernatants were discarded. The protein A/G beads 

were then washed twice with 1000 µL of lysis buffer. Finally, the proteins were eluted from 

the beads using 25 µL of 1X SDS lysis buffer and boiled for 5 minutes prior to analysis by 

mass spectrometry or western blotting. 
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2.6. Mass spectrometry sample preparation 

2.6.1. Introduction 

Mass spectrometry (MS) is a useful analytical technique that measures the mass of 

samples based on their mass charge ratio after ionizing. The spectra of the detected ions  

indicate the mass of the sample by comparison to known masses or patterning of a 

characteristic fragmentation. After being separated by PAGE gel electrophoresis, bands of 

interest from the IP samples were cut out, trypsinized and subjected to mass spectrometry 

analysis. The prepared samples were sent to SBS for Mass spectrometry analysis. 

2.6.2. Reagents and equipment 

Buffer Component 

Final gel staining solution 

 

 0.08% Coomassie Brilliant Blue G250 

1.6% orthophosphoric acid 

8% ammonium sulphate 

20% methanol 

Washing solution for In-gel tryptic digestion 

50% acetonitrile 

50% 50mM NH4HCO3 

Trypsin solution  

20 µg of trypsin (Promega cat# V5111) 

20 µL of Promega trypsin resuspension 

buffer 

Extraction buffer for in-gel tryptic digestion 

50% acetonitrile 

1% TFA 

MilliQ water 
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2.6.3. Protocol 

2.6.3.1. Colloidal Coomassie Blue Staining 

Following IP, the protein complex was eluted into 1X SDS loading buffer. Gel 

electrophoresis was conducted for these eluates and the gel then stained by colloidal 

coomassie blue.  

Sixteen milliliters of 85% orthophosphoric acid was added into 768 mL of MilliQ water, 

and 80 g of ammonium sulphate dissolved in the acid solution. This acid solution was 

referred as Solution A. Five grams of Coomassie Brilliant Blue G250 was then dissolved in 

100 mL of MilliQ water to make Solution B. Solution C, the final staining solution, consisted 

of 1 mL of Solution B and 49ml of Solution A with 12.5 mL of methanol added while stirring.  

The gels were immersed and stained in the freshly made staining solution with shaking at 

room temperature overnight. After disposal of the staining solution, the gels were destained 

using MilliQ water with frequent changes of water until the background of the gels became 

clear but the protein bands were still visibly stained. 

2.6.3.2. In-gel tryptic digestion 

A scalpel blade and a plate were cleaned with methanol before use and then bands of 

interest excised from the gels using the blade on the glass plate. The gel slices were put into a 

tube containing 120µL of wash solution (50% acetonitrile and 50% 50 mM NH4HCO3) and 

this complex was agitated in an Eppendorf Thermomixer at 37℃ at 600 rpm for 10 minutes. 

After the first wash solution was removed, fresh wash solution was added and this washing 

step was repeated twice or more until no blue coomassie could be seen in the gels.  

After the final wash, 60 µL of 100% acetonitrile was added to the gel slices and then 

removed as soon as the gel slices became white. After being dried in a speedvac for 10 

minutes, the gel slices were rehydrated with 10 mM DTT in 100 mM NH4HCO3 at 56℃ for 

30 minutes. Once the rehydrated gel slices had cooled down to room temperature, the 

supernatant was removed and an equal volume of 50 mM iodoacetamide added. The gel 

slices were then incubated in the dark for 1 hour at room temperature.  

After incubation, the iodoacetamide was removed and the gel slices washed and shrunk 

by being immersed in 100 ul of acetonitrile and dried in a Speedvac. About 10 ul of 15ng/µL 
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trypsin in 25 mM NH4HCO3 was added for 10 to 15 minutes incubation at 37℃, ensuring 

that the swelled gel slices were fully covered by the trypsin solution. Another 10 ul of trypsin 

solution was added if necessary and the gel slices placed in 37℃ incubators overnight.  

The next morning, equal volumes of the trypsin solution were added to each sample and 

the samples sonicated for 20 minutes surrounded by cooling water. The supernatants were 

transferred into new tubes and sent to the SBS laboratory for mass spectrometry analysis. 

2.6.3.3. Mass spectrometry analysis protocol from the SBS laboratory 

The resulting peptides were separated on a 0.075 x 200 mm picofrit column (New 

Objective) packed with C18 media using a gradient from 5% B to 40% B, where A was 0.1% 

formic acid in water and B was 0.1% formic acid in acetonitrile, formed at 300nl/min on a 

NanoLC 400 UPLC system (Eksigent) with a total LC run time of 30 minutes.  

The picofrit spray was directed into a TripleTOF 6600 Quadrupole-Time-of-Flight mass 

spectrometer (Sciex) scanning from 350-1600 m/z for 250ms, followed by 100ms MS/MS 

scans on the 10 most abundant multiply-charged peptides (m/z 140-1600) for a total cycle 

time of 1.3 seconds. The mass spectrometer and HPLC system were under the control of the 

Analyst TF 1.7 software package (Sciex). The resulting data were searched against a Uniprot 

Sprot database from January 2015 (547,000 entries) using ProteinPilot version 5.0 (Sciex), 

with the following parameters: Search Effort, Rapid; Cys Alkylation, Iodoacetamide; 

Digestion, Trypsin. 
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2.7. Insulin secretion assay  

2.7.1. Introduction 

The INS-1E and INS-1 832/3 cell lines are widely used β cell models as they secrete 

insulin in a dose dependent manner in response to glucose (190, 191). The AlphaLISA® 

immunoassay kit for insulin from PerkinElmer is a bead-based assay for the detection and 

quantitation of insulin in serum, buffered solution or cell culture medium using a 

homogeneous AlphaLISA assay in a microplate format with no wash steps. The first step in 

an AlphaLISA assay is to conjugate biotinylated anti- insulin antibody with analyte and 

AlphaLISA Acceptor beads. Then Streptavidin-coated Donor beads are added to these 

biotinylated analytes. When insulin is present in the analyte, it will bind to the antibody and 

bring the two beads close. Excitation of the Donor beads at 680 nm releases singlet oxygen 

molecules, transferring a cascade of energy is transferred to the Acceptor beads when they 

are in close proximity. This leads to a peak of emission at 615 nm and reading the 

luminescence intensity at this wavelength reflects the content of insulin in the analyte.  

2.7.2. Reagents and equipment 

Product  Supplier/Component 

Insulin (human) AlphaLISA Detection Kit PerkinElmer Cat# AL204C 

Opti-plate 384 Microplate SciMed 

96 well plates Corning Inc. 

EnSpire® Multimode Plate Reader PerkinElmer 

Krebs-Ringer Bicarbonate Hepes (KRBH) 

pH 7.4 

119 mM NaCl 

4.74 mM KCl 

1.19 mM MgSO4 

25 mM NaHCO3 

1.19 mM KH2PO4 

2.54 mM CaCl2 

50 mM Hepes 
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2.7.3. Protocol 

2.7.3.1. Sample collection  

INS-1E and INS-1 832/3 cells were starved in KRBH buffer with 0.2% BSA for 1 hour, 

and then stimulated with glucose in the same buffer for 1 hour. Media supernatants were 

collected for measuring insulin concentration. 

2.7.3.2. Procedures for AlphaLISA Insulin Assay  

AlphaLISA Immunoassay Buffer (10X buffers within the kit) was diluted to 1X with 

MilliQ water. 1X AlphaLISA Immunoassay Buffer was used as the diluent solution. Insulin 

analyte samples were diluted with 1X AlphaLISA Immunoassay Buffer in 96 well plates. 

Analytes from the INS1E cells were diluted 1 in 9; analytes from the INS1-832/3 cells were 

diluted 1 in 11.  

Lyophilized Insulin standards (0.01 IU) in the kit were reconstituted with 100 μL MilliQ 

H2O, then diluted in series to create a standard curve. Two milliliters of standard was diluted 

with 18 µL of 1X AlphaLISA Immunoassay Buffer to give the highest insulin concentration 

point of the standard curve. Three milliliters of the prior diluent was added into 7 µL of 1X 

AlphaLISA Immunoassay Buffer, and then 3µL of this diluent was added to the next 6ul of 

1X AlphaLISA Immunoassay Buffer. This process of taking 3ul of prior diluent and then 

adding alternately to 7 µL and 6µL of 1X AlphaLISA Immunoassay Buffer was repeated 

until the 10th dilution. Finally, blank 1X AlphaLISA Immunoassay Buffer was adopted as the 

start point of this standard curve. 

Acceptor bead mastermix was prepared by adding 3.96 µL of 1X AlphaLISA 

Immunoassay Buffer, 0.02 µL of acceptor beads and 0.02 µL of antibody per well. Four 

milliliters of acceptor bead mastermix and 1 µL of diluted sample were loaded into each well 

of an Opti-plate 384 microplate. The loaded microplate was briefly centrifuged and then 

incubated for 1 hour at room temperature.  A master mix containing 4.92 µL of 1X 

AlphaLISA Immunoassay Buffer per well and 0.08 µL of Donor beads per well was mixed 

and 5 µL of this donor bead mastermix was added into each well. The loaded microplate was 

briefly centrifuged and then incubated for half an hour in the dark at room temperature. 
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2.7.3.3. Reading and data calculating  

At the end of the incubation, the plate was read by the EnSpire® Multimode Plate Reader. 

Readings for the insulin were used to create a standard curve, based on which the insulin 

concentrations of samples were calculated. 
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2.8. Nuclear Fractionation 

2.8.1. Introduction 

The focus of this project, the β-catenin protein, can be localized at the cell membrane, 

cytoplasm or nucleus. The different localizations of β-catenin lead to its different cellular 

functions. It has been reported that the transcriptional function of β-catenin in regulating 

target gene expression requires its translocation to the nucleus. The translocation of β-catenin 

to nuclei can be measured by nuclear fractionation. 

Thermo Scientific™ NE-PER™ Nuclear and Cytoplasmic Extraction Reagents were used 

to separate the cytoplasmic and nuclear extracts from INS 1-E and INS 1-832/3 cells. Cell 

membranes were disrupted and the cytoplasmic contents released out by adding CER I buffer 

and CER II buffer. After centrifugation, the intact nuclei were sedimentated and the nuclear 

contents broken down by adding the last NER buffer.  These nuclear extracts were then used 

for western blot analysis. 

2.8.2. Reagents and equipment 

2.8.2.1. CER I BUFFER: 150 µL per well  

Taking two 6-well plates as an example, with an extra well prepared to ensure sufficient 

reagent: CER I buffer: 150 µL/well x13 wells = 1950µL. Prepare 2000 µL of buffer. Add 

protease inhibitors before use. 

2000 µL of CER I buffer from KIT 

Leupeptin (9.4 μM) 1 µL Stored at 4℃ 

Pepstatin A (1.5 μM) 2 µL 

AEBSF (1 mM) 2 µL 

Aprotinin (0.6 μM) 1 µL Stored at -20℃ 
ALLN (30 μM) 4 µL 

NaF (100 mM) 2 µL Stored at 4℃ 

Vanadate (1 mM) 20 µL Stored at 4℃ 

2.8.2.2. NER buffer: 75 µL per well 

NER buffer: 75 µL x 13 tubes = 975 µL. Prepare 1000 µL of buffer. Add protease 

inhibitors before use. 
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1000 µL of NER buffer from Kit 

Leupeptin (9.4 μM) 0.4 µL  Stored at 4℃ 

Pepstatin A (1.5 μM) 1 µL 

AEBSF (1 mM) 1 µL 

Aprotinin (0.6 μM) 0.4 µL Stored at -20℃ 

ALLN (30 μM) 2 µL 

NaF (100 mM) 1 µL Stored at 4℃ 

Vanadate (1 mM) 10 µL Stored at 4℃ 

2.8.2.3. Equipment  

Product  Supplier 

Microfuge 22R Centrifuge Beckman Coulter 

Vortex-Genie 2 Scientific industries 

2.8.3. Protocol 

Cells were prepared for nuclear fractionation by being washed twice with cold PBS. 

Protease inhibitors were added to CER I buffer immediately before use. One-hundred and 

fifty milliliters of CER I buffer was introduced to each well of a six-well plate and incubated 

on ice for 10 minutes. Cells were scraped and the cell lysate collected and transferred into 

pre-chilled tubes. The tubes containing lysate were vortexed at maximum speed for 15 

seconds and incubated on ice for another 10 minutes. Ice-cold CER II buffer in the amount 

8.25 µL was added to each tube and the tubes were vortexed for 5 seconds at the highest 

speed and then incubated on ice for 1 minute. Again, the samples were vortexed for 5 seconds 

and then centrifuged at max speed (~16,000 x g) for 5 minutes at 4℃. After centrifugation 

supernatants were transferred into new prechilled tubes. These cytoplasmic extracts of the 

samples were stored at -80℃ before use.  

NER buffer was prepared by the addition of the protease inhibitors and vortexed for 15 

seconds to re-suspend the pellets (75 µL of NER buffer per well of a six well plate). Samples 

were incubated on ice and vortexed for 15 seconds every 10 minutes for 40 minutes in total. 

Insoluble material was removed by centrifugation at more than 13,000 x g for 10 min at 4℃; 

the supernatants were considered to be nuclear extract of the samples. 
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2.9. Luciferase assay 

2.9.1. Introduction 

M50 Super 8x TOPFlash plasmid purchased from Addgene contained 8x TCF/LEF 

binding sites upstream of a firefly luciferase reporter, a transcriptional activity reporter of the 

β-catenin/TCF7L2 signaling pathway. The intensity of the firefly luciferase reflects the 

association of β-catenin with 8x TCF/LEF binding sites and is thus a measure of activation of 

Wnt target genes. 

The Dual-Luciferase® Reporter (DLR™) Assay System from Promega is a two reporter 

assay. One reporter is the firefly luciferase, the intensity of which is determined by the 

transfected TOPFlash plasmid in cells. The other reporter is the Renilla luciferase plasmid, 

the luciferase of which is consecutively active as long as it has been transfected in cells. 

These two luciferase plasmids were co-transfected together with target β-catenin plasmid in 

cells. The addition of Luciferase Assay Reagent II (LAR II) activated the firefly luciferase 

and generated a luminescent signal, which indicated the intensity of the firefly luciferase. 

After this reaction was quenched, the Renilla luciferase reaction was initiated simultaneously 

by adding Stop & Glo® Reagent to the same sample. The luminescent signal for the Renilla 

luciferase was the control to rule out the difference resulting from different transfection 

efficiency. The ratio of firefly luciferase and Renilla luciferase of this sample reflects the 

relative transcriptional activity of β-catenin. 

2.9.2. Reagent and equipment 

Taking a 12-well plate as an example:  

Reagent: 

Buffer Preparation 

1X PLB 700 µL of 5X Passive Lysis Buffer (PLB) was diluted with 
distilled water into 3500 µL of 1X PLB. 

LAR II Lyophilized luciferase assay substrate was re-suspended with 
luciferase assay buffer II. 

Stop&Glo® 
Reagent 

20 µL of 50 X Stop & Glo® substrate was diluted with 1000 µL of 
Stop & Glo® buffer. 
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Equipment: 

Product Supplier 

Shaker LabPLUS 

Plate reader PerkinElmer VICTOR X 

2.9.3. Protocol 

2.9.3.1. Cell Lysis 

HEK 293 cells were transfected with the wild type β-catenin–Flag or mutated β-catenin–

Flag together with the mixture of luciferase plasmids. The mixture consisted of TOPFlash 

plasmid and Renilla luciferase plasmid in the ratio 10:1. After 48 hours post transfection, 

cells were ready for the luciferase assay. 

Growth media from the plate wells was removed and cultured cells were rinsed with PBS. 

250 µL of 1X PLB was added into each well of a 12-well plate to lyse the cells. The plate 

was then gently agitated for 20 minutes at room temperature. After the cells had been lysed, 

10 µL of PLB lysate was transferred into the wells of a luminometer plate. 

2.9.3.2. Dual-Luciferase®  and Dual-Luciferase®  1000 Assay Protocols 

Before use, the LARII and Stop & Glo® Reagent were warmed up to room temperature. 

50 µL of LARII was added to each well of the luminometer plate containing 10 ul of PLB 

lysate, and then firefly luciferase luminescence was measured over 10 seconds. After this 

reading, 50 µL of Stop&Glo® reagent was dispensed into the wells and then Renilla 

luciferase luminescence was measured over 10 seconds. The ratio of the firefly luciferase 

luminescence readings to the Renilla luciferase luminescence readings indicated the 

transcriptional activity of β-catenin in this sample. 
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2.10. Alamar blue Assay 

2.10.1. Introduction 

Cell proliferation is an important index for cellular function. Accordingly, measuring cell 

proliferation by measuring cell viability is an important technique in cell biology research. 

Live cells normally maintain a reducing environment in the cytosol of the cell. The active 

ingredient of AlamarBlue® reagent, Resazurin, is a blue cell permeable compound which is 

reduced to red resorufin while entering live cells. Viable cells continuously convert virtually 

non-fluorescent resazurin to fluorescent resorufin, so the absorbance of the colour or the 

fluorescence from samples reflect the cell viability of the cell population. 

2.10.2. Reagent and equipment  

Product  Supplier 

96-well plates Corning Inc. 

Alamar Blue® reagent Thermo Fisher 
Cat#: DAL1025 

Plate reader BioTek Synergy 2 Multi-Mode Reader 

Incubator SANYO O2/CO2 Incubator 

2.10.3. Protocol 

Cell samples were prepared in 96-well plates: 10 µL of Alamar Blue® reagent was mixed 

with 100 µL of growth media and the mixture added directly to each well containing cultured 

cell. The plates with Alamar Blue® reagent were incubated at 37℃ for 4 to 24 hours to allow 

sufficient time for the conversion of resazurin to resorufin in cells. A fluorescence excitation 

wavelength of 540–570 nm (peak excitation is 570 nm) and fluorescence emission at 580–

610 nm (peak emission is 585 nm) were used for the measurements.  
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2.11. Immunofluorescence 

2.11.1. Introduction 

Immunofluorescence combines immunoassay and fluorescence labelling. Fluorophores 

conjugate with antibodies, allowing the distribution of the antigen in the sample to be 

visualized because it is recognized by the antibodies. In these experiments, insulin was 

recognized by the anti- insulin antibody and this complex was targeted by Alexa Fluor® 555 

secondary conjugated antibody. Alexa Fluor® 555 dye can be excited at 555 nm to emit at 

565 nm, which is detected as red via microscopy. The other protein of interest in this project 

was Shank3, which was fused into green fluorescent protein (GFP). The emission peak at 509  

nm is in the green area of the visible spectrum. By imaging the red and the green using 

microscopy, we could localize insulin and Shank3 in cells. 

2.11.2. Reagent and equipment 

Buffer/ Product  Component/Supplier 

KRBH buffer  
pH 7.4 

119 mM NaCl 
4.74 mM KCl 

1.19 mM MgSO4 
25 mM NaHCO3 
1.19mM KH2PO4 

2.54mM CaCl2 
50mM Hepes 

PBS 

PH=7.4 

1.5 M NaCl 

100 mM Na2HPO4 
40 mM KH2PO4 

Gelatin Sigma 

Product No. G1393-100ML 

Paraformaldehyde 8% Electron Microscopy Sciences 

Triton X-100 Sigma 
Product No. X100-500ML 

Anti-insulin antibody Sigma 

Product No. I 2018 

Goat anti-Mouse IgG (H+L) Secondary 
Antibody, Alexa Fluor® 555 conjugate 

ThermoFisher 
Cat#: A-21422 

ProLong® Diamond Antifade Mountant 
with DAPI 

ThermoFisher 
Cat#: P36962 

Microscope Olympus FV1000 confocal  
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2.11.3. Protocol 

Cells for immunofluorescence staining were seeded on 12 mm coverslips. The coverslips 

were coated using 0.5 ml of 0.2% gelatine for 30 minutes at 37℃. After removing gelatine, 

the coverslips were allowed to dry for 1 hour. The next day, INS-1E cells were seeded and 

transfected with or without pcDNA-GFP-Shank3 plasmids. Two days after transfection, cells 

were starved with KRBH buffer for 1 hour and then incubated with 0.5mM glucose or 10mM 

glucose for 1 hour.  

To begin the staining assay, cells were washed twice with PBS and then fixed by 

incubation in 4% paraformaldehyde for 30 minutes at room temperature. At the end of the 

fixation, cells were washed three times with PBS for 5 minutes each time. Cells were then 

permeabilized with 0.1% Triton X-100 for 5 minutes. Again, cells were washed with PBS 

three times. Next, cells were blocked with 1% BSA in PBS for 30 minutes and then incubated 

with anti- insulin antibody (1:500 in 1% BSA) overnight at 4℃. Once again, cells were 

washed with PBS three times for 5 minutes. Cells were then incubated with anti-mouse Alexa 

Fluor555® conjugated antibody (1:500 in 1% BSA) for 1 hour at room temperature in the 

dark and once more washed three times with PBS. At the end of washing, coverslips were 

dried in a fume hood for 30 minutes. Dry coverslips were mounted on slides with a drop of 

ProLong® Diamond Antifade Mountant containing DAPI. The slides were left at room 

temperature overnight and then sealed with nail polish.  The slides were imaged by confocal 

microscopy.  

The Olympus FV1000 confocal microscope was used in this project, and FluoView 2.0c 

software. CHS1 (the ChS detector, also the lambda detector) channel was set up for DAPI, 

with 405 nm as the excitation wavelength and 461 nm as the emission wavelength. CHS2 

channel was set up for EGFP, with 473 nm as excitation wavelength and 510 nm as the 

emission wavelength. Due to the lack of lasers, CH3 channel was set up for Alexa Fluor® 

555, with 559 nm as the excitation wavelength and 572 nm as the emission wavelength. 

Photos were merged and exported by Olympus FluoView 2.0c software. 
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2.12. Methods for transgenic mouse work 

2.12.1. Body composition analysis for live mice by EchoMRI 

Introduction 

EchoMRI™ is a Nuclear Magnetic Resonance based body composition analyser for live 

subjects. It measures body fat and lean mass of animals by contrasting hydrogen density in fat 

and muscle tissues. The EchoMRI-900 system is a sealed and user-safe instrument, which 

also increases the comfort of the live subjects as the animals being measured in this machine 

are not required to be under sedation. Conscious animals are constricted in specially sized, 

clear plastic holders and then inserted into a tubular space in the side of the EchoMRI system. 

This system provides accurate measurement of animal body composition with an 

approximately 2-minute scan. 

Equipment  

Product  Supplier 

EchoMRI-900 EchoMRI LLC, TX, USA 

Protocol 

First, the mouse channel was chosen and the water measurement turned off on the 

EchoMRI software, as it was unnecessary for this study. Next, the standard canola oil tube 

was slid into the tubular space in the side of the EchoMRI-900 system, and the “system test” 

run, which normally takes a few minutes, after which calibration runs automatically. The 

output folder for the data was then selected and the mouse ID for the coming scan entered. 

The mouse was positioned at the end of an appropriately sized mouse tube holder (20 g, 40 g 

and 60 g - these are classified according to the maximum weight of mouse each tube can 

hold). Finally, the tube containing the mouse to be scanned was inserted into the MRI 

machine and the measurement started. The fat mass weight and lean mass weight of each 

mouse was displayed and recorded on the EchoMRI software directly after the measurement. 
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2.12.2. Glucose tolerance test and insulin secretion measurement in blood 

Introduction 

Glucose tolerance normally indicates disturbances in glucose metabolism which are 

linked to human conditions such as diabetes or metabolic syndrome. The glucose tolerance 

test for mice measures the ability of the body to clear out intraperitoneally (i.p.) injected 

glucose in the circulation. Mice are fasted for 6 hours and then an amount of glucose 

proportional to the lean mass of the individual mouse administered. Afterwards, the blood 

glucose level of the mice is measured at certain time points.  

Accu-Chek Performa is an accurate and easy to read glucose meter based on an 

electrochemical method. After a droplet of blood is absorbed onto the disposable test strip, 

the glucose in the blood reacts with glucose oxidase and other reagents which are connected 

to electrodes in the strip. This reaction thus generates an electrical signal where the strength 

of the electrical current corresponds to the glucose level in the blood.    

After the mice are injected with glucose, their plasma insulin concentration is also 

measured at the same time points as the blood glucose. The glycolysis of glucose leads to an 

increase in the cytoplasmic ATP/ADP ratio, resulting in the closure of KATP channels and 

Ca2+ influx. This rise of cytosolic Ca2+ elicits the exocytosis of insulin.  

Reagents and equipment 

Buffer/ Product  Component/Supplier 

Glucose solution 20% glucose in water (w/v) 

Blood glucose meter Accu-Chek Performa 

Accu-Chek Active Test Strip Roche  
REF 06453996 

Heparinized tubes Microvette® CB 300 LH, Sarstedt, DE 

Mouse Insulin ELISA Kit Crystal Chem 
Cat#:90080 
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Protocol 

For the glucose tolerance test (GTT), mice were fasted for 6 hours and their fasted blood 

glucose level (time point 0) measured by applying about 2 µL of blood milked from the tail 

tip to a glucose meter (Accu-CHEK® Performa). Then glucose (20%) was injected i.p. at 2 g 

of glucose per kg of the lean mass of the mouse, according to body mass measurements from 

the EchoMRI system. Blood glucose level was then monitored over time at 15, 30, 45, 60, 90 

and 120 minutes after the glucose injection.  

During the monitoring of blood glucose levels, a further 10 µL of blood was collected at 

each time point using heparinized tubes for insulin measurement. Plasma was extracted from 

this blood by centrifugation at 2000 x g for 5 minutes at 4℃ . The plasma insulin was 

measured by Crystal Chem Mouse Insulin ELISA Kit. First, the insulin antibody coated 

microplate was fixed to the 96-well plate shaped frame and the insulin standard diluted for 

the standard curve. Then 95 µL of sample diluent and 5 µL of sample or insulin standard was 

placed in each well. This mixture was subsequently incubated for 2 hours at 4℃. At the end 

of the incubation, sample dilutions were discarded and washed with wash buffer 5 times. 

Afterwards, 100 µL of anti- insulin enzyme conjugate was added to each well and then 

incubated at room temperature for 30 minutes. Wells were washed with wash buffer 7 times 

after this incubation. Subsequently, 100 µL of enzyme substrate solution was added into each 

well and then they were incubated at room temperature in the dark for 40 minutes as a wide 

range assay was chosen here. Finally, 100 µL of enzyme reaction stop solution was added 

into each well to terminate the reaction. The plate was read at a wavelength of 450 within 30 

minutes and the insulin concentration of samples calculated using the standard curve.       
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2.12.3. Insulin tolerance test 

Introduction  

The insulin tolerance test (ITT) is usually conducted in lab mice to evaluate animal  

sensitivity to insulin. Blood glucose is measured before and after the administration of a 

bolus of insulin. The amount of insulin injected is proportional to the lean mass of each 

mouse, as the lean mass tissues are responsive to insulin. The level of reduction in blood 

glucose induced by insulin is an index of insulin sensitivity. 

Reagents and equipment 

Buffer/ Product  Component/Supplier 

Insulin  Actrapid® 10mL vial 

Blood glucose meter Accu-Chek Performa 

Accu-Chek Active Test Strip Roche  
REF 06453996 

Heparinized tubes Microvette® CB 300 LH, Sarstedt, DE 

Protocol 

On the day of test, mice were fasted for 6 hours and then the basal blood glucose level 

measured by Accu-Chek Performa glucose meter. Insulin was i.p. injected at a dose of 0.75 

units per gram of the lean mass from EchoMRI assay. Tail tip blood glucose concentrations 

were measured 15 minutes after the administration of insulin. 
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2.12.4. Metabolic cage  

Introduction 

The Columbus Instruments Comprehensive Lab Animal Monitoring System (CLAMS) is 

an indirect calorimetry system consisting of metabolic cages which are able to measure 

oxygen consumption (VO2), carbon dioxide production (VCO2), respiratory exchange ratio 

(RER), food consumption and locomotive activity of mice. The cages are enclosed but with 

enough space, food and water for mice, which provides a non- invasive environment to collect 

the data of interest. In addition, metabolic cages are integrated with Oxymax, a user 

controlled platform which is based on the original Oxymax open-circuit calorimeter. The 

flow of oxygen and carbon dioxide to the sealed metabolic cages is controlled and the amount 

of oxygen and carbon dioxide inside the sealed cages is monitored by the system. This 

enables the system to measure the oxygen consumption and carbon dioxide production of 

individual mice. Comparison of oxygen consumption with carbon dioxide production allows 

the calculation of the energy expenditure which indicates fat or carbohydrate metabolism.  

The whole Oxymax/CLAMS system automatically operates the customized experiments 

and collects data simultaneously in real- time mode. Normally mice are monitored over a 7-

day period and the average taken as a daily measurement. However, based on Dr Greg’s 

extensive experience with this system, one day’s measurement has been found to be close 

enough to the daily average from 7 days of monitoring. Typically mice are allowed to 

acclimate in the cages for one day and then the next day’s housing in the cages is used for 

collecting data. Another advantage of this system is that food and water for mice can be 

replenished during experimental execution without restarting the system. All of the gas 

calculations are normalized to the lean muscle mass (from the EchoMRI assay) of the mouse 

being monitored. 

Reagents and equipment 

Buffer/ Product  Component/Supplier 

Comprehensive Laboratory Animal 

Monitoring System(CLAMS) 

Columbus Instrument Oxymax CLAMS 

Laboratory Animal Monitoring System  
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Protocol 

Each chamber of the Oxymax/CLAMS system was set up with an individual mouse and 

its food type (chow or high fat diet in this study). The Oxymax automatically initializes the 

hardware, but the gas sensors required manual calibration. Most of the time, the CO2 and O2 

sensors were well calibrated and no adjustment was needed. If any adjustment was required, 

the “Coarse Gain” and “Fine Gain” knobs on the appropriate sensor were used to adjust the 

concentration shown on the Oxymax Sensor Calibration Window until it reached the target 

calibration concentration. When ready for use the information of the mouse and its lean mass 

weight was entered for the corresponding Oxymax window in order to get results normalized 

to lean mass. After one day’s acclimation for the mice in the metabolic cages, monitoring 

data was collected from 7:00am to 7:00pm for the day time (light time) and from 7:00pm to 

7:00am  for the night time (dark time).    
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2.12.5. Tissue collection and lysates 

Introduction  

At the end of the high fat diet study, the mice were euthanized by cervical dislocation and 

dissected to collect the tissues of interest. If the collected tissues are not able to be analysed 

directly, they need to be stored properly to avoid the autolysis from the organism itself and 

decomposition by microorganisms. Tissues are cryopreserved by cooling them quickly in 

liquid nitrogen. Once the tissues are ready to be lysed, a combination of ultrasonic 

homogenization and tissue lysis buffer, which mainly contains detergents and protease 

inhibitors, is used to extract the proteins. Ultrasonic homogenization breaks down the tissues 

uniformly so they are evenly distributed in the lysis buffer and then the lysis buffer disrupts 

the tissue to release the intracellular proteins. After quantification, the protein levels of the 

tissue lysates are able to be analysed by western blot.  

Reagents and equipment 

Buffer/ Product  Component/Supplier 

Glucagon GlucaGen® HypoKit® 

Blood glucose meter Accu-Chek Performa 

Accu-Chek Active Test Strip Roche  
REF 06453996 

Laboratory homogenizer PRO Scientific Inc. PRO200 

Lysis buffer Same as lysis buffer for WB 

Protocol 

At the end of the mouse work, the mice were i.p. injected with glucagon at a dose of 1 

mg/kg total body weight. The basal blood glucose and then the blood glucose 10 minutes 

after the glucagon injection were measured to check the glucagon effect. 15 minutes after the 

administration of glucagon, the mice were euthanized by cervical dislocation. The liver, 

pancreas, muscle, fat, hypothalamus and frontal cortex were collected immediately by 

dissection and then stored in liquid nitrogen. A portion of the tissues was ground for protein 

analysis and the rest stored back into -80-degree freezer for future study. Then the smashed 

part of tissues was ultrasonically homogenized for 10 seconds in the lysis buffer and then 

centrifuged at 13000 x g for 10 minutes at 4℃. The resulting supernatants were the protein 

lysate samples from the tissues. Protein quantification and western blot assay were conducted 

using these protein lysates, as described above. 
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Chapter 3. Role of Ser552 of β-catenin in transcriptional activity and 

insulin secretion 

3.1. Introduction  

Post translational modifications of β-catenin have a crucial effect on its function. In 

particular, phosphorylation is an important post-translational modification that interferes with 

the interactions of β-catenin in adherens junctions (33, 194, 195), and which may increase β-

catenin-driven transcriptional activity (195). Our group has previously found β-catenin to be 

indispensable for GSIS in β cells (160),  and have observing that Ser552 β-catenin 

phosphorylation increases with glucose treatment and this increase correlates with an increase 

in insulin secretion. This chapter reports an investiagtion in to the effects of this Ser552 

phosphorylation on the transcriptional role of β-catenin. 

The most well-known way for β-catenin to exert its transcriptional function is via 

association with TCF7L2; single nucleotide polymorphisms (SNP) in TCF7L2 have been 

consistently implicated in an increased risk of type 2 diabetes (130, 131, 196). TCF7L2 is also 

known as TCF4 (T-cell specific, HMG-box), as the protein was first identified as a 

transcription factor in lymphoid cells due to its high mobility group (HMG) boxes. The β-

catenin/TCF7L2 interaction is a critical effector of Wnt signaling and the Wnt pathway plays 

important roles during pancreatic development and in islet function. Ectopic expression of 

TCF7L2 has been shown to slightly inhibit glucose stimulated insulin release via regulating 

the transcriptional levels of vesicle SNARE components (146). TCF7L2 is also reported to 

regulate the genes involved in glucose metabolism and insulin content in β cells (144).  Cyclin 

D proteins are one of the target genes of the β-catenin/TCF pathway in various cell types (197, 

198).  Cyclin D2 is the most abundant Cyclin D isoform in β cells (156) and is critical for the 

growth of β cells (157). The role of the Ser552 residue in β-catenin/TCF7L2 transcriptional 

activity was studied by measuring the expression of the target gene Cyclin D2. The question 

of whether phosphorylation of β-catenin at Ser552 affects the β-catenin/TCF7L2 interaction 

in a manner that regulates transcriptional activity was also further studied in this chapter.   

Another transcription factor, FoxO, from the Forkhead family , has been found to 

physically associate with β-catenin in yeast two-hybrid analysis (158). The most abundant 

isoform of FoxO in pancreatic β cells is FoxO1 (199) and inactivation of FoxO1 increases β 

cell  proliferation (200). Besides its function in cell cycle regulation, it may also be involved in 
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the response of β cells to glucose stimulation. High glucose in β cells negatively regulates 

FoxO1 via PI3K signaling and its cytoplasmic translocation (201). Furthermore, nuclear 

redistribution of FoxO1 is associated with increased expression of MafA (159), which regulates 

the expression of insulin content in β cells. This suggests that FoxO1 plays a crucial role in β 

cell function. As well as the interaction between β-catenin and TCF7L2, the interaction 

between β-catenin and FoxO1 was investigated in β cell lines here. The investigation also 

assessed whether this interaction is regulated by glucose stimulation in β cells and whether 

phosphorylation of Ser552 on β-catenin affects this association. 
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3.2. Effect of overexpressed β-catenin on target gene expression 

Since the β-catenin/TCF complex is the transcriptional hub of the Wnt signaling pathway, 

the overexpression of β-catenin and then the expression level of Cyclin D2, the downstream 

gene in Wnt signaling was tested here.  

The β-catenin-Flag plasmid was found not to be expressed in the INS-1E cells using the 

lipofectamine transfection protocol (Figure 3-1). A problem with the expression construct 

was ruled out as this plasmid can be easily expressed in HEK 293 cells (as in Figure 3-8) and 

INS-1E cells were easily transfected with other plasmids such as TCF7L2-myc in Figure 3-12. 

Hence, it was speculated that the lack of transfected β-catenin expression was due to the high 

turnover of this protein in these cells. It is well known that β-catenin is a target of the 

Ubiquitin Proteasome System, so MG132, a proteasome inhibitor, was used following β-

catenin plasmid transfection in INS-1E cells. After treatment by MG132, expression of -

catenin-Flag in INS-1E cells could be detected by blotting with Flag antibody (Figure 3-1). 

With the addition of MG132, β-catenin was successfully overexpressed in INS-1E cells 

and this overexpression of β-catenin led to an increase in the level of Cyclin D2 protein 

(Figure 3-1), a common target gene of the canonical Wnt pathway. Surprisingly, the 

overexpression of β-catenin in INS-1E cells reduced the level of the protein TCF7L2, in both 

its short and long isoforms  (Figure 3-1). The question of whether β-catenin-TCF7L2 

regulates the expression of TCF7L2 itself is not covered in this study and will need further 

investigation. 
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Figure 3-1: β-catenin overexpression in INS-1E cells with MG132 in INS-1E cells  
INS-1E cells were transfected with pcDNA3-β-catenin-Flag plasmid. Forty-two hours post-transfection, cells were treated with 10 μM 
MG132 for 6 hours and then lysed and subjected to western blot analysis. Densitometry quantifications are shown in the lower panel. The 
result shown is representative of four independent experiments. Bars represent mean ± SEM. Student’s t-tests were used for statistical 
analysis (*P<0.05). 
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3.3. Effect of Ser552 β-catenin mutants on target gene expression 

3.3.1. Mutagenesis of Ser552 β-catenin plasmids  

The role of β-catenin Ser552 phosphorylation in transcriptional activity in β cells was 

studied next. A common method used to study the function of a phosphorylation site is to 

mutate the phosphorylated site and then test the phenotype. Since β-catenin-Flag can be 

expressed in INS-1E cells following treatment by MG132, mutated plasmids were generated 

at Ser552 of β-catenin using this method. S552A-β-catenin plasmid was generated, with the 

serine at site 552 mutated to alanine. This substitution renders the 552 site of β-catenin 

unable to be phosphorylated, whilst minimising structural changes in this residue. 

Accordingly, S552A-β-catenin plasmid served as a loss of function mutant. The serine 552 

was also mutated into glutamic acid in the S552E-β-catenin plasmid. The negative charge of 

glutamic acid mimics the negative charge of Ser552 phosphorylation in β-catenin, and thus 

may act as a gain of function mutant. To minimize the influence of tags, two small tags, 1X 

Flag and 6X His, were added in two different termini of these β-catenin plasmids. The 

sequence results and a simple diagram of the mutagenesis are shown in Figure 3-2. 

 

 

Figure 3-2: Sequence results and diagram of the mutated pcDNA3 β -catenin plasmids  
The upper panel shows the nucleic acid sequence in the region surrounding the Ser552 residue. Base substitutions made to create the 
S552A and S552E plasmids are indicated. Plasmid maps are shown to indicate mutation position and location of tag.  
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INS-1E cells were transfected with Flag-tagged -catenin plasmids and the level of 

transfected -catenin detected using anti-Flag antibody (Figure 3-3). The levels of total -

catenin and the downstream gene Cyclin D2 were also assessed in these cells. Wild type β-

catenin overexpression led to a trend of increase in Cyclin D2. However, no significant 

difference in Cyclin D2 levels was observed between cells transfected with wild type β-

catenin and either of the Ser552 mutant β-catenin plasmids (Figure 3-3).  

The expression level of S552A-β-catenin-Flag in these experiments was lower than both 

wild type and S552E-β-catenin-Flag (Figure 3-3). Since all three plasmids were transfected 

into INS-1E cells under the exactly same conditions, it may be that the lower protein level of 

S552A-β-catenin-Flag is caused by the lower stability of this form of β-catenin. 

  

Figure 3-3: Comparison of wild type and Ser552 mutated β-catenin overexpression in INS 1E cells with MG132 
INS-1E cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag and pcDNA3-S552A-β-catenin-Flag plasmids. 
Forty-two hours post transfection, cells were treated with 10μM MG132 for 6 hours and then lysed with lysis buffer and subjected to 
western blot analysis. The result shown is representative of three independent experiments.  Densitometry quantifications of western blot 
images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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3.3.2. Overexpression of β-catenin Ser552 mutants in β cells  

The knowledge that β-catenin cannot be overexpressed in INS-1E cells without the 

addition of MG132 led to the hypothesis that the abundance of β-catenin may be crucial in β 

cells. In an attempt to eliminate the influence of endogenous β-catenin on these studies of -

catenin Ser552 mutants, the endogenous -catenin was first knocked down by siRNA and the 

wild type and mutated β-catenin plasmids then transfected into INS-1E cells.  

The main reason that the knockdown of endogenous -catenin with subsequent 

overexpression of -catenin plasmids worked is that the siRNA directed against -catenin 

was targeted to the endogenous rat transcripts and did not cross-react with the transfected 

human -catenin cDNA plasmids. While there is 90% similarity in the cDNA/mRNA of β-

catenin in rats and humans, they are not identical. Figure 3-4 provides a snapshot of the 

results of the NCBI BLAST (Basic Local Alignment Tool) of rat β-catenin mRNA. It shows 

partial alignment between rat β-catenin cDNA and human β-catenin cDNA, whereas the 

amino acid sequences between these two proteins are identical according to the protein 

BLAST on the NCBI website (Figure 3-5).   
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Figure 3-4: The alignment of siRNAs of β-catenin with human and rat β-catenin cDNA 
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Figure 3-5: The alignments between rat β-catenin amino acids and human β-catenin amino acids  
The gene sequence was adopted from the PUBMED website and aligned by PUBMED BLAST website. The explanation of the BLAST is 
exhibited on ftp://ftp.ncbi.nlm.nih.gov/pub/factsheets/HowTo_NewBLAST.pdf 

 

ftp://ftp.ncbi.nlm.nih.gov/pub/factsheets/HowTo_NewBLAST.pdf
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The siRNA for β-catenin was designed according to the rat β-catenin cDNA sequence in a 

region that differs in human -catenin cDNA. In theory, these siRNA would not interfere 

with the human β-catenin as their bases do not totally pair. Accordingly, the β-catenin 

expression plasmids used here were encoded for human β-catenin, which would not be 

affected by the siRNA for rat β-catenin yet would express the same protein as rat β-catenin.  

To test whether the chosen rat siRNA for β-catenin interfered with human β-catenin, 

human cells were transfected with these siRNA and then the β-catenin protein levels detected 

with western blot. Two different human cells were chosen for testing: the HepG2 liver cell 

line (Figure 3-6A) and the T47D cell line (Figure 3-6B). Two of the three siRNAs, labelled 

siRNA 6 and siRNA 8, did not reduce -catenin protein levels in the human cells yet they 

both effectively knocked down β-catenin in rat INS-1E cells (Figure 3-6C). -catenin siRNA 

6 and human β-catenin plasmids were then transfected into INS-1 E cells in the presence of 

MG132 to stabilize the newly synthesized -catenin protein. Flag-tagged -catenin protein 

was subsequently detected in these cells (Figure 3-6D). 
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Figure 3-6: Selection of siRNA that selectively knock down rat but not human β-catenin 
HepG2 cells (A), T47D cells (B) and INS-1 E cells (C) were transfected with siRNA for rat -catenin or scrambled control siRNA while seeding 
plates using the reverse transfection method (0.5G was short for 0.5Mm glucose and 10 G was short for 10Mm glucose). Cells were lysed 
72 hours after transfection and analysed by western blot analysis. (D) INS-1E cells were transfected with scramble control siRNA and siRNA 
for rat -catenin while seeding plates using the reverse transfection method. The next day, cells were transfected with pcDNA3-β-catenin-
Flag and pcDNA3-S552A-β-catenin-Flag plasmids respectively. Forty-two hours post transfection, cells were treated with 10μM MG132 for 
6 hours and then lysed with lysis buffer and analysed by western blot. The result shown is representative of three independent 
experiments. Densitometry quantifications of western blot images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were 
used for statistical analysis (*P<0.05). 
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Consistent with the results for simple overexpression of β-catenin plasmids (Figure 3-3), 

there was comparable expression between different β-catenin-Flag in β cells transfected with 

-catenin siRNA to reduce endogenous -catenin levels, even though S552A-β-catenin-Flag 

seemed to have lower expression in the Flag blot. There was no obvious discrepancy in the 

level of Cyclin D2 protein between wild type β-catenin and β-catenin Ser552 mutants (Figure 

3-7). 

 

Figure 3-7: Test the effect of Ser552 mutated β-catenin overexpression on target gene Cyclin D2 in INS-1E cells with 

knocking down endogenous β-catenin  
(A) INS-1E cells were transfected with scramble control siRNA and siRNA for rat -catenin while seeding plates using the reverse 
transfection method. Forty-two hours post transfection, cells were treated with 10μM MG132 for 6 hours and then lysed with lysis buffer 

and subject to western blot analysis. (B) INS-1E cells were transfected with scramble control siRNA and siRNA for rat -catenin while 
seeding plates using the reverse transfection method. The next day, cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-
catenin-Flag and pcDNA3-S552A-β-catenin-Flag plasmids respectively. Forty-eight hours post-transfection, cells were treated with 10μM 
MG132 for 6 hours and then lysed with lysis buffer and subjected to western blot analysis. The result shown is representative of three 
independent experiments. Densitometry quantifications are shown in charts. Bars represent mean ± SEM.  Student’s t-tests were used for 
statistical analysis (*P<0.05). 
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3.4. Ser552 β-catenin on target gene expression in HEK 293 cells  

Unlike in the INS-1E cells, both wild-type and mutated β-catenin plasmids were easily 

overexpressed in HEK 293 cells. The phenomenon of S552A-β-catenin-Flag having a trend 

of lower expression level in INS-1E cells (Figure 3-3) did not occur in HEK 293 cells (Figure 

3-8). The endogenous β-catenin level was relatively low in HEK 293 cells and it was S552E 

β-catenin that showed a lower level of overexpression than β-catenin. Overexpressed β-

catenin caused protein level changes in its binding partner TCF7L2 in HEKK 293 cells 

(Figure 3-8), as well as in INS-1E cells (Figure 3-1). Wild type β-catenin overexpression 

showed an increase in the level of Cyclin D2, but the Ser552 β-catenin mutants did not 

(Figure 3-8), which was slightly a different result than for the β cell lines with no obvious 

effects on Cyclin D2 protein level.  

 

Figure 3-8: Testing the effect of  -catenin Ser552 mutations on Cyclin D2 in HEK 293 cells  
HEK 293 cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag and pcDNA3-S552E-β-catenin-Flag plasmids. 
Forty-eight hours post transfection, cells were lysed and then used for western blot. The result shown is representative of two 
independent experiments. Densitometry quantifications are shown in charts. Bars represent mean ± SEM.  Student’s t-tests were used for 
statistical analysis (*P<0.05). 
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3.5. Effect of Ser552 β-catenin on GSIS in β cells 

While no significant effect from the mutations of Ser552 β-catenin was seen on the Wnt 

target gene Cyclin D2 in β cell lines in our previous findings, there were implications for 

Ser552 β-catenin phosphorylation during GSIS due to the remarkable increase in Ser552 β-

atenin phosphorylation with high glucose noticed in INS-1 β cell lines (160). Here, the direct 

effect of Ser552 β-catenin on GSIS was further tested using the Ser552 β-catenin mutants in 

INS-1E cells. 

Insulin secretion was measured by the AlphaLISA Insulin Assay after INS-1E cells had 

been transfected with wild type and the Ser552 mutated β-catenin. All mutant forms of β-

catenin were successfully overexpressed in INS-1 E cells with MG132 treatment, as shown 

by the blotting of Flag in Figure 3-9A. The GSIS from the S552A-Flag group, the β-catenin 

plasmid which cannot be phosphorylated at Ser552, was significantly less than for the other 

two groups (Figure 3-9B). However, the differences between the WT-Flag and S552E-Flag 

groups were not consistently significant. Nonetheless, again this suggests the importance of 

Ser552 phosphorylation of β-catenin during GSIS in β cells.  
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Figure 3-9: Overexpression of β-catenin plasmids and their effects on GSIS in INS-1 E cells  
INS-1 E cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag and pcDNA3-S552E-β-catenin-Flag. Forty-six 
hours post transfection; transfected cells were starved with no glucose in KRBH for 1 hour and then treated with 0.5 mM and 1 0 mM 
glucose in KRBH for 1hour. (A): 50 µg of whole cell lysates were conducted for western blot; (B): Medium was collected to measure the 
insulin concentration by AlphaLISA assay. The result shown is representative of three independent experiments ; n=3 for each condition. 
Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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3.6. Subcellular localization of phosphorylated Ser552 β-catenin  

3.6.1. Subcellular localization of transfected -catenin Ser552 mutants in  cells 

As the nuclear translocation of β-catenin by binding with TCF7L2 is considered to be 

important for its Wnt transcriptional activity, the subcellular localization of phosphorylated 

Ser552 β-catenin (pS552 β-catenin) in β cells was studied using the “NE-PER Nuclear and 

Cytoplasmic Extraction kit”. CREB was used as the nuclear fraction loading control and β-

actin as the cytoplasmic loading control. The effect of Ser552 mutants on the translocation of 

β-catenin was investigated after the endogenous β-catenin had been knocked down by siRNA 

and the cells transfected with β-catenin plasmids. All forms of β-catenin were present in both 

cytoplasm and nuclei. The cytoplasmic protein levels of wild type and mutated exogenous β-

catenin were comparable (Figure 3-10A). It appears that the lower protein level of S552A β-

catenin-Flag in the whole INS-1E cell lysate (Figure 3-3) was mainly due to the differences 

in the nuclear fraction, as reflected by the amount of signal when blotted with anti-Flag 

antibody (Figure 3-10B). However, this lower presence of S552A β-catenin seemed not to 

affect the transcriptional activity of β-catenin on Wnt target genes in β cells (Figure 3-7). 

The multiple manipulations involved in the whole procedure was a limitation of this 

experiment as they may have introduced some degree of artificial error. Accordingly, the 

subcellular localization of the endogenous pS552 β-catenin was further tested and the effect 

of high glucose on this was also tested later. 
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Figure 3-10: Test of the subcellular localization of overexpressed wild type and Ser552 mutated  -catenin 
INS-1E cells were transfected with scramble control siRNA and siRNA for rat β-catenin while seeding plates using the reverse transfection 
method. The next day, cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag and pcDNA3-S552A-β-catenin-
Flag plasmids respectively. Forty-two hours post-transfection, cells were treated with 10μM MG132 for 6 hours and then subcellular 
fractionation was freshly conducted and samples used for western blot analysis. The result shown is representative of four independent 
experiments. Densitometry quantifications of western blot images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were 
used for statistical analysis (*P<0.05). 
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3.6.2. Subcellular localization of endogenous pS552 -catenin in  cells 

Subcellular localization of pS552 β-catenin in INS-1 832/3 under glucose and GLP-1 

agonist EX4 (Exendin-4) treatment was investigated as well. Figure 3-11 shows the results of 

three separate experiments using this kit (A, B, C). PS552 β-catenin was present in both 

cytoplasm and nuclei. Across these three experiments western blot analysis of subcellular 

fractions showed the increase of pS552 β-catenin induced by high glucose seemed to be 

mainly in the cytoplasm. There was also some tendency toward increase in nuclear pS552 β-

catenin in response to high glucose and EX4, but this varied between the experiments. The 

trend for increased Ser552 β-catenin phosphorylation in cytoplasm may be related to the 

adhesion role of β-catenin near the cytoplasm membrane, which is the focus of Chapter 4. 

 

Figure 3-11: Test of the subcellular localization of endogenous phosphorylated Ser552  -catenin after glucose and EX4 
stimulation  
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM EX4 for 1 hour. 
Nuclear fractionation was conducted freshly afterwards and then protein lysates analysed by western blot. Densitometry quantifications 
of western blot images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis.  
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3.7. Interaction between β-catenin and TCF7L2 

3.7.1. Interaction between β-catenin and TCF7L2 in INS 1-E cells 

The reduced S552A β-catenin expression level found mainly in the nucleus (Figure 3-10), 

led me to study the effect of Ser552 β-catenin phosphorylation in nucleus. Nuclear β-catenin 

is known to interact with TCF7L2 in the canonical Wnt pathway and SNPs of TCF7L2 have 

consistently been reported to be associated with an increased risk of type 2 diabetes (129-131, 

196), even though the exact mechanism is still vague. In addition, while different studies have 

reached different conclusions on this (146, 202), knockdown and overexpression of TCF7L2 has 

been shown to affect GSIS. 

These findings had brought our attention to the interaction between β-catenin and 

TCF7L2 under the stimulation of glucose. Here I tested the interaction between them in INS-

1E β cells by co-Immunoprecipitation (co-IP). For the co-IP experiments presented in this 

thesis, the conditions for the IP groups and antibodies used for IP are indicated above the blot; 

the antibodies detecting the binding candidates are labelled beside the blots. 

For the β-catenin co-IP, a -catenin antibody was used to pull down the β-catenin protein 

complex, and then antibodies for the candidates of interest were used for western blot to 

check whether they were present in the β-catenin bound complex. Since it has previously 

been reported that the central part of β-catenin physically interacts with N-terminal TCF7L2, 

two β-catenin antibodies recognizing two different terminal regions of β-catenin were used 

for the co-IP to rule out interference or occlusion of binding regions by the antibody. “C-

terminal β-catenin Ab” in the IP groups of Figure 3-12 was the antibody recognizing the C-

terminal of β-catenin, and “dephosphorylated β-catenin Ab” was the active β-catenin 

antibody recognizing the N-terminus of β-catenin. Active β-catenin refers to stabilized β-

catenin, which has not been phosphorylated at the N-terminus (i.e. dephosphorylated β-

catenin) and therefore has not been targeted for degradation. According to the intensity of 

western blot bands, the dephosphorylated β-catenin antibody was more efficient in the IP 

compared with the C-terminal β-catenin antibody. Hence, the dephosphorylated β-catenin 

antibody was used in this project unless stated otherwise. 

As shown in Figure 3-12, the intensity of the TCF7L2 bands in the co-IP lanes was much 

lower in the input lanes. There was also some background signal in the “sheep Ab” group, 

which was the negative control IP with non-related sheep antibody. However, N-cadherin, 
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another well-known binding partner of β-catenin, had clearly been pulled down together with 

β-catenin. The fact that N-cadherin was pulled down with β-catenin, with no signal in the 

negative control IP, indicated that the co-IP was working.  

It is worth mentioning that both N-cadherin and β-catenin are expressed in INS-1E cells 

despite no strong band in the input lane, which were for the whole cell lysates. The lack of 

signal in this lane is because the high amount of protein after IP enrichment causes relatively 

low levels of these proteins in the inputs group, making them harder to be detected on the 

same western blot as the IP samples.  

  

Figure 3-12: co-IP between endogenous TCF7L2 and β-catenin in INS-1E cells 
After 1 hour of glucose starvation, INS-1E cells were treated with 0.5 mM and 10 mM glucose for 1 hour; 500 µg of cell lysate was used for 
immunoprecipitation; 50 µg of whole cell lysates was used as inputs. “Sheep Ab” was the non-related sheep antibody IP used as negative 
control. The result shown is representative of four independent experiments. 
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Although the signals of TCF7L2 appear strong in Figure 3-12, this is the result of the 

higher exposure of this blot and the relatively low abundance of TCF7L2 in INS-1E cells, 

making IP results difficult to interpret. To overcome this, exogenous human TCF7L2 was 

introduced in INS-1E cells and then co-IP with β-catenin was performed. The empty vector 

pEGFP-C was used as the transfection control. The advantage of using vector “pEGFP-C” as 

a control for transfection is that the fluorescence from GFP can provide an indication of 

transfection efficiency before continuing with IP procedures. TCF7L2 exhibits many 

different splicing isoforms and their expression patterns are tissue specific. This human 

TCF7L2 was expressed into two isoforms in INS-1E cells (the input lanes in Figure 3-13), 

and their molecular weight was consistent with the suggested 58 and 79 kDa recognized by 

TCF7L2 antibody from Cell Signalling Technology. When co-IP was performed using cells 

transfected with TCF7L2, no TCF7L2 was pulled down together with dephosphorylated β-

catenin, as shown in Figure 3-13.  

 
 

 

 

Figure 3-13: IP with dephosphorylated β-catenin to check its interaction with overexpressed TCF7L2 in INS-1E cells 
INS-1E cells were transfected with pEGFP-C and pcDNA3-TCF7L2-myc plasmid. Forty-six hours post-transfection, cells were starved without 
glucose for 1 hour and then treated with 0.5 mM or 10 mM glucose for 1 hour ; 500 µg of cell lysates protein was used for 
immunoprecipitation; 50 µg of whole cell lysates was used as input. pEGFP-C was used as the transfection procedure control and 
fluorescence of GFP was used as the indicator of transfection efficiency.  The result shown is representative of three independent 
experiments. 

 

  



 

87 
 

To investigate whether an interaction could be detected when β-catenin was present at a 

higher level, β-catenin and TCF7L2 were both overexpressed in INS-1E cells and then IP was 

conducted with dephosphorylated β-catenin antibody (Figure 3-14). Although MG132 (a 

proteasome inhibitor shown to help with the overexpression of β-catenin in INS-1E β cell line, 

sees Figure 3-1) was used in this experiment, the level of β-catenin was only slightly 

increased after transfection, as shown in the input lanes. Despite this, more β-catenin had 

been pulled down after transfection of β-catenin plasmids in the β-catenin IP groups.  

Two β-catenin plasmids were used, each with a small tag at opposite ends of the protein 

to reduce the interference from the tags in the experiment. The 6His tag was added into the 

N-terminus of β-catenin and Flag tag added into the C-terminus of β-catenin, which were 

designated 6His-β-catenin and β-catenin-Flag respectively. No TCF7L2 was found to be 

bound to endogenous β-catenin or overexpressed β-catenin in this IP experiment (Figure 

3-14). N-cadherin was present in the protein complex after IP, with the β-catenin antibody as 

a positive control for this co-IP technique.   

 

Figure 3-14: IP with dephosphorylated  -catenin to check its interaction with overexpressed TCF7L2 in INS-1E cells  
INS-1E cells were transfected with pEGFPC, pcDNA3-TCF7L2-myc, pcDNA3-6His-β-catenin and pcDNA3-β-catenin-Flag plasmids. Forty-two 
hours post-transfection, cells were treated with 10μM MG132 for 6 hours and then lysed ; 500 µg of cell lysates protein was used for 
immunoprecipitation and 50 µg of whole cell lysates as inputs. The result shown is representative of three independent experiments. 
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To confirm these results the experiment was repeated using total β-catenin antibody, 

which recognizes the C-terminus of β-catenin (Figure 3-15). As with the dephosphorylated β-

catenin IP, even when overexpressed, TCF7L2 associated with neither endogenous nor 

overexpressed β-catenin in INS-1E cells, even though N-cadherin had been pulled down 

together with β-catenin in this co-IP, which indicated the IP conditions were suitable for 

detecting β-catenin bound proteins.  

However, less β-catenin was pulled down in IP groups “pEGFP-C” and “β-catenin-Flag 

and TCF7L2-myc” in this particular experiment. Although equal volume of Protein G 

solution had been added in each IP, the concentration of the Protein G solution varied. 

Accordingly, there was less Protein G in “pEGFP-C” and “β-catenin-Flag and TCF7L2-myc” 

groups, which resulted in less β-catenin being pulled down. However, the flaw in this 

experiment does not affect the conclusion that no TCF7L2 interacted with β-catenin in INS-

1E cells.  

 

Figure 3-15: IP with C-terminal  -catenin to check its interaction with overexpressed TCF7L2 in INS-1E cells  
INS-1E cells were transfected with pEGFPC, pcDNA3-TCF7L2-myc, pcDNA3-6His-β-catenin and pcDNA3-β-catenin-Flag plasmids. Forty-two 
hours post-transfection, cells were treated with 10μM MG132 for 6 hours and then lysed ; 500 µg of cell lysates protein was used for 
immunoprecipitation, and 50 µg of whole cell lysates as inputs. The result shown is representative of three independent experiments. 

 

  



 

89 
 

At this point, co-IP of both endogenous and overexpressed β-catenin had been carried out, 

with the antibodies recognizing two different termini of β-catenin, which showed there is no 

interaction between β-catenin and TCF7L2 in INS-1E cells. To confirm these results, reverse 

IPs were conducted using the TCF7L2 antibody and the Myc tag antibody (to detect the Myc 

tagged TCF7L2). Co-IP using the Myc tag antibody successfully pulled down TCF7L2 

complex, while the TCF7L2 endogenous antibody did not pull down any TCF7L2 complex. 

No β-catenin was detected in IP samples from TCF7L2 co-IP, which further confirms that β-

catenin does not interact with TCF7L2-myc in INS-1E cells (Figure 3-16). Again, the strong 

signals of TCF7L2 in the Myc tag IP, together with the exposure limitation, made the longer 

isoform of TCF7L2 unobservable in the inputs. 

Overall, no interaction between β-catenin and TCF7L2 was detected by co-IP in either 

native or transfected INS-1E cells. 

  

Figure 3-16: IP with Myc tag antibody to check the interaction between overexpressed TCF7L2-myc and endogenous  -

catenin in INS-1E cells  
INS-1E cells were transfected with pEGFPC and pcDNA3-TCF7L2-myc plasmids. Cells were lysed 48 hours post-transfection; 500 µg of cell 
lysates protein was used for immunoprecipitation, and 50 µg of whole cell lysates as inputs. The result shown is representative of three 
independent experiments. 
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3.7.2. Interaction between β-catenin and TCF7L2 in INS-1 832/3 cells 

No interaction between β-catenin and TCF7L2 was found in INS-1E cells using various 

co-IP approaches. To rule out the possibility that these were cell line specific results, another 

rat β cell line, the INS-1 832/3 cell line, was used for IP with dephosphorylated β-catenin 

antibody. Treatment with EX4 was included in these experiments as it amplifies GSIS in 

these cells and may alter the β-catenin/TCF7L2 interaction in doing so. As shown in Figure 

3-17, no obvious TCF7L2 was pulled down together with dephosphorylated β-catenin, 

indicating that the lack of interaction between β-catenin and TCF7L2 was not only restricted 

to the INS-1E cell line. As the results of this co-IP were consistent with the conclusions for 

INS-1E cells, and the INS-1-832/3 cell line is not easily transfected, no further co-IP with 

overexpression of β-catenin and TCF7L2 were conducted in INS-1-832/3 cells. 

 

 

Figure 3-17: Co-IP between endogenous TCF7L2 and  -catenin in INS-1 832/3 cells  
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as a negative control. The 
result shown is representative of three independent experiments. 
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3.7.3. Interaction between β-catenin and TCF7L2 in HEK 293 cells 

No interaction between β-catenin and TCF7L2 was detected by co-IP in INS-1E or INS-1 

832/3 cells. This finding is a departure from the conventional understanding. To confirm that 

the co-IP approach used is capable of detecting the interaction between β-catenin and 

TCF7L2, co-IP between β-catenin and TCF7L2 was conducted in HEK 293 cells (Figure 

3-18); HEK 293 is a widely used cell line model for biochemistry experiments. 

Wild type and mutated β-catenin plasmids were transfected into HEK293 cells; sirt4-Flag 

plasmid was transfected as a control for the Flag IP. Flag antibody was utilized for pulling 

down β-catenin and then TCF7L2 and N-cadherin were blotted, as in INS-1E cells. As shown 

in Figure 3-18, TCF7L2 as well as N-cadherin associated with β-catenin in HEK 293 cells. 

There was no significant difference in the amount of TCF7L2 that associated with wild type 

versus Ser552 mutated β-catenin, although there was a trend towards S552A-β-catenin-Flag 

binding more to TCF7L2 than wild type and S552E-β-catenin-Flag. However, mutations at 

Ser552 of β-catenin altered the interaction between β-catenin and N-cadherin in HEK cells. 

The question of whether this inhibition of the interaction with this adherens junction protein 

occurs in INS-1E cells will be investigated in Chapter 4. 
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Figure 3-18: IP with Flag tag antibody to compare the interactions of wild type and Ser552 mutated β -catenin to TCF7L2 

in HEK293 cells  
HEK 293 cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag and pcDNA3-S552E-β-catenin-Flag. Cells were 
lysed 48 hours post transfection; 500 µg of cell lysates protein, 1 µg of Flag antibody and 10 µL of Protein G were used for each 
immunoprecipitation, with 50 µg of whole cell lysates as inputs. β-catenin and TCF7L2 were blotted for after IP. The result shown is 
representative of three independent experiments. Densitometry quantifications of western blot images are shown in charts. Bars 
represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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3.8. Ser552 β-catenin on transcriptional activity in HEK 293 cells 

No obvious effects of Ser552 β-catenin phosphorylation on the interaction between β-

catenin and TCF7L2 in HEK 293 were found by co-IP (Figure 3-18). As β-catenin interacts 

with other transcription factors in the nucleus to activate gene transcription, we hypothesized 

that the Ser552 site of β-catenin might be important for other interactions, particularly other 

TCF/LEF proteins. Accordingly luciferase assays were performed to further test the effects of 

mutation on the transcriptional activity of β-catenin:TCF/LEF in HEK 293 cells.  

For these experiments, M50 Super 8x TOPFlash firefly plasmid and renilla luciferase 

plasmid were co-transfected with wild type and mutated β-catenin-Flag into HEK 293 cells. 

M50 Super 8x TOPFlash plasmid is a widely-used firefly luciferase reporter with 8x 

TCF/LEF binding sites. The intensity of the firefly luciferase reflects the association of β-

catenin with 8x TCF/LEF binding sites. The luminescent signal from the renilla luciferase 

was constitutively expressed without any requirement for β-catenin binding and acted as the 

control to rule out impacts resulting from different transfection efficiency. The ratio of firefly 

luciferase to renilla luciferase in the sample reflected the relative transcriptional activity of β-

catenin. 

Basal luciferase activity was measured in cells transfected with firefly plasmid and renilla 

luciferase plasmids only, to reflect the effect of endogenous β-catenin. The overexpression of 

WT-β-catenin-Flag showed a 186-fold increase of luciferase activity compared to the 

baseline level; the S552A-β-catenin-Flag group showed 205-fold, and S552E-β-catenin-Flag 

group 212-fold increases in activity, as shown in Figure 3-19. The luciferase assay was 

repeated, with a similar result. All β-catenin plasmids activated the TCF/LEF binding site 

hugely compared with the basal endogenous level, but there were no obvious differences 

between β-catenin mutation plasmids and wild type β-catenin.  
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Figure 3-19: Comparing effects of wild type and Ser552 mutated β-catenin in TOPFlash luciferase assay in HEK 293 cells. 
HEK 293 cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3- S552A-β-catenin-Flag and pcDNA3- S552E-β-catenin-Flag 
together with a mixture of TOPFlash firefly and renillar luciferase plasmids . Cells were lysed 48 hours post transfection. Luciferase assay 
was conducted on the cells with the Dual-Luciferase® Reporter (DLR™) Assay System from Promega. Each group was measured in 
quadruplicate. The result shown is representative of three independent experiments. Bars represent mean ± SEM. Student’s t-tests were 
used for statistical analysis. 
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Normally, the function of β-catenin transcriptional activity is reflected in its regulation of 

cell proliferation and this can be altered by mutations. To check the effect of β-catenin 

Ser552 variants on cell proliferation, the growth rate of cells transfected with β-catenin 

plasmids and TCF7L2 plasmid was tested by Alamar Blue assay in HEK 293 cells. 

Overexpression of TCF7L2 (tagged with Myc) showed the same level of proliferation as the 

transfection control, pEGF-C. Transfection of β-catenin plasmids led to a slightly increased 

growth rate compared with TCF7L2-Myc and pEGF-C. There was some slight increase in 

growth rate induced by overexpression of all types of β-catenin used here, however no 

significant changes were found to be caused by Ser552 mutations (Figure 3-20). 

  

  

Figure 3-20: Comparing the effects of wild type and Ser552 mutated β-catenin on HEK 293 cell growth in Alamar blue 
assay  
(A): HEK 293 cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3- 552A-β-catenin-Flag, pcDNA3-S552E-β-catenin-Flag, pcDNA3-
TCF7L2-myc and pEGFP-C in 96 well plates while being seeded. Transfected cells were measured 48 hours post transfection by Alamar blue 
assay. (B): HEK 293 cells were transfected while being seeded as in A, but these transfected cells were measured 72 hours post 
transfection by Alamar blue assay; N=10 in each group. The result shown is representative of three independent experiments. One way 
ANOVA was used for statistical analysis (*P<0.05 *** P<0.001 ****P<0.0001). 
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3.9. Interaction between β-catenin and FoxO1  

3.9.1. Interaction between β-catenin and FoxO1 in β cells 

Along with TCF7L2, FoxO1 has been recognized as an important transcription factor in β 

cells. β-catenin is also reported to associate with FoxO proteins in other cells. FoxO1 is the 

main FoxO protein isoform in pancreatic β cells (203). In this experiement, the interaction 

between β-catenin and FoxO1 in INS-1 832/3 β cells was detected by co-IP. As the 

dephosphorylated β-catenin antibody is more efficient for β-catenin pull down, co-IP was 

conducted between dephosphorylated β-catenin and FoxO1 in INS-1 832/3 cells. Figure 

3-21A suggests that FoxO1 may physically interact with β-catenin in INS-1 832/3 cells, and 

more FoxO1 seems to interact with β-catenin in the presence of high glucose and the addition 

of EX4. However, there were slight signals for FoxO1 in the nonrelated sheep antibody and 

protein G beads only samples for this IP. Another interesting finding is the tendency for 

FoxO1 protein levels increase with the increase of glucose in the whole cell lysates (Figure 

3-21C). 
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Figure 3-21: Co-IP between endogenous FoxO1 and dephosphorylated β-catenin in INS-1 832/3 cells    
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM EX4 for 1 hour; 
500 µg of cell lysates protein was used for immunoprecipitation, with 50 µg of whole cell lysates as inputs. “Beads only” groups were IP 
groups containing only protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as a negative control. (A): WB 
after co-IP between β-catenin and FoxO1; (B): Densitometry quantifications of IP part as shown in charts; (C): Densitometry quantification 
of INPUTS as shown in charts. The result shown is representative of three independent experiments. Bars represent mean ± SEM. 
Student’s t-tests were used for statistical analysis (*P<0.05). 
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As FoxO1 may associate with β-catenin in INS 1-832/3 cells, the involvement of 

phosphorylation of ser552 was further investigated by using the β-catenin ser552 mutated 

plasmids. INS-1 832/3 cells are not suitable for transfection, so INS-1E cells were used for 

transfection with β-catenin plasmids. Transfected cell lysates were then used for co-IP to 

detect the association between β-catenin and FoxO1.  

The interaction of β-catenin and FoxO1 has previously been reported to involve the C-

terminal half of FoxO1 and the armadillo repeat 1 to 8 of β-catenin (204), which is the N-

terminus of β-catenin. Accordingly, C-terminal Flag tagged β-catenin plasmids were used in 

this co-IP so as to not disturb the interaction between β-catenin and FoxO1. No Flag tagged 

β-catenin was associated with endogenous FoxO1 in INS-1E cells, even though a great 

amount of β-catenin had been pulled down by Flag IP (Figure 3-22). 

 

 

Figure 3-22: Co-IP between endogenous FoxO1 and overexpressed β-catenin in INS-1E cells  
INS-1E cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag and pcDNA3-S552E-β-catenin-Flag. Forty-two 
hours post-transfection, cells were treated with 10μM MG132 for 6 hours. The cells were starved of glucose for 1 hour and then treated 
with 0.5 mM and 10 mM glucose respectively. Next, cells were lysed for CO-IP; 500 µg of cell lysates protein was used for 
immunoprecipitation; and 50 µg of whole cell lysates as inputs. The result shown is representative of three independent experiments. 
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3.9.2. Interaction between β-catenin and FoxO1 in HEK 293 cells 

No interaction was found between overexpressed β-catenin and FoxO1 in INS-1E cells 

(Figure 3-22). In order to test whether this is β cell specific, co-IP was conducted between the 

overexpressed β-catenin and FoxO1 in HEK 293 cells as well. As INS-1E cells, no 

interaction was detected between β-catenin and FoxO1 in HEK 293 cells (Figure 3-23). 

FoxO1 appeared as only one band around 75kDaa in HEK 293 cells, whereas two bands were 

present in INS-1E cells. The FoxO1 antibody was purchased from Cell Signaling 

Techonology and its product description contained the information that bands vary among 

different cell types. This may result be a result of transcription isoform differences between 

tissues and species. 

 

Figure 3-23: Co-IP between endogenous FoxO1 and overexpressed β-catenin in HEK 293 cells  
HEK 293 cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag, pcDNA3-S552E-β-catenin-Flag and Sirt4-Flag. 
Forty-eight hours post-transfection, cells were lysed for CO-IP; 500 µg of cell lysates protein was used for immunoprecipitation, and 50 µg 
of whole cell lysates as inputs. The result shown is representative of three independent experiments. 
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3.10. Conclusion and Discussion  

Diabetes is a well-known metabolic disease, frequently associated with a susceptible 

genetic background. TCF7L2 is one of the most prominent susceptibility genes, causing 

increased risk of type 2 diabetes in various ethnic population groups (130, 131, 196). As a member 

of the transcription factor TCF/LEF family, the primary role of TCF7L2 is to mediate the 

expression of target genes by transducing signaling pathways via binding β-catenin. Many of 

the target genes of TCF7L2, such as Cyclin D family,  are involved in cell cycle regulation 

(205) and the knockdown of TCF7L2 has been reported to result in a decrease in β cell  

proliferation and a decrease in GSIS in human and mouse islets (206).  

In the investigations described in this chapter, co-IPs of both endogenous and exogenous 

β-catenin were used to detect interaction between β-catenin and TCF7L2, and to understand 

whether Ser552 affects these interactions. However, although TCF7L2 was present in INS-1 

β cell lines, interaction between TCF7L2 and β-catenin was not detected in this project. The 

fact that this interaction was easily detected by the very same co-IP technique in HEK 293 

cells ruled out the inapplicability of the technique. One possible reason for this aberration is 

another TCF/LEF family member binding to β-catenin in these β cell lines. A second 

possibility is that the interaction in these β cell lines is transitory, or has other specific 

characteristics that render it barely detectable by co-IP.  

Interaction between β-catenin and N-cadherin was also detected in these experiments. On 

one hand, this interaction acted as a positive control for the β-catenin co-IP technique in INS-

1 cells; on the other it illustrated that a great amount of N-cadherin is associated with β-

catenin. If β-catenin is “trapped” in membrane bound to N-cadherin, this may explain why is 

not seen to interact with TCF7L2 in the nucleus. The situation in HEK 293 cells differed as a 

great amount of TCF7L2 was pulled down together with β-catenin compared to their 

respective protein levels in inputs, which were only one-tenth of the amount in the IP groups. 

This finding highlights the tissue specific differences in β-catenin regulation and function.   

In this study, β-catenin could not be overexpressed in β cells without the addition of 

MG132, whereas overexpression was easily achievable in HEK 293 cells. The failure of β-

catenin overexpression was not caused by the cells not being able to be transfected, as 

TCF7L2-myc in the same vector backbone as the β-catenin plasmids was easily 

overexpressed in β cell line INS-1E. The fact that no exogenous β-catenin was detected 

unless the proteasome degradation was inhibited by MG132 indicates that β-catenin may be 
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highly regulated and degraded especially quickly in β cells. This implies a crucial function of 

β-catenin in β cells, as proteins with a high turnover rate are suggested to be critical for the 

maintenance of β cell function (207). If, as shown in the co-Ips, β-catenin interaction with 

TCF7L2 does not exist in β cells, the proposed critical role of β-catenin in β cells may not 

rely on its interaction with TCF7L2. 

Despite the differences in β-catenin/TCF7L2 interaction between cell types, the 

overexpression of β-catenin affected the protein level of TCF7L2 in both INS-1E cells and in 

HEK 293 cells, which was a new finding. While the deeper mechanism are still to be revealed, 

this could be significant to the way β-catenin functions in β cells. In other words, is the 

importance of β-catenin during GSIS via regulation of TCF7L2 rather than binding to it? 

As β-catenin interaction with TCF7L2 was not detected in β cells, the interaction between 

Ser552 β-catenin mutants and TCF7L2 was not investigated here. Nevertheless, the S552A-β-

catenin plasmid revealed a slightly lower expression level in INS-1E cells, which may reflect 

a role for phosphorylation of the β-catenin Ser552  in the stability of β-catenin. Furthermore, 

this decrease of S552A-β-catenin manifested mainly in the nuclear region.  

The results of co-IP and the luciferase assay in HEK 293 cells showed that the 

phosphorylation at Ser552 does not have an obvious influence on the interaction between β-

catenin and TCF/LEF, and does not interfere with the transcriptional activity of β-catenin in 

the Wnt pathway. Accumulation of mutations in β-catenin (85) and TCF7L2 (208) have been 

implicated in some types of cancer through regulating cell proliferation (14). To test whether 

phosphorylation of Ser552 β-catenin has any effect on cell proliferation, HEK 293 cell 

growth rate was measured by Alamar blue assay after transfection with wild type or mutated 

β-catenin plasmids. As shown in Figure 3-20, no obvious effect occurred. When these results 

are taken together, phosphorylation on Ser552 does not appear to be transcriptionally 

important in the Wnt pathway in HEK 293 cells.  

FoxO1 is another transcription factor reported to interact with β-catenin. The co-IP of 

FoxO1 and β-catenin detected this interaction in β cell lines (Figure 3-21). However, no 

FoxO1 was detected as interacting with the overexpressed β-catenin in INS-1E cells at the 

Ser552 (Figure 3-22). In theory, the Flag tag should not interfere with the result of co-IP, as 

the C-terminal tag Flag fused after residue 781 of β-catenin is far away from the binding area 

of β-catenin to FoxO1. However, armadillo repeats 1 to 8 of β-catenin, which end at site 484, 

were found to interact with the C-terminal FoxO1 (204, 209). Due to the nature of β-catenin in β 
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cells, overexpression of β-catenin in INS-1E cells requires the addition of MG132, which 

may lead to the different outcomes in relation to FoxO1 interacting between endogenous β-

catenin and exogenous β-catenin. Accordingly, HEK 293 cells were adopted to study the 

effect of phosphorylation of site 552 in the interaction with FoxO1 as β-catenin plasmids are 

easily expressed in HEK 293 cells. However, no FoxO1 was found to associate with 

overexpressed β-catenin in HEK 293 cells (Figure 3-23).  

An interesting finding of this study is that the protein level of FoxO1 increased with 

glucose and EX4 in the inputs of the co-IP (Figure 3-21). The regulation of FoxO1 protein 

level by glucose has not been directly reported before. In contrast, phosphorylation of FoxO1 

has been found to be up-regulated with glucose in β cells (201). However, the phosphorylation 

of FoxO1 is considered to exclude FoxO1 from the nucleus. It is then degraded in the 

cytoplasm (210), thus reducing the amount of FoxO1. In addition, previously the gain of 

FoxO1 function in β cells was believed to reduce the expression of Pdx 1 and then exert 

negative influence on insulin sensitivity (211). In this regard, the finding here that increases in 

total FoxO1 with the increase in glucose in INS-1 832/3 cells may not be a stimulative factor 

for insulin production in β cells needs further investigation. 

Mutations on Ser552 of β-catenin were made by mutagenesis on the Flag tagged β-

catenin plasmids, and their impacts on GSIS measured. Serine mutated into alanine S552A β-

catenin hampered insulin secretion; however, this was not as significant as knocking down β-

catenin. The plasmid trying to mimic the phosphorylated Ser552 β-catenin (S552E-Flag) 

showed only a slight increase in GSIS compared to wild type. This finding is confounded by 

the fact that glucose is known to increase Ser552 phosphorylation. Accordingly, after glucose 

stimulation in this experiment, most of the wild type β-catenin would have been 

phosphorylated at Ser552. Another explanation could be that the S552E only mimics 

phosphorylation in terms of being negatively charged, which may not be enough to reproduce 

the physical impact of phosphorylation on GSIS. Potentially, the importance of Ser552 β-

catenin is not its direct involvement in GSIS, but rather it may act through other binding 

partner of β-catenin, which is known to bind many different proteins.  

The phosphorylation of Ser552 β-catenin is of importance for insulin secretion in β cells, 

but this importance is not reflected in its role in the classical transcriptional activity of β-

catenin. Therefore, the effects of this phosphorylation on the other classical role of β-catenin 

in adherens junction was investigated,as described in the next chapter. 
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Chapter 4. Role of Ser552 site of β-catenin in adherens junction 

4.1. Introduction  

β-catenin was first identified together with  α-catenin and ɣ-catenin in a study by Ozawa 

and colleagues. (10). It was found to associate with cell adhesion molecule uvomorulin 

(Cadherins) by introducing uvomorulin-deficient mouse cells with wild type uvomorulin 

cDNA and various deletion constructs. Subsequently, β-catenin was reported to associate 

tightly with E-cadherin and this association was identified as important in cell contact 

inhibition during cell culture (212). β-catenin was also identified to be homologous to 

plakoglobin and Armadillo, with the suggestion that it may function as the linker between E-

cadherin and cytoplasmic actin cytoskeleton at cell-cell junctions (213). While other functions 

of β-catenin such as its role in Wnt pathway have been discovered since, the majority of β-

catenin in the cell is bound in the adherens complex and its role in adherens junctions is 

considered to be essential.  

Adherens junctions are one type of cell-cell junction; they bind cells together and regulate 

cell shape and tissue morphology. The common model for adherens junction is that the 

ectodomains of cadherins interact homophilically between neighbouring cells, and the 

cytoplasmic domains of cadherins inside the cells bind to β-catenin, which recruits α-catenin, 

which in turn associates with actin cytoskeleton (214).  

However, adherens junctions are not just statically bound together. Firstly, there are 

various types of cadherins and catenins involved in different cell types (11). Even the 

proportions of cadherins can change in different situations, such as loss of E-cadherin and 

gain of N-cadherin during the epithelial-mesenchymal transition (215). The junction complexes 

themselves turn over through internalization (216). In addition, the dynamic features and the 

complexity of the actin cytoskeleton (217) make adherens junctions highly regulated and varied 

in different tissues, which is important for organ morphogenesis (218, 219).  

Adherens junctions do not always execute their functions alone; they also cooperate with 

other types of junctions (220) and membrane anchored signaling pathways, such as the Notch 

pathway (221) and the Wnt pathway (222). These dynamics also enable adherens junctions to 

respond to tension changes and to control adjacent membrane trafficking (14). Previous studies 

in our lab have demonstrated that β-catenin plays an important role during GSIS in β cell 

lines (160, 223). Further, E-cadherin and N-cadherin have been shown to be involved in 
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secretagogue stimulated insulin secretion in human β cells (224), and involvement of E-

cadherin in insulin secretion has also been found in rat β cells (225). E-cadherin is also 

involved in some other molecule secretions. For example, the expression level of E-cadherin 

has been found to relate to the secretion of prostate-specific antigen (PSA) in human prostate 

epithelial cells (226). In another study, the overexpression of E-cadherin in Raw 264.7 

macrophages exhibited a corresponding decreased secretion of inflammatory mediators (227). 

So, we focused our attention on finding whether β-catenin functions through adherens 

junction-complex interactions during glucose and GLP-1 stimulated insulin secretion in β 

cells. To test this, the influences of glucose and GLP-1 on the interactions of β-catenin in 

adherens junction were investigated, as decribed in this chapter. 

The central part of β-catenin forms a positively charged armadillo groove, which renders 

a scaffold for binding cadherins. Usually, phosphorylation at this area of β-catenin results in 

some negative charge, which would weaken its binding in adherens junctions. For example, 

Tyrosine 142, 489 and 654 β-catenin phosphorylation has been found to dramatically obstruct 

its interaction with cadherin (228, 229). Site Ser552 is in a relatively loose part of the β-catenin 

structure (230), which may fold back to cause a conformational change in other regions. 

Accordingly, we also tested whether Ser552 phosphorylation of β-catenin interferes with its 

association with cadherin and α-catenin in the adherens junction. 
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4.2. Interaction between β-catenin and N-cadherin in β cells 

4.2.1. Glucose effects on interaction between β-catenin and N-cadherin 

While glucose and EX4 can promote insulin secretion within even 15 minutes, here INS-1 

832/3 cells were treated for 1 hour to test the effect of glucose on β-catenin interactions with 

adherens junction protein. As N-cadherin and E-cadherin have been reported to be regulated 

by insulin secretagogues and correlate with insulin secretion in β cells (224, 225), the interaction 

between β-catenin and N- and E- cadherin was tested first. 

N-cadherin was found to interact with β-catenin by co-IP, which, as shown in Chapter 3, 

is the positive control for detecting interaction between β-catenin and TCF7L2 in β cells. 

Here, co-IP was used to find whether this interaction is regulated by glucose and EX4. As 

previously stated (section 3.7.1), two different antibodies recognizing two different termini of 

β-catenin were adopted to rule out bias effects from β-catenin antibodies. 

Sheep anti-human and -rat N-terminal β-catenin antibody (dephosphorylated β-catenin) 

and sheep anti-human and -rat C-terminal β-catenin antibody were used to pull down β-

catenin. Non-related sheep antibody and non antibody groups of IPs were conducted as the 

negative controls. Whole cell lysates from each IP group were run in the same blot as the 

inputs. The protein levels of N-cadherin and β-catenin in INS-1 832/3 cells were not 

significantly changed by 1-hour glucose treatment, as seen in the inputs portion of Figure 4-1 

and Figure 4-2. After normalization to the total level of β-catenin pulled down in the IP, 

similar levels of N-cadherin had been pulled down together with both N-terminal β-catenin 

(Figure 4-1) and C-terminal β-catenin (Figure 4-2) under different glucose stimulation 

conditions. This indicates that the stimulation of glucose and EX4 did not affect protein level 

and interactions between β-catenin and N-cadherin at a detectable level in this experiment. 
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Figure 4-1: IP with dephosphorylated β-catenin under different glucose conditions and blot with N-cadherin antibody 
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as the negative control. The 
result shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in 
charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis. 

 

 

Figure 4-2: IP with C-terminal β-catenin under different glucose conditions and blot with N-cadherin antibody  
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM e xendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as the negative control. The 
result shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in 
charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis.  
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4.2.2. Glucose effects on interaction between pS552 β-catenin and N-cadherin 

Although glucose and EX4 did not significantly regulate the interactions between β-

catenin and N-cadherin, their possible influence on N-cadherin interaction with the 

phosphorylated β-catenin was further tested. As the antibody for phosphorylated Ser552 β-

catenin (pS552 β-catenin) was not efficient enough for IP (data not shown), it was conducted 

using N-cadherin antibody.   

Consistent with the β-catenin IPs presented earlier, comparison of the amount of binding 

candidates in whole cell lysates with the amount of N-cadherin in the N-cadherin IP 

complexes indicated that the interaction between β-catenin and N-cadherin in this β cell line 

is not regulated by glucose and EX4 (data not shown). However, more pS552 β-catenin was 

pulled down together with N-cadherin after glucose and EX4 stimulation, clearly showing 

that pS552 β-catenin binds to N-cadherin (Figure 4-3). Meanwhile, as seen in the inputs 

portion of Figure 4-3, more Ser552 phosphorylation of β-catenin had been induced by 

glucose, and furthermore by glucose and EX4 together. This led to the question: was the 

enhancement of p552 β-catenin pulled down together with N-cadherin after glucose treatment 

simply in proportion to that for whole cell lysates? If so, it was still hard to gauge the effect 

of this phosphorylation on β-catenin’s interaction with N-cadherin. 

To understand whether more pS552 β-catenin was bound to N-cadherin following glucose 

treatment, the ratio was calculated between the amount of pS552 β-catenin vs N-cadherin in 

the IP complexes and the amount of pS552 β-catenin vs N-cadherin in input samples within 

each group. These ratios were also calculated for total β-catenin vs N-cadherin. The ratio of 

pS552 β-catenin to N-cadherin in IP complexes compared to input samples was not 

significantly different in either experiment, indicating a similar proportion of pS552 β-catenin 

from the whole cell lysate was bound to N-cadherin in the input and IP samples. Further, 

there was no difference in the ratio of pS552 -catenin to N-cadherin for different glucose 

conditions. The elevated level of pS552 β-catenin in the IP from the high glucose treated cells 

was due to an overall increase in the amount of pS552 caused by glucose, as the ratio was the 

same for the input and IP groups. This indicates there was no preferential association of 

pS552 -catenin with N-cadherin due to glucose simulation. As for total β-catenin, some 

differences are evident (Figure 4-3). However, the differences were inconsistent between the 

experiments, perhaps as a result of artificial errors.  
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Figure 4-3: Reverse IP with N-cadherin under different glucose conditions and blot with Ser552 β-catenin 

Phosphorylation antibody and total β-catenin  
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Sheep Ab” non-related 
sheep antibody IP was the negative control. Densitometry quantifications of western blot images are shown in charts. Bars represent 
mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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4.2.3. Effects of pS552 on interaction between β-catenin and N-cadherin 

As pS552 β-catenin was shown to associate with N-cadherin, the effect of this 

phosphorylation on the interaction between β-catenin and N-cadherin was further investigated 

by using these Ser552 β-catenin mutation plasmids.  

When transfecting INS-1 E cells with wild-type and mutated β-catenin plasmids only, 

overexpressed β-catenin can be pulled down by Flag tag antibody. However, as shown in the 

right half of Figure 4-4, and in contrast with the results for endogenous -catenin IP (Figure 

4-1 and Figure 4-2), in this case no N-cadherin was pulled down at the same time. When the 

endogenous β-catenin is knocked down first, then the β-catenin overexpression IP can bring 

down some N-cadherin, as shown in the left half of Figure 4-4. This is an interesting finding 

as it suggests that in the absence of -catenin siRNA, endogenous β-catenin is tightly bound 

to N-cadherin and the overexpressed β-catenin cannot compete with this endogenous 

interaction. The endogenous knocking down and overexpression of β-catenin worked, as 

refelcted in the protein level of β-catenin in the inputs part of Figure 4-4. Furthermore, this 

experiment showed that the glucose conditions do not alter the interaction between the 

overexpressed β-catenin and N-cadherin.  

It should be noted here that because of the sharp contrast between the amount of β-catenin 

in IP and in the inputs, the signals for β-catenin in the inputs were out of the right exposure 

range. While the signals of β-catenin in the IP section are covered, the signals in the inputs 

are showing in the bands below, as seen in Figure 4-4. 
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Figure 4-4: IP with Flag for wild type and mutated β-catenin-Flag with or without β-catenin siRNA, and then blot with N-
cadherin antibody  
INS-1 E cells were transfected with β-catenin siRNA and scramble siRNA control.  After 24 hours, these cells were transfected with 
pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag, pcDNA3-S552E-β-catenin-Flag. Forty-six hours after the second transfection, 
transfected cells were starved with no glucose for 1 hour and then treated with 0.5 mM and 10 mM glucose for 1  hour; 500 µg of cell 
lysates protein, 1 µg of Flag IP antibody and 10 µL of Protein G were used for each immunoprecipitation; and 50 µg of whole cell lysates as 
inputs. N-cadherin and β-catenin were blotted for after IP. Densitometry quantifications of western blot images are shown in charts.  
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As Figure 4-4 shows, the overexpression IP only worked when the endogenous β-catenin 

was knocked down first. Subsequently, more of these knockdown-overexpression IPs were 

conducted (Figure 4-5). Compared with the amount of N-cadherin in the inputs, only a small 

amount of N-cadherin was pulled down together with the overexpressed Flag tagged β-

catenin. On the other hand, when N-cadherin in the IP complex was normalized to the 

amount of β-catenin in the IP complex, there was a tendency towards decrease in the β-

catenin to N-cadherin ratio for the S552A-β-catenin-Flag group. The S552E-β-catenin-Flag 

also exhibited a trend to some degree of hampering on this interaction. However, these 

influences on the interaction between β-catenin and N-cadherin were not significant enough 

to account for the importance of Ser552 β-catenin in this interaction. It is therefore possible 

that the interaction involves more than one amino acid site of β-catenin. 

 

Figure 4-5: IP with Flag for wild type and mutated β-catenin-Flag with endogenous β-catenin knocked down by siRNA, and blot with N-
cadherin antibody 
INS-1 E cells were transfected with β-catenin siRNA. After 24 hours, these cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-
S552A-β-catenin-Flag, pcDNA3-S552E-β-catenin-Flag. Forty-eight hours after the second transfection, 500 µg of cell lysates protein, 1 µg of 
Flag IP antibody and 10 µL of Protein G were used for each immunoprecipitation; and 50 µg of whole cell lysates as inputs. N-cadherin and 
β-catenin were blotted for after IP. The result shown is representative of three independent experiments. Densitometry quantifications of 
western blot images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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4.3. Interaction between β-catenin and E-cadherin in β cells 

4.3.1. Glucose effects on interaction between β-catenin and E-cadherin 

Just as the interaction between N-cadherin and β-catenin was investigated as above, the 

interaction between E-cadherin and β-catenin was studied in a similar way. Firstly, 

endogenous β-catenin IPs were conducted to check the effect of glucose on the interaction 

between E-cadherin and β-catenin. As with N-cadherin, high glucose did not change the 

protein level of E-cadherin within one hour. Accordingly, the effect of glucose on the 

interaction between E-cadherin and β-catenin was directly reflected in the result of co-IPs. 

Similarly to the findings for the interaction between N-cadherin and β-catenin, the 

interaction between E-cadherin and β-catenin was not significantly affected by high glucose 

treatment in either the dephosphorylated β-catenin IP (Figure 4-6), or the C-terminal β-

catenin IP (Figure 4-7). 

 

Figure 4-6: IP with dephosphorylated β-catenin with different glucose conditions and blot with E-cadherin antibody 
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as negative control. The result 
shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in charts. Bars 

represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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Figure 4-7: IP with C-terminal β-catenin under different glucose conditions and blot with E-cadherin antibody 
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as the negative control. The 
result shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in 
charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis.  
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4.3.2. Glucose effects on interaction between pS552 β-catenin and E-cadherin 

To further explore whether high glucose affects the interaction between E-cadherin and β-

catenin, E-cadherin reverse IP was conducted, as shown in Figure 4-8. As with N-cadherin, 

E-cadherin was shown to interact with pS552 β-catenin and this interaction was in 

accordance with the amount of pS552 β-catenin induced by glucose and EX4. Likewise, 

under treatment with high glucose and EX4, more pS552 β-catenin bound to E-cadherin. 

The proportions of pS552 β-catenin and total β-catenin pulled down together with E-cadherin 

from the whole cell lysates are indicated by the ratio between the amount of these proteins in 

the IP complexes and those in the input samples. As shown in Figure 4-8, similar portions of 

pS552 β-catenin were bound to E-cadherin under different glucose conditions. More pS552 

β-catenin was bound to E-cadherin with high glucose and EX4, likely due to the fact there 

was more pS552 β-catenin in the whole cell lysates. However, as this still did not indicate the 

direct effect of pS552 β-catenin on the interaction between E-cadherin and β-catenin, a 

further mutagenesis study was conducted as in the N-cadherin study. 

 

Figure 4-8: Reverse IP with E-cadherin under different glucose conditions and blot with Ser552 β-catenin 
phosphorylation antibody and total β-catenin 
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as the negative control. The 
result shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in 
charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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4.3.3. Effects of pS552 on interaction between β-catenin and E-cadherin 

To further test the effect of Site 552 on the interaction between β-catenin and E-cadherin, 

wild type and mutated β-catenin were overexpressed prior to co-IP. As shown in Figure 4-9, a  

small amount of E-cadherin was associated with overexpressed β-catenin and there was no 

obvious difference between the wild type and Ser552 mutated β-catenin groups in the IP 

samples.  

 

Figure 4-9: IP with Flag for wild type and mutated β-catenin-Flag with endogenous β-catenin knocked down by siRNA, 

and then blot with E-cadherin antibody 
INS-1 E cells were transfected with β-catenin siRNA. After 24 hours, these cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-
S552A-β-catenin-Flag, pcDNA3-S552E-β-catenin-Flag. Forty-eight hours after the second transfection, 500 µg of cell lysates protein, 1 µg of 
Flag IP antibody and 10 µL of Protein G were used for each immunoprecipitation; and 50 µg of whole cell lysates as inputs. N-cadherin and 
β-catenin were blotted for after IP. The result shown is representative of three independent experiments. Densitometry quantifications of 
western blot images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 

 

 

  



 

116 
 

4.4. Interaction between β-catenin and α-catenin in β cells 

As well as the association between β-catenin and cadherins, the interaction between β-

catenin and α-catenin is another important component of adherens junction. Like cadherin, 

both α-N-catenin and α-E-catenin are expressed in INS-1 832/3 cells. Accordingly, these 

interactions between α-catenin and β-catenin were also tested to find if they are regulated by 

glucose or GLP-1. 

4.4.1. Glucose effects on interaction between β-catenin and α-N-catenin 

Both N-terminal (Figure 4-10) and C-terminal (Figure 4-11) β-catenin IPs were 

conducted to test their interaction with α-N-catenin. α-N-catenin was found to be associated 

with β-catenin under all the three conditions. However, this interaction was not regulated by 

different glucose concentrations or Extendin-4 in one hour. 

 

Figure 4-10: IP with dephosphorylated β-catenin under different glucose conditions and blot with α-N-catenin antibody   
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as the negative control. The 
result shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in 
charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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Figure 4-11: IP with C-terminal β-catenin under different glucose conditions and blot with α-N-catenin antibody  
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as negative control. The result 
shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in charts. Bars 
represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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4.4.2. Glucose effects on the interaction between β-catenin and α-E-catenin 

Similarly, the interaction between α-E-catenin and β-catenin was tested by co-IP. Both N-

terminal β-catenin IP (the dephosphorylated β-catenin IP) and C-terminal β-catenin IP were 

conducted, as shown in Figure 4-12 and Figure 4-13 respectively.  

As with α-N-catenin, α-E-catenin clearly bound to β-catenin in β cells at both low glucose 

and high glucose. Further, similarly to E-cadherin, the interaction between dephosphorylated 

β-catenin and α-E-catenin showed a trend of being slightly hampered by high glucose. 

However, this trend was not observed when C-terminal β-catenin antibody was adopted for 

co-IP. 

It is well known that N-terminal β-catenin binds to α-catenin around the amino acid 

positions 120 and 151 (231, 232), which are far away from Ser552 site. Accordingly, the effect 

of p552 β-catenin was not investigated further in this chapter. 

 

 

Figure 4-12: IP with dephosphorylated β-catenin under different glucose conditions and blot with α-E-catenin antibody  
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 

IP groups only containing protein G beads without antibody; “Sheep Ab” was non-related sheep antibody IP as the negative control. The 
result shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in 
charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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Figure 4-13: IP with C-terminal β-catenin under different glucose conditions and blot with α-E-catenin antibody  
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody and ;“Sheep Ab” was non-related sheep antibody IP as the negative controls. 
The result shown is representative of three independent experiments. Densitometry quantifications of western blot images are shown in 
charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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4.5. Conclusion and discussion 

Previous tudies have implicated a number of kinases that catalyse the Ser552 

phosphorylation of β-catenin: PKA (162), PKB (AKT) (233) and AMPK (234). However, the 

functional significance of this phosphorylation is not clearly understood. It was thought to 

promote the nuclear translocation of β-catenin, thus enhancing the canonical transcriptional 

activity of β-catenin in one study (233), but another study failed to find any significant role of 

this phosphorylation among any of the thus far recognized functions of β-catenin (162). In 

Chapter 3, Ser552 phosphorylation of β-catenin was not found to actively regulate the 

transcriptional activity of β-catenin in β cell lines. Another obvious function of β-catenin is 

its involvement in adherens junction and both N-cadherin and E-cadherin were found to play 

an important role during vesicle trafficking. Although site 552 is not located in the armadillo 

repeats where cadherin binds, given that it is in the loop within the 10th ARM repeat, which 

enables the conformation variability of β-catenin (9), the effect of Ser552 phosphorylation on 

its interaction with cadherins in β cells was tested in this chapter.  

Knockdown of E-cadherin in β cells decreases GSIS, mainly as a result of the partial loss 

of cell contacts (235, 236), whereas, N-cadherin is believed to be essential during insulin granule 

turnover in β cells (237).  Compared to N-cadherin, much less overexpressed β-catenin was 

bound to E-cadherin. In addition, glucose had no pronounced influence on the interaction 

between β-catenin and N-cadherin, as shown in all the various types of endogenous co-IPs. 

While both of N-cadherin and E-cadherin were expressed in β cells, they may function 

differently. The main difference between N-cadherin and E-cadherin is reflected in the 

epithelial-mesenchymal transition (EMT), as E-cadherin transitioning into N-cadherin 

renders mesenchymal cells more motile and less polarized (238).  

Clearly both N-cadherin and E-cadherin bind to pS552 β-catenin, as shown in the N-

cadherin and E-cadherin co-IPs in Figure 4-3 and Figure 4-8 respectively. More pS552 β-

catenin was found to bind both N-cadherin and E-cadherin with the addition of glucose and 

EX4. Nonetheless, it is unclear whether enhancement of these interactions resulted only 

because there was more pS552 β-catenin available, as the amount of pS552 β-catenin was 

increased in whole cell lysates. When the portions of pS552 β-catenin in the N-cadherin or E-

cadherin IP samples from the whole cell lysates were considered, there was no significant 

difference among the three different glucose groups. When using the Ser552 mutated β-

catenin plasmids for co-IPs, no significant effects of Ser552 β-catenin phosphorylation were 
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found on the interaction of β-catenin to both N-cadherin and E-cadherin in the β cell line. 

Despite the variability in the knockdown-overexpression IPs between β-catenin-Flags and 

cadherins in the β cell line, S552A β-catenin tended to bind less with N-cadherin. However, 

overall the Ser552 of β-catenin was not exerting an on/off switch role in these interactions in 

adherens junctions. 

Given that glucose and EX4 treatment for co-IPs was restricted for 1 hour, glucose 

treatments here may not have changed the cell contact profoundly. The relatively less N-

cadherin bound S552A β-catenin may not be functional enough to contribute to the lower 

insulin secretion level of S552A β-catenin found in Figure 3-9. N-cadherin has been reported 

to be involved in the synaptic vesicle trafficking together with some scaffold proteins, mostly 

PDZ domain containing proteins (239, 240). Some PDZ domain containing proteins have also 

been screened to interact with β-catenin (164), and found to function even during the synaptic 

vesicle localization (112). The investigation into whether these interactions are also involved 

with GSIS is decribed in the following chapter. 
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Chapter 5. Involvement of β-catenin in insulin vesicle trafficking 

machinery 

5.1. Introduction 

Previously, pancreatic β cells specific β-catenin knockout has been found lethal for mice, 

with most dying shortly after birth.  In the same study, surviving mice showed partial β-

catenin in β cells and had disrupted islets (241). Furthermore, earlier studies in our group 

reported that β-catenin is indispensable for glucose and GLP-1 stimulated insulin secretion in 

rodent β cell lines, and Ser552 phosphorylation of β-catenin increases with glucose and GLP-

1 treatment (160, 223). These findings have led us to consider the role of β-catenin during insulin 

granule secretion and specifically, to investigate a potential role of the pS552 β-catenin in this 

process.  

In Chapter 3, β-catenin was not shown to interact with TCF7L2 with or without glucose 

stimulation in INS-1 β cell lines; at least any interaction was not detected by co-IPs. 

Furthermore, Ser552 phosphorylation of β-catenin was not found to affect β-catenin/TCF7L2 

transcriptional activity, even in HEK 293 cells. In Chapter 4, the interaction between β-

catenin and cadherins was not affected by glucose, and Ser552 phosphorylation of β-catenin 

showed only a slight tendency to affect its interaction with N-cadherin in β cell lines. As β-

catenin is a well-known platform for binding proteins, some other protein partners of β-

catenin that may be of relevance to GSIS are considered in this chapter.  

β-catenin has been shown to bind many PDZ domain containing proteins through its C-

terminus (164). PDZ domain containing proteins are important during synaptic vesicle 

trafficking (181, 242), as PDZ domains play a crucial role in regulating the location of proteins 

within the cell membranes. Furthermore, β-catenin has been reported to modulate vesicle 

localization via binding PDZ domain containing proteins at synapses (112). As insulin 

secretion and synaptic secretion are both regulated by exocytosis, and there is similarity 

between synaptic vesicle exocytosis and insulin granule exocytosis (151), we postulate that the 

importance of β-catenin to insulin secretion may be through binding to PDZ domain 

containing proteins during insulin granule trafficking.  

PDZ containing proteins such as Magi, which interacts with β-catenin (164), has been 

reported to recruit synaptic vesicles for exocytosis (112). Another PDZ domain containing 
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protein, Scrib, was shown to bind β-catenin and this interaction played an important role in 

vesicle localization at the synapse (184). A family-wide screen of PDZ domain containing 

proteins for binding to β-catenin found other interactions between them (164). The scaffold 

proteins Pdzd2, Synip (STXBP4) and Tiam were found to bind β-catenin in this screen (164). 

These proteins are of direct relevance to insulin secretion and diabetes. Loss of Pdzd2 is 

known to lead to elevated insulin secretion (186). Synip is an important component of the 

vesicle trafficking process and thus loss of Synip dysregulates GSIS (153). Synip functions by 

binding syntaxin4, which masks Syntaxin 4 from its cognate v-SNARE and then suppresses 

vesicle fusion (153). Lower syntaxin4 has been found in islets from type-2 diabetics (185), 

indicating defects at insulin granule vesicle fusion could play a role in the attenuation of 

insulin release in diabetes.  

These connections suggest an involvement of β-catenin in co-ordinating insulin release at 

the vesicle fusion point, and that this β-catenin involvement may be through its interactions 

with PDZ domain containing proteins and SNARE proteins. The experiments described in 

this chapter investigated whether these interactions with β-catenin exist in INS-1 rodent β 

cells. Ser552 phosphorylated β-catenin could be important in mediating protein interactions 

of the β-catenin PDZ binding domain, as the site Ser552 is in a relatively loose structural part 

of β-catenin and this phosphorylation (which increases with glucose and GLP-1) may cause a 

conformational change in the PDZ binding region. Accordingly, the influences of glucose and 

Ser552 phosphorylation on these interactions were investigated as well.  
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5.2. Interaction of PDZ domain containing and SNARE proteins with β-

catenin  

After reviewing the relevant literature (112, 164, 183, 184, 243), we identified 10 promising 

protein candidates, either PDZ containing proteins or SNARE proteins relevant to exocytosis 

(listed in Table 3), that were potential interaction partners for β-catenin. Antibodies against 

both β-catenin N-terminal (dephosphorylated β-catenin) and C-terminal β-catenin were used 

here for co-IP. Different antibodies were used to rule out the possibility that interactions at 

the termini of β-catenin were not able to be pulled down by an antibody raised against that 

portion of the protein. As we wanted to detect the effects of both glucose and GLP-1 on these 

interactions, co-IPs with low glucose, high glucose and high glucose with EX4 were 

conducted in INS-1 832/3 cells as these cells respond appropriately to both glucose and GLP-

1 stimulation. 

Table 3:  Protein candidates associate with β-catenin  

Proteins Implications in exocytosis related field 
Pdzd2 Pdzd2-deficient mice show an increased basal insulin secretion and Pdzd2 is 

necessary for normal regulation of insulin secretion (186). 

Shank3 Shank3 plays a crucial role in the postsynaptic density, and in the regulation of  
synaptic plasticity and dendritic spine morphology, by associating with 
neurotransmitter receptors, cell adhesion molecules (244) and some membrane 

proteins (245) linking them to the actin-based cytoskeleton (246). 
NHERF-2 NHERF2 mediates the recycling of ion channels in polarized epithelia and may 

act as a plasma membrane sorting site of some effector protein (247). 
Tiam1 Tiam1 regulates dendrite and spine morphology via actin remodelling by 

coupling the N-methyl-D-aspartate (NMDA) receptor (248, 249), and tiam1 is also 

required for skin cell migration (250). 
Scrib Scrib coordinates synaptic vesicle localization when associated with β-catenin-

cadherin complex (184). 
Magi1 Magi1 is a member of the membrane-associated guanylate kinase (MAGUK) 

family of proteins, which are essential for synaptic transmission and the cycle 

of synaptic vesicles (251). 
Tip1 A single point mutation in TIP-1 is sufficient to attenuate the endosomal 

trafficking phenotype (252). 
Syntaxin 1A Gene expression of Syntaxin 1A correlates positively to glucose stimulated 

insulin secretion (GSIS) in vitro in human islets and Syntaxin 1A protein level 
also decreases correspondingly in human T2D islets (185). 

Synip Overexpression of Synip leads to an inhibition in glucose-stimulated insulin 
secretion during both the first and second phase (153). 

Vamp2 Vamp2 associates with insulin-containing granules and controls Ca2+mediated 
insulin secretion (253). SNARE complex modulates glucose stimulated exocytosis 

of insulin granules (254).  
Munc18-1 Munc18-1 regulates the SNARE team, making exocytotic teamwork more 

efficient (255-257). 
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5.2.1. Co-IPs with antibody against dephosphorylated β-catenin  

Conventionally, PDZ domains bind to certain C-terminal motifs of their binding partners. 

Although the C-terminal sequence of β-catenin does not fit the general PDZ domain binding 

motifs, Tip1 is reported to bind the last four residues of β-catenin (79). The C-terminal end of 

β-catenin is also reported to be a PDZ-like target, binding to PDZ protein LIN-7 (258) as well 

as Synaptic scaffolding molecule (S-SCAM) and Magi1 (259). In order to ensure that any 

interactions connected via the C-terminal (potential PDZ domain binding region) of β-catenin 

were detected and not interfered with, the antibody chosen for IP is one that does not block 

the C-terminal of β-catenin.  

As N-terminal phosphorylation of β-catenin results in its degradation, the 

dephosphorylated β-catenin antibody was used for β-catenin IP. Candidates from PDZ 

containing proteins (Figure 5-1) and SNARE proteins (Figure 5-2) were blotted for after 

dephosphorylated β-catenin IPs. A large amount of β-catenin had been pulled down in the IP 

complex as shown in Figure 5-1. It is worth mentioning that although there is no signal for β-

catenin in the input samples of this figure, there was in fact β-catenin in the input lanes; β-

catenin protein was easily detected when cell lysates were run on a separate gel or when the 

blot was overexposed. As mentioned in Chapter 3, the lack of signal in the input lanes was 

because the high amount of protein after IP enrichment makes the relatively low abundance 

of β-catenin harder to detect on the same western blot as the IP samples. 

In contrast to the previous in vitro screen of PDZ domain-mediated protein-protein 

interactions of β-catenin (164), in this study Tiam1, Scrib, Magi1, Tip1 and Vamp2 were not 

detected as associating with β-catenin in INS-1 832/3 cells by co-IP (Figure 5-1). There were 

diffuse bands present for Pdzd2 in the β-catenin IP complex, but these were also present in 

the negative control IP groups: the non-related sheep antibody sample and the protein G 

beads only sample. This means the signal in the IP groups could result from the unspecific 

binding of Pdzd2 antibody and protein G beads.  

There were also diffuse bands for Shank3, and with a much lower signal in the negative 

control IP groups than for Pdzd2 (Figure 5-1). This interaction of β-catenin and Shank3 is 

further investigated and described later in this chapter.  

In the dephosphorylated β-catenin IPs, there were also signals for NHERF-2 at the same 

molecular weight as signals in the inputs (Figure 5-2). However, as the molecular weight of 
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NHERF-2 is close to the light chain of IgG, further verification with GFP tagged NHERF-2 

plasmid was conducted, as reported later in this chapter. The molecular weight of Syntaxin 

1A is also similar to the light chain of IgG. As shown in Figure 5-2, only what appeared to be 

the IgG band was picked up in IP groups, however no signal for Syntaxin 1A was present in 

the input lanes. Co-IP with GFP tagged Syntaxin 1A plasmid and β-catenin was conducted to 

further investigate this potential interaction (reported later in this chapter).  

 

   

Figure 5-1: IP with dephosphorylated β-catenin, blot with PDZ domain containing proteins antibodies  
After 1 hour of glucose s tarvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM 
exendin-4 for 1 hour; 500 µg of cell lysates protein was used for immunoprecipi tation ; and 50 µg of whole cell lysates  as 
inputs. “Beads  only” groups  were IP groups  only containing protein G beads without antibody “Sheep Ab” was non-related 
sheep antibody IP as negative control. The result shown is representative of four independent experiments. 
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Figure 5-2: IP with dephosphorylated β-catenin, blot with SNARE protein synatxin 1A and vamp2 antibodies  
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendi n-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody “Sheep Ab” was non-related sheep antibody IP as negative control. The result 
shown is representative of four independent experiments.  
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5.2.2. Co-IPs with antibody against C-terminal β-catenin  

There are several types of potential PDZ domain associations that can occur, which are 

independent of the C-terminal region of PDZ binding proteins. Accordingly, co-IPs were also 

performed using an antibody which recognizes the C-terminal β-catenin. In agreement with 

results using the dephosphorylated β-catenin antibody for IP (Figure 5-1 and Figure 5-2), 

Tiam1, Scrib, Magi1, Tip1 and Vamp2 were not associated with β-catenin in C-terminal β-

catenin IPs, as shown in Figure 5-3. In addition, Pdzd2, Shank3 and Synatxin 1A were not 

detected in the C-terminal β-catenin complex. Synip was the only protein found in the C-

terminal β-catenin complex. However, the molecular weight of the band for Synip antibody is 

higher than the calculated 62 kDa of Synip. Therefore, more investigations on this interaction 

were conducted. 
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Figure 5-3: IP with c-terminal β-catenin, blot with PDZ domain containing and SNARE proteins antibodies      
After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin-4 for 1 
hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups were 
IP groups only containing protein G beads without antibody “Sheep Ab” was non related sheep antibody IP as negative control.  The result 
shown is representative of four independent experiments. 
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5.3. Further investigation of PDZ domain mediated β-catenin interactions  

5.3.1. Interaction between β-catenin and Syntaxin 1A 

Syntaxin 1A and the light chain of IgG share a similar molecular weight, making it hard 

to distinguish between their signals in western blot analysis of co-IP experiments. To avoid 

this problem, GFP tagged Syntaxin 1A plasmid was transfected to INS-1 E cells to conduct 

the co-IP between β-catenin and Syntaxin 1A. The 26 kDa addition of the GFP protein that 

was fused to Syntaxin 1A enabled separation of Syntaxin 1A from the IgG band present near 

the 37 kDa ladder.  

Dephosphorylated β-catenin IP and reverse IP using an antibody against GFP were 

conducted side by side and are shown in Figure 5-4. Syntaxin 1A-GFP was successfully 

pulled down by GFP antibody, but no β-catenin had been pulled down together with Syntaxin 

1A-GFP. Similarly, β-catenin was detected when the dephosphorylated β-catenin antibody 

was used for IP, yet there was no signal for Synatxin 1A-GFP. This clearly showed that the 

exogenous GFP-tagged Syntaxin 1A did not interact with β-catenin in INS-1E cells. 

 

 

Figure 5-4: Syntaxin 1A does not interact with  -catenin in either GFP IP or IP with dephosphorylated  -catenin antibody  

in INS-1 E cells  
INS-1 E cells were transfected with pcDNA3-syntaxin 1A-GFP. Cells were lysed 48 hours post transfection; 500 µg of cell lysates protein, 1 
µg of target IP antibody and 10 µL of Protein G were used for each immunoprecipitation; and 50 µg of whole cell lysates as inputs. β-
catenin and GFP were blotted for after IP. The result shown is representative of three independent experiments. 
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5.3.2. Interaction between β-catenin and NHERF-2 

Like Syntaxin 1A, NHERF-2 has a similar molecular weight to the light chain of IgG. 

Accordingly, a GFP tagged NHERF-2 plasmid was adopted for IP using GFP and 

dephosphorylated β-catenin antibodies in INS-1 E cells. As shown in Figure 5-5A, while no 

β-catenin was detected in the western blot for IP with GFP antibody, there were some faint 

bands of GFP-NHERF-2 present in the dephosphorylated β-catenin IP. When both β-catenin 

(Flag-tagged) and NHERF-2 (GFP-tagged) were overexpressed in INS-1 E cells and IPs 

conducted using an antibody against the Flag tag of the transfected β-catenin, no GFP-

NHERF-2 signal was detected in either wild type or mutated β-catenin transfected cells 

(Figure 5-5B). So, exogenous NHERF-2 did not interact with either endogenous or 

exogenous β-catenin. 

 

Figure 5-5: Overexpressed NHERF-2 does not interact with  -catenin in INS-1 E cells     
(A): INS-1 E cells were transfected with pcDNA3-GFP-NHERF2 and non- transfected cells as negative control. Cells were lysed 48 hours post 
transfection; 500 µg of cell lysates protein, 1 µg of GFP antibody and 10 µL of Protein G were used for each immunoprecipitation; and 50 
µg of whole cell lysates as inputs. β-catenin and GFP were blotted for after IP. (B): INS-1 E cells were co-transfected with pcDNA3-GFP-
NHERF2 and pcDNA3-β-catenin-Flag plasmids. Non-transfected cells were used as negative control. Cells were lysed 48 hours post 
transfection. 500 µg of cell lysates protein, 1 µg of Flag antibody and 10 µL of Protein G were used for each immunoprecipitation, and 50 
µg of whole cell lysates as inputs. β-catenin and GFP were blotted for after IP. The result shown is representative of three independent 
experiments. 
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5.3.3. Interaction between β-catenin and Synip 

Another candidate identified as potentially binding to β-catenin was Synip, as shown in 

Figure 5-3A. Flag-tagged Synip and β-catenin were independently transfected in INS-1 E 

cells. Then Flag antibody was used for a side-by-side IP of both Synip-Flag and β-catenin-

Flag  (Figure 5-6).   

When blotting for Synip, t three bands showed in the Synip-Flag transfected cell input 

groups. There was an upper band at approximately 250 kDa, a band located close to the 100 

kDa marker, and one above 50 kDa. In the other sample groups, only the lower two bands 

were present. As the calculated molecular weight of Synip is 62 kDa, the lowest band was 

assumed to be for Synip. The upper band that was altered by Synip overexpression is 

approximately the size expected for a Synip tetramer which would explain why it increased in 

cells where Synip was overexpressed. However, this possibility was not further explored. 

As was the case for β-catenin IP samples, the non-specific upper band of approximately 

250 kDa occurred when the protein level was extremely high, resulting in the antibody 

interacting in a non-specific manner. It is likely that the band around 100 kDa was the result 

of non-specific binding of the Synip antibody, as this band did not change with transfection 

of Synip into the cells and was not present in the IP for Synip-Flag transfected cells. This 

band may have been mistakenly identified in Figure 5-3 as the Synip band. As to the reason 

why these unspecific bands showed in Flag IP for β-catenin, one explanation could be that 

the Synip antibody cross reacted with β-catenin, due to a stronger recognition than for Synip 

per se according the intensity of bands in the blots. If this did occur, it was very misleading.  

There was no lower (Synip specific) band present in the β-catenin-Flag transfected 

samples, suggesting non- interaction of Synip with overexpressed β-catenin. When the IP 

samples were blotted for β-catenin, there was no signal in the Synip-Flag transfected cells, 

which indicated no interaction between β-catenin and overexpressed Synip.  
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Figure 5-6: Synip does not interact with  -catenin in INS-1 E cell 
INS-1 E cells were transfected with pcDNA3-Synip-Flag and pcDNA3-β-catenin-Flag. pEGFP-C was used as transfection control. Cells were 
lysed 48 hours post transfection; 500 µg of cell lysates protein, 1 µg of Flag IP antibody and 10 µL of Protein G were used for each 
immunoprecipitation; and 50 µg of whole cell lysates as inputs. Synip and β-catenin were blotted for after IP. The result shown is 
representative of three independent experiments. 
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5.3.4. interaction between β-catenin and Shank3 

After further clarifying the interactions between β-catenin and Syntaxin 1A, NHERF-2 

and Synip, only Shank3 was left. We had found some evidence of interaction between 

Shank3 and β-catenin (Figure 5-1) in our co-IP experiments, but the degree of interaction 

varied between experiments. This could indicate that this interaction was an artefact. We 

therefore decided to use an overexpression approach to better study interaction between 

Shank3 and β-catenin. A pEGFP-Shank3 overexpression strategy was adopted for co-IPs. 

Ser552 mutants of β-catenin were also used for co-IP to test the effect of Ser552 on β-

catenin’s interaction with Shank3. 

INS-1 E cells were co-transfected with pEGFP-Shank3 and β-catenin plasmids. After IP 

with Flag antibody, overexpressed Flag-tagged β-catenin was pulled down and then GFP 

antibody used to blot for GFP-Shank3. As shown in Figure 5-7, GFP-Shank3 was found to be 

bound to all the forms of β-catenin (wild type and 552 mutants) in INS-1 E cells when the co-

IPs were conducted with C-terminal Flag tagged β-catenin. These experiments showed that 

when overexpressed β-catenin was pulled down, some Shank3 was also brought down. 

However, only a small part of the total pool of Shank3 came down. Further, the reverse IP 

with GFP to pull down Shank3 did not bring down any endogenous β-catenin (Figure 5-8). 

The reason for this is not clear, but it is possible that Shank3 or β-catenin have other 

competing binding partners that limit the amount of possible interaction. Despite this 

limitation, it is still nonetheless very interesting to note that the different forms of β-catenin 

presented different capacity to bind to Shank3. 

The S552A-β-catenin-Flag plasmid, which is unable to be phosphorylated at Ser552 of β-

catenin (S552A-Flag), was shown to interact with GFP-Shank3 much less than wild type β-

catenin (WT-Flag), as well as the mutation trying to mimic Ser552 β-catenin phosphorylation 

(S552E-Flag). The effect of glucose on the interaction with Shank3 was also investigated in 

this set of experiments. After 4 hours of starvation without glucose, transfected INS-1 E cells 

were then treated with 0.5 mM glucose (0.5G in figures) as low glucose, and 10 mM glucose 

(10G in figures) as high glucose. In the wild type β-catenin (WT-Flag) and mimicked 

phosphorylated Ser552 β-catenin (S552E-Flag) groups, high glucose enhanced the amount of 

β-catenin associated with Shank3, however there were minimal changes on the amount of β-

catenin pulled down. No effect was observed for the Ser552Ala mutant β-catenin, which 
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cannot be phosphorylated at position 552. This is consistent with the finding that high 

glucose stimulates pS552 β-catenin and pS552 β-catenin tends to bind more GFP-Shank3.  

 

Figure 5-7: Overexpressed GFP-Shank3 interacts with overexpressed β-catenin in INS-1E cells  
(A, B): INS-1 E cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag, pcDNA3-S552E-β-catenin-Flag and 
pEGFP-Shank3. Forty-six hours post transfection;,transfected cells were starved with no glucose for 1 hour and then treated with 0.5 mM 

and 10 mM glucose for 1hour; 500 µg of cell lysates protein, 1 µg of Flag IP antibody and 10 µL of Protein G were used for each 
immunoprecipitation; and 50 µg of whole cell lysates as inputs. GFP and β-catenin were blotted for after IP. Densitometry quantifications 
of western blot images are shown in charts. Bars represent mean ± SEM. The result shown is representative of two independent 
experiments. 
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Figure 5-8: Overexpressed GFP-Shank3 does not interact with endogenous β-catenin in INS-1E cells    
INS-1 E cells were transfected with pEGFP-Shank3, pEGFP-Shank3/S3 and pEGFP-C. The pEGFP-Shank3/S3 plasmid did not express in β cells. 
Forty-eight hours post transfection, cells were lysed for co-IP; 500 µg of cell lysates protein, 1 µg of GFP IP antibody and 10 µL of Protein G 
were used for each immunoprecipitation; and 50 µg of whole cell lysates as inputs. Shank3 and β-catenin were blotted for after IP. The 
result shown is representative of two independent experiments. 
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5.4. Role of Shank3 during GSIS 

5.4.1. Overexpression of Shank3 and its role in GSIS 

GFP-Shank3 interacted with β-catenin in a Ser552 phosphorylation dependent way in co-

IP, as shown in Figure 5-7. The interaction of β-catenin with Shank3 is also regulated by 

glucose, mirroring the glucose effect on Ser552 phosphorylation of β-catenin. The effect of 

Shank3 on GSIS was thus hypothesized to be in accordance with that for Ser552 β-catenin 

phosphorylation in INS-1 E cells. 

Before the insulin secretion was measured, the glucose effect on Shank3 itself was tested. 

As shown in Figure 5-9A, glucose did not affect the endogenous Shank3 protein level (the 

faint bottom line in Shank3 blotting), or the overexpressed GFP-Shank3 (the top line in 

Shank3 blotting and the line in GFP blotting). In addition, overexpression of Shank3 did not 

influence the protein level of β-catenin either. The fluorescence photos in Figure 5-9B 

indicate the transfection efficiency in INS-1 E cells. Intense fluorescent puncta can be seen in 

cells expressing GFP-Shank3 The localization of GFP-Shank3 is further explored in Figure 

5-15. After excluding an influence of GFP-Shank3 on the expression of β-catenin, insulin 

secretion of GFP-Shank3 transfected cells was measured. As shown in Figure 5-10, GFP-

Shank3 overexpression showed a slight reduction in GSIS.  
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Figure 5-9: Glucose does not change the protein level of Shank3 in INS-1 E cells  
(A): INS-1 E cells were transfected with GFP-Shank3 and pEGFP-C as negative control. Forty-six hours after transfection, cells were starved 
with no glucose for 1 hour and then treated with 0.5 mM and 10 mM glucose for 1  hour; 50 µg of whole cell lysates were conducted for 
Western Blot. (B): 24 hours post transfection, fluorescence photos indicate the transfection efficiency of the two plasmids, as labelled in 
figure. The result shown is representative of three independent experiments. 
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Figure 5-10: Overexpression of GFP-Shank3 affects GSIS in INS-1 E cells  
INS-1 E cells were transfected with GFP-Shank3 and pEGFP-C as negative control. Forty-six hours after transfection, cells were starved with 
no glucose for 1 hour and then treated with 0.5 mM and 10 mM glucose in KRBH for 1hour. (A):  Medium was collected to measure the 
insulin concentration by AlphaLISA assay. The result shown is the combined effect of six independent experiments; n=18 for each 
condition in total. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). (B): Treated INS-1 E cells were 
lysed and run for western blot to represent the overexpression of Shank3 in the AlphaLISA assays.  
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5.4.2. Effect of Shank3 siRNA on GSIS in INS-1 E cells 

To confirm the results of the overexpression assays of Shank3, a loss-of- function assay 

was conducted for Shank3. Shank3 was knocked down by siRNA in INS-1 E cells and then 

GSIS assessed. The knockdown effect on Shank3 protein was obvious with siRNA 91 and 

siRNA 92, as shown in western blot, but siRNA 90 did not reduce the level of endogenous 

Shank3 protein to the same degree (Figure 5-11).  

The effect of these Shank3 specific siRNA on GSIS is shown in Figure 5-12. The drastic 

reduction of Shank3 protein by siRNA 91 correlated with consistently enhanced GSIS in 

INS-1 E cells. The siRNA 92, which also reduced Shank3 protein level, also significantly 

increased GSIS in INS-1 E cells.  

 

 

Figure 5-11: Knockdown of Shank3 by siRNA in INS-1E cells  
INS-1E cells were transfected with 3 target siRNAs of Shank3. Forty-six hours after transfection, cells were starved with no glucose for 1 
hour and then treated with 0.5 mM and 10 mM glucose in KRBH for 1hour. Cells were lysed for western blot. Densitometry quantifications 
of western blot images are shown in charts. Bars represent mean ± SEM.  
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Figure 5-12: Knockdown of Shank3 by siRNA increases GSIS in INS-1E cells  
INS-1E cells were transfected with 3 target siRNAs of Shank3. Forty-six hours after transfection, cells were starved with no glucose for 1 
hour and then treated with 0.5 mM and 10 mM glucose in KRBH for 1hour. Medium was collected to measure the  insulin concentration by 
AlphaLISA assay. The result is representative of four independent experiments ; n=3 for each condition. Bars represent mean ± SEM. 
Student’s t-tests were used for statistical analysis (*P<0.05). 
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5.4.3. Effect of Shank3 SiRNA on GSIS in INS 1 832/3 cells 

To further verify the effect of Shank3 on GSIS, the cell line INS-1 832/3 was adopted for 

the same assay. The INS-1 832/3 cell line is another β cell line which has a better response to 

GLP-1/EX4 than INS-1 E cells. The line is hard to transfect with plasmid DNA but can be 

transfected with siRNA.  

As shown in Figure 5-13A, similarly to the result for INS-1 E cells, siRNA 91 and siRNA 

92 drastically knocked down the endogenous Shank3 in INS-1 832/3 cells, whereas siRNA 

90 did not. This knock-down was not affected by glucose or EX4, and transfection with 

siRNAs against Shank3 did not interfere with the expression of β-catenin in INS-1 832/3 

cells (Figure 5-13).  

In line with GSIS in INS-1 E cells, both the siRNA 91 and siRNA 92 of Shank3 

significantly increased 15 mM glucose stimulated insulin release in INS-1 832/3 cells (Figure 

5-14A). As siRNA 91 generally exhibited the most pronounced knock-down effect, it was 

selected to test the effect of Shank3 knockdown on EX4 potentiated insulin secretion. It was 

subsequently found to enhance the effect of EX4 on insulin secretion (Figure 5-14B). 

In both INS-1 E cells and INS-1 832/3 cells, reducing the protein level of Shank3 using 

specific siRNA increased the amount of insulin secreted from these cells under glucose or 

exendin-4 stimulation, which was in line with the effects of overexpressed Shank3 on GSIS.  
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Figure 5-13: Knockdown of Shank3 by siRNA in INS-1 832/3 cells    
(A): Effects of three siRNAs of Shank3 under 3 mM and 15 mM glucose were tested by WB. (B): Effects of siRNA91 of Shank3 under 3 mM 
and 15 mM glucose with or without EX4 were tested by WB. INS-1 832/3 cells were transfected with siRNAs of Shank3; 46 hours after 
transfection, cells were starved with no glucose for 1 hour and then treated by 3 mM and 15 mM glucose with or without EX4 in KRBH for 
1hour. Cells were lysed for western blot. Densitometry quantifications of western blot images are shown in charts. Bars represent mean ± 
SEM. The result is representative of four independent experiments. 
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Figure 5-14: Knockdown of Shank3 by siRNA increases GSIS in INS-1 832/3 cells     
(A): Effects of siRNA91 and siRNA92 of Shank3 on 15 mM glucose stimulated insulin secretion in INS-1 832/3 cells. (B): Effects of siRNA91 
of Shank3 on 15 mM glucose and 15 mM glucose with EX4 stimulated insulin secretion in INS-1 832/3 cells. INS-1 832/3 cells were 
transfected with 3 target siRNAs of Shank3; 46 hours after transfection, cells were starved with no glucose for 1 hour and then treated by 
3 mM and 15 mM glucose with or without EX4 in KRBH for 1hour. Medium was collected to measure the insulin concentration by 
AlphaLISA assay. The result is representative of four independent experiments ; n=3 for each condition. Bars represent mean ± SEM. 
Student’s t-tests were used for statistical analysis (*P<0.05). 
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5.4.4. Imaging to check localization of GFP-Shank3 and insulin granules  

In order to reveal more about the function of Shank3 in insulin secretion, confocal 

microscopy was used to look for co- localization of GFP-Shank3 with insulin granules under 

glucose stimulation.  

Following glucose stimulation, insulin (red) was generally found localized around the 

plasma membrane and GFP-Shank3 appeared in green punctate forms in the cytoplasm, as 

shown in Figure 5-15. Sometimes GFP-Shank3 was present around areas of cell-cell contact, 

as in Figure 5-15A and Figure 5-15B. As seen in Figure 5-15C, GFP-Shank3 seemed to 

localize around plasma membrane but there was no co- localization with insulin. In Figure 

5-15D, the GFP-Shank3 is present even inside the nuclei.  

As shown in the microscopy pictures, Shank3 exhibited a localization pattern indicative 

of a scaffold protein around membranes, yet was not co- localized with insulin granules under 

glucose stimulation. This may support the assumption that Shank3 binds to β-catenin and 

functions during insulin secretion, but is not acting through a direct involvement in insulin 

granule exocytosis.  
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Figure 5-15: GFP-Shank3 does not co-localize with insulin granules  
INS-1E cells were transfected with GFP-Shank3. Forty-six hours after transfection, cells were starved with no glucose for 1 hour and then 
treated with 10 mM glucose for 1 hour. Cells were probed with insulin primary antibody and then Alexa Fluor® 555 conjugated secondary 
antibody. Insulin was shown in red, GFP tagged Shank3 was shown in green and nuclei were stained blue by DAPI under confocal 
microscopy. A range of z-stack images (63×) were collected from different cells as  shown. The result is representative of four independent 
experiments. (A): GFP-Shank3 localized at cells contact areas. (B): GFP-Shank3 localized in nuclei and probably around cell junctions. (C): 
GFP-Shank3 floating around nuclei in cytoplasm. (D): GFP-Shank3 localized in nuclei. Insulin was all expressed and stained in red in the cells 
from A to D.  
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5.5. Mass spectrometry after IP with Flag tagged β-catenin 

In an attempt to explore more binding candidates for β-catenin that may be important in 

GSIS, mass spectrometry was conducted after pulling down overexpressed wild type and 

mutated forms of β-catenin. Mass spectrometry is a useful analytical technique for identifying 

unknown proteins by measuring the mass of samples and their charge ratio after ionization. 

The spectra of the detected ions indicate the mass of the sample, and a protein or peptide 

identification can then be obtained by comparison to the known masses or patterning of a 

characteristic fragmentation.  

INS-1 E cells were transfected with wild type and mutated β-catenin-Flag, and then IP 

performed using Flag tagged antibody. Following separation by PAGE gel electrophoresis, 

two bands were found only present in the S552A β-catenin IP sample, but not in the samples 

from wild type or S552E β-catenin transfected cells (as labelled in Figure 5-16). These two 

bands were subjected to Time of Flight Mass Spectrometer (TOF-MS) analysis to identify the 

potential binding partners of β-catenin that may also be affected by Ser552 β-catenin 

phosphorylation.  

After analysing the protein information from mass spectrometry along with the relevant 

literature, the protein Munc18-1 was chosen as the most promising candidate for further 

exploration. Munc18-1 was first identified as a Syntaxin-binding protein facilitating vesicle 

trafficking as the hinge of the exocytotic SNARE proteins, and is also considered to be 

essential for tethering vesicles to the target membrane by constraining their mobility (256, 257, 

260). Further, Munc18-1 has been shown to play a negative role in mediating granule 

exocytosis in the pancreatic β cell  by sequestering Syntaxin 1A and thus inhibiting SNARE-

complex assembly in unstimulated conditions (261, 262). In accordance with these scenarios, 

Munc18-1 coming down together with S552A-β-catenin made sense, as S552A-β-catenin was 

shown to negatively regulate insulin secretion (Figure 3-9).  
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Figure 5-16: Flag IP for wild type and Ser552 mutated β-catenin was run in PAGE gel and two PAGE bands were collected 
for mass spectrometry analysis  
INS-1 E cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-β-catenin-Flag and pcDNA3-S552E-β-catenin-Flag.  Cells were 
lysed 48 hours after transfection. 500 µg of cell lysates protein, 1 µg of Flag IP antibody and 10 µL of Protein G were used for each 
immunoprecipitation; IP elution was run in SDS-PAGE gels and two bands shown in red boxes (#1 and #2) were sent for mass spectrometry 
analysis. 
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Endogenous co-IPs were conducted to verify whether Munc18-1 interacted with β-catenin. 

While there was detectable Munc18-1 expressed in INS-1 832/3 cells, no interaction between 

β-catenin and Munc18-1 was detected by co-IP with low or high glucose stimulation (Figure 

5-17A). Furthermore, no interaction between β-catenin-Flag and Munc18-1 was detected by 

co-IP in INS-1 E cells, even though it was found by mass spectrometry after Flag IP (Figure 

5-17B). As the Flag tag was attached to the C-terminal of β-catenin and the dephosphorylated 

β-catenin antibody targeted at the N-terminal of β-catenin, these two IPs also covered both 

terminals of the β-catenin molecule. 

 

 

Figure 5-17: Munc18-1 does not interact with  -catenin in either endogenous IP with dephosphorylated β -catenin, or 
overexpressed β-catenin IP  
(A): After 1 hour of glucose starvation, INS-1 832/3 cells were treated with 3 mM and 15 mM glucose with or without 100 nM exendin -4 
for 1 hour; 500 µg of cell lysates protein was used for immunoprecipitation; and 50 µg of whole cell lysates as inputs. “Beads only” groups 
were IP groups only containing protein G beads without antibody “Sheep Ab” was non-related sheep antibody IP as negative control. The 
result is representative of three independent experiments. (B): INS-1 E cells were transfected with pcDNA3-β-catenin-Flag, pcDNA3-S552A-
β-catenin-Flag and pcDNA3-S552E-β-catenin-Flag. Forty-six hours after transfection, some transfected cells were starved with no glucose 
for 1 hour and then treated with 0.5 mM and 10 mM glucose for 1 hour. Other cells were lysed 48 hours after transfection. 500 µg of cell 
lysates protein, 1 µg of Flag IP antibody and 10 µL of Protein G were used for each immunoprecipitation; and 50 µg of whole cell lysates as 
inputs. Synip and β-catenin were blotted for after IP. The result is representative of three independent experiments. 
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5.6. Conclusion and Discussion  

Our group has previously found that β-catenin is important for GSIS in INS-1 E and INS-

1 832/3 cells, and that pS552 β-catenin is increased by glucose stimulation (160, 223). The 

importance of Ser552 β-catenin during GSIS was further verified in this study through insulin 

secretion assays with Ser552 β-catenin mutagenesis, as described in Chapter 3. However, 

phosphorylation of β-catenin Ser552 did not show much effect on β-catenin/TCF7L2 

transcriptional activity, or on its role in adherens junctions (Chapter 4). Therefore, further 

interactions of β-catenin with proteins involved in vesicle exocytosis were investigated in this 

chapter. 

β-catenin was first identified as having a PDZ binding site at its carboxy terminus when it 

was shown to bind the PDZ domain of Lin-7, the C. elegans homolog of Veli (258). PDZ 

domain containing proteins Scrib (184) and Magi1 (259) are known to bind β-catenin at synapses, 

and these interactions have been reported to be functionally important for recruiting synaptic 

vesicles to the synapses in hippocampal pyramidal neurons (112). However, it was unceratin 

whether recruitment effects were a direct result of β-catenin’s association with PDZ 

containing proteins, or involved other proteins such as cadherins (112).  

In light of the similarity between synaptic vesicles and insulin vesicles, the interaction 

between PDZ containing proteins and β-catenin was tested to narrow down interactions that 

are potentially important for GSIS. As outlined in Section 5.1 (introduction for this chapter), 

potential PDZ containing interaction candidates were chosen and their interactions with β-

catenin were tested by co-IP in β cells. Unexpectedly, most of the candidates did not show 

valid interaction with β-catenin using this method, and only Shank 3 was shown to associate 

with β-catenin when both were overexpressed. Furthermore, this interaction was affected by 

the phosphorylation status of the Ser552 residue of β-catenin. 

Shank3 is a well-known susceptibility gene related to autism (263, 264)  and also plays a role 

in synapse formation and dendritic spine maturation (246). It is a multidomain scaffold protein 

present in the postsynaptic region of glutamatergic synapses, which associate s with 

neurotransmitter receptors, cell adhesion molecules (244) and some membrane proteins (245), 

linking them to the actin-based cytoskeleton (246). Again, due to the similarity between 

synaptic vesicle trafficking and insulin granule secretion, it was hoped the interaction 

between Shank3 and β-catenin found here would reveal the underlying role of β-catenin 

during GSIS. 



 

151 
 

Because Shank3 was shown to interact less with the dephosphorylated Ser552 β-catenin 

mutation (S552A-Flag) in the co-IP, it was assumed it would act similarly to Ser552 

phosphorylated β-catenin in GSIS, and therefore facilitate GSIS in INS-1 E cells. However, 

the GSIS assay showed that knocking down Shank3 enhanced insulin secretion and the 

overexpression of GFP-Shank3 decreased insulin secretion under glucose stimulation. These 

results are contrary to the assumption based the co-IP result. However, it is still a very 

interesting and novel finding with regard to the function of Shank3 in glucose metabolism.  

The first phase of insulin secretion releases a small pool of readily releasable granules 

close to the plasma membrane within the initial 5–10 minutes of stimulation, whereas the 

subsequent release involves recruiting intracellular granules and fusing them to the plasma 

membrane by SNARE proteins (265, 266). SNARE proteins were initially discovered to be of 

great importance during synaptic vesicles fusion, and then were also identified to exert 

similar functions in insulin secretion (152, 267). Genetic variants in Syntaxin 1A, one of the 

SNARE proteins in β cells, have been linked to impaired glucose metabolism (268) and risk of 

diabetes (269) in different populations. Moreover, a conditional transgenic mouse line which 

expressed a slightly higher level of Syntaxin 1A in pancreatic islets showed defects in insulin 

secretion (270). Munc18-1 binds Syntaxin 1A, which mediates the whole SNARE machinery 

(261), and less expression of Munc18-1 has been found in pancreatic islets of type 2 diabetes 

patients (267). However, none the SNARE proteins tested in this chapter showed clear 

interactions with β-catenin in β cell lines. Further, while Munc18-1 appeared in the mass 

spectrometry analysis, no interaction between Munc18-1 and β-catenin was detected by 

endogenous co-IP. The probable reason that Munc18-1 was screened in the mass 

spectrometry analysis after pulling down β-catenin, is that β-catenin and SNARE proteins are 

all located near the granule fusion sites. However, they may be directly bound to each other 

and thus co-IP cannot detect their interaction. It is worth noting that Flag tag IP was adopted 

to distinguish the binding patterns of wild type and Ser552 point mutated β-catenin, which 

may have introduced some degree of artificial effect on this mass spectrometry analysis. 

In summary, Shank3 was found to play a crucial role during GSIS in β cell lines. Whether 

this role of Shank3 was exerted through binding to β-catenin was inconclusive, although 

Shank3 was shown to potentially associate with β-catenin in β cell lines. While this 

interaction was evident in the β-catenin IPs, no β-catenin was brought down in the reverse IPs 

with Shank3.   
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Chapter 6. Protein levels regulated by glucose or β-catenin in β cells 

6.1. Introduction  

Pancreatic β cells are the only cells in the body that can secrete insulin when blood 

glucose level rises. Glucose is a common physiological stimulus for β cells and mammalian β 

cells have a characteristic insulin secretion response to a certain range of glucose levels. The 

acute first phase of insulin secretion involves the release of the readily releasable pool of 

insulin granules, which are near the cell surface. The second phase of GSIS is not only about 

exocytosis of existing insulin granules (266, 271), but also involves accelerating the transcription 

and translation of certain genes, for example the insulin gene (272, 273). Proteins with a high 

turnover rate have been suggested to be critical for the maintenance of β cell function (207). 

The protein c-Jun has a short half- life and can be efficiently degraded by multiubiquitination 

through its δ domain (274). C-Jun is a component of the AP-1 transcription factor complex, 

which responds to a great many extracellular stimuli through its protein level and is crucial 

for β cell function. The JNK/c-Jun pathway has been implicated in the development of Type 

2 diabetes and obesity (275). Further, increased c-Jun in diabetic islets is reported to decrease 

insulin biosynthesis, mainly through the suppression of MafA activity (276).  

Previous studies have focused on the effect of glucose on c-Jun; however, results vary 

between different studies, even in β cell lines. The phenomenon of glucose deprivation 

raising levels of c-Jun mRNA to regulate human insulin gene expression was detected in 

hamster insulinoma (HIT) cells (277). However, another study showed that glucose increased 

c-Jun gene expression through the mitogen-activated protein (MAP)-kinase pathway at 

physiological concentrations in INS-1 β cells (278). Similarly, other mechanisms of regulation 

have been found in other cell line models. Glucose deprivation together with hypoxia was 

observed to induce c-Jun expression by redox control of c-Jun expression, and probably 

through protein kinase C, in a squamous carcinoma cell line (279). However, another study 

provided evidence that the expression level of c-Jun was upregulated with glucose through an 

osmotic response pathway and involvement of protein kinase C in MC3T3-E1 cells (280). In 

addition, c-Jun is regulated by the Wnt/β-catenin pathway, although the effect is not totally 

defined. An inhibitory effect of Dickkopf‐1 (Dkk‐1) on Wnt/β‐catenin signaling has been 

attributed to the activation of c-Jun in chicken embryo (281). Further, c-Jun was found to form 

a complex with β-catenin and HMG-box transcription factor TCF7L2 in colon cancer cells 
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(282). This chapter reports an investigation of the regulatory effect of β-catenin and glucose on 

the protein level of c-Jun in INS-1 E β cells.  

The relationship between glucose, β-catenin and Cyclin D2 was also investigated. 

Glucose is known to mediate the protein abundance of many genes in β cells to maintain its 

functional state, and Cyclin D2 is one of these genes (207). The relationship between β-

catenin/TCF pathway and Cyclin D2 protein varies in different tissues. Cyclin D1, but not 

Cyclin D2, was identified as one of the target genes of the β-catenin/TCF pathway in colon 

cancer cells (197). Another group found the promoter of Cyclin D2 was a direct target of the β-

catenin/TCF pathway in mouse embryonic fibroblasts (MEFs) (198). Furthermore, Cyclin D2 

has been identified as another protein phosphorylated by GSK3β, leading to 

ubiquitin/proteasome-dependent degradation in hematopoietic cells (283). So, together with c-

Jun, the effects of glucose and β-catenin on protein level of Cyclin D2 were checked in the 

experiments described in this chapter. 

High long-term glucose exposure is often used as a surrogate for diabetic state related 

studies as the main characteristic of diabetes is prolonged high blood glucose. Chronic 

unregulated high glucose levels will damage β cells so that they cannot release insulin 

properly, which forms a vicious cycle for the whole body. The chronic effects of high glucose 

on β cell lines were studied by analysing effects on some protein levels. When investigating 

the effect of glucose on β-catenin related interactions in Chapter 4 and Chapter 5, the protein 

level of interacting candidate proteins was checked in the input samples. With the exception 

of Ser552 phosphorylation of β-catenin (which increased drastically with glucose), no other 

proteins showed obvious changes in abundance after 1 hour of glucose stimulation. In 

addition to the effect of glucose and β-catenin on c-Jun, the glucose effect on protein level of 

potential β-catenin interacting proteins was measured after 24 hours of glucose exposure,  

instead of 1 hour.   
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6.2. C-Jun and Cyclin D2 are regulated by β-catenin and glucose in β cells 

6.2.1. Glucose regulates c-Jun and Cyclin D2 in a way MG132 can block 

C-Jun has a short half- life and can be rapidly degraded by multiubiquitination on its δ 

domain (274). However, the degradation of c-Jun can be blocked by the proteasome inhibitor 

MG132 in HEK293T and U2OS cells (284). As shown in Figure 6-1A, the basal protein level 

of c-Jun in INS 1E cells was low and its protein level increased hugely when the 

ubiquitination system was blocked with MG132. Cyclin D2 has also been found to be 

degraded by ubiquitin proteasome system in hematopoietic cells (283). Consistent with this 

finding, the protein level of Cyclin D2, along with β-catenin, increased following MG132 

treatment (Figure 6-1A). The cumulative effect on the level of c-Jun protein was the most 

obvious, indicating that c-Jun is tightly regulated by degradation in INS 1E cells. In contrast, 

the protein level of β-catenin was raised only slightly, but this was still significant. Loading 

control β-actin was not affected by MG132, implying the MG132 treatment adopted here did 

not significantly interfere with the fundamental composition or structure of β cells. 

The INS 1E cell line is a widely used β cell research model as it releases insulin in 

response to glucose in a dose related way, with a 50% effective concentration of 10.4 mM 

glucose (190). Here we adopted 0.5 mM glucose vs 10 mM glucose (160) to detect the regulation 

of glucose on protein levels, as cells would not and would be secreting insulin at these 

respective levels (Figure 6-1B). The increase in glucose concentration did not affect the 

protein level of β-catenin, while c-Jun exhibited a statistically significant down-regulation 

and Cyclin D2 showed a subtle increasing trend in protein level in INS 1E cells. However, 

when the cells were treated together with MG132, the glucose effects on these proteins were 

blocked, as shown in Figure 6-1C. Because MG132 is a well-known proteasome inhibitor and 

glucose effects can be blocked by MG132, the findings suggest glucose may regulate these 

protein levels via their degradation. In other words, glucose prevents the degradation of 

Cyclin D2, yet enhances the degradation of c-Jun.  
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Figure 6-1: The effect of glucose on the protein level of C-Jun cannot be seen with the treatment of MG132  
(A): INS-1 E cells were treated with 10 µM of MG132 for 6 hours before being lysed and DMSO treatment was the control. (B): After 1 hour 
of no glucose starvation, INS-1 E cells were then treated with 0.5 mM and 10 mM glucose for 1hour. (C): INS-1 E cells were treated with 10 
µM of MG132 for 6 hours  before being lysed. During the last two hours of the MG132 treatment, cells were starved with no glucose and 
then treated with 0.5 mM and 10 mM glucose for 1 hour. Cells were lysed and 50 µg of lysates used for western blot. Antibodies against 
the proteins on the right were blotted for. The result is representative of three independent experiments. Densitometry quantifications of 
western blot images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05).  
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6.2.2. β-catenin affects protein levels of c-Jun and Cyclin D2 independent of MG132 

C-Jun and Cyclin D2 are targets of the Wnt pathway and the specific role of β-catenin in 

regulating them in β cell lines was tested here. Firstly, RNAi of β-catenin was conducted and 

then the protein levels of c-Jun and Cyclin D2 were detected. Both rat siRNA of β-catenin 

and human siRNA of β-catenin resulted in increases of c-Jun in INS-1E cells and HEK 293 

cells, respectively (Figure 6-2A and Figure 6-2B). In contrast, knockdown of β-catenin 

decreased the protein levels of Cyclin D2, but only significantly in INS-1 E cells. Worth 

noting here is the much larger scale of c-Jun increase in INS-1 E cells compared to that of 

HEK 293 cells, indicating the particularity of this regulation in INS-1 E cells. 

In addition, the combined effect of MG132 and the siRNA of β-catenin was tested in INS-

1 E cells. Even with MG132, siRNA of β-catenin still exerted the same effects: increase of c-

Jun and decrease of Cyclin D2 (Figure 6-2C). Overexpression of β-catenin was also 

conducted with the addition of MG132, resulting in opposite effects to the siRNA of β-

catenin in INS-1 E cells (Figure 6-2D), which further confirmed the regulation of β-catenin 

on c-Jun and Cyclin D2. The phenomenon of the addition of MG132 not interfering with the 

effects of β-catenin on c-Jun and Cyclin D2 indicates that unlike glucose, β-catenin may 

regulate c-Jun and Cyclin D2 independently of their degradation.  
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Figure 6-2: The effect of β-catenin on the protein level of C-Jun still works with treatment by MG132  
(A) INS-1E cells were transfected with siRNAs; 48 hours after transfection, cells were lysed. (B) HEK 293 cells were transfected with siRNAs; 
48 hours after transfection, cells were lysed. (C) INS-1E cells were transfected with siRNAs; 42 hours after transfection, cells were treated 
with 10 µM of MG132 for 6 hours before being lysed. (D) INS-1E cells were transfected with pcDNA3-β-catenin-Flag and pEGFP-C; 42 hours 
after transfection, cells were treated with 10 µM of MG132 for 6 hours before being lysed. Cells were lysed and 50 µg of lysates was used 
for western blot. Antibodies against the proteins on the right were blotted for.  The result is representative of three independent 
experiments. Densitometry quantifications of western blot images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were 
used for statistical analysis (*P<0.05). 
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6.2.3. The combined effect of glucose and β-catenin on c-Jun and Cyclin D2  

The combined effect of β-catenin RNAi and glucose on c-Jun and cyclin D2 was also 

tested in INS 1E cells (Figure 6-3). Under both low glucose (0.5 mM glucose) and high 

glucose (10 mM glucose) conditions, siRNA of β-catenin exhibited a remarkable knock-

down effect on total protein abundance of β-catenin. In both glucose conditions, c-Jun was 

up-regulated and Cyclin D2 was down-regulated by the loss of β-catenin, which was similar 

to the result for β-catenin knock-down alone. Similarly, high glucose decreased the amount of 

c-Jun and raised Cyclin D2 regardless of the amount of β-catenin.  

Glucose regulated the abundance of these two proteins in a different way from the effect 

of β-catenin (which might be via transcription). The results suggest that glucose regulated c-

Jun and Cyclin D2 via modulating their degradation, as MG132, the proteasome inhibitor, 

blocked the effect of glucose on c-Jun and Cyclin D2 (Figure 6-1C). This may be one way 

that glucose regulates some proteins acutely to maintain the glucose responsive status of β 

cells. 
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Figure 6-3: The combined effect of β-catenin and glucose on the protein level of C-Jun in INS-1 E cells  
INS-1 E cells were transfected with siRNAs; 46 hours after transfection, cells were starved with no glucose for 1 hour and then treated by 
0.5 mM and 10 mM glucose for 1 hour. Cells were lysed and 50 µg of lysates used for Western Blot. Antibodies against the proteins on the 
right were blotted for. The result is representative of three independent experiments. Densitometry quantifications of western blot 
images are shown in charts. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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6.3. Chronic high glucose effects on protein levels in β cells 

6.3.1. Glucose regulates levels of PDZ domain containing proteins  

Glucose regulated the protein levels of c-Jun and Cyclin D2 within one hour, as shown in 

Figure 6-1. The protein abundance of the scaffold proteins involved in previous studies in this 

thesis was not altered by glucose within one hour, as exhibited in the inputs part of those co-

IPs. Next, the chronic effects of glucose, which are more likely seen in type-2 diabetics, on 

these proteins were tested by the addition of high glucose for 24 hours. 

All the PDZ domain containing proteins tested showed a tendency to be up-regulated by 

high glucose (Figure 6-4). NHERF-2, Scrib and Magi1were not regulated as drastically as the 

rest, yet still showed some tendency toward increase in protein abundance. 
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Figure 6-4: The long term effects of glucose on protein levels of PDZ domain containing proteins involved  
INS-1 832/3 cells were starved with 3mM glucose for 24 hours and then treated with 3 mM glucose and 15 mM glucose respectively. Cells 
were lysed and 50 µg of lysates used for western blot. Antibodies against the proteins on the right were blotted for. The result is 
representative of three independent experiments. Densitometry quantifications of western blot images are shown in charts. Bars 

represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). “Fold increase” in the Y axis was based on the first 
lane of every blot (quantified from the ratio of target protein to the loading control: β-actin) .  
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6.3.2. Glucose regulates levels of SNARE proteins involved in vesicle exocytosis 

As for PDZ domain containing proteins, the protein levels of the SNARE proteins  

mentioned before were investigated after high glucose treatment for 24 hours. High glucose 

drastically increased the protein levels of Vamp2 and Munc18-1, but did not have a 

significant effect on the amount of Synatxin 1A (Figure 6-5). 

 

Figure 6-5: The long term effects of glucose on protein levels of SNARE proteins involved  
INS-1 832/3 cells were starved with 3mM glucose for 24 hours and then treated with 3mM glucose and 15mM glucose respectively. Cel ls 
were lysed and 50 µg of lysates used for Western Blot. Antibodies against the proteins on the right were blotted for. The result is 
representative of three independent experiments. Densitometry quantifications of western blot images are shown in charts. Bars 
represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). “Fold increase” in the Y axis was based on the first 
lane of every blot (quantified from the ratio of target protein to the loading control: β-actin) . 
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6.3.3. Glucose regulates levels of adherens junction proteins  

Cadherins and α-catenins were the other binding candidates for β-catenin investigated in 

Chapter 4, and the long term effect of glucose on their protein levels is shown in Figure 6-6. 

Generally, these adherens components increased with high glucose, especially α-catenins. 

There seem to be some cleaved bands for α-N-catenin only in the high glucose group, 

whereas α-E-catenin does not show cleaved bands. In addition, the increase of N-cadherin 

shown is not as profound as that of E-cadherin. This implies that although glucose generally 

up-regulates adherens proteins, more specific regulation may be adopted for certain proteins. 

E-cadherin and α-E-catenin may also function differently from N-cadherin and α-N-catenin 

in β cells, even though they are both present in β cells. 
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Figure 6-6: The long term effects of glucose on protein levels of adherens junction proteins  
INS-1 832/3 cells were starved with 3mM glucose for 24 hours and then treated with 3mM glucose and 15mM glucose respectively. Cells 
were lysed and 50 µg of lysates used for western blot. Antibodies against the proteins on the right were blotted for. The result is 
representative of three independent experiments. Densitometry quantifications of western blot images are shown in charts. Bars 
represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). “Fold increase” in the Y axis was based on the first 
lane of every blot (quantified from the ratio of target protein to the loading control: β-actin). “Fold increase” in the Y axis was based on the 
first lane of every blot (quantified from the ratio of target protein to the loading control: β-actin) . 

  



 

165 
 

6.3.4. Glucose regulates levels of β-catenin related signaling proteins  

As well as the adherens junction and scaffold proteins, the β-catenin related Wnt 

transcriptional pathway was also studied in Chapter 3. Accordingly, the levels of β-catenin 

related signaling proteins were tested after 24 hours of high glucose treatment, as shown in 

Figure 6-7. Similarly to the proteins tested above, most of these signaling protein levels were 

raised by high glucose. Surprisingly, TCF7L2 did not increase with high glucose, which 

contrasted with the trend for the rest of the proteins studied here. GSK3β and CREB (cAMP-

responsive element-binding protein) are two related components in the Wnt/β-catenin 

pathway. GSK3β is a main regulator in the destruction complex of β-catenin in the Wnt 

pathway as it phosphorylates β-catenin (2, 285), leading to its degradation. CREB is another 

protein related to the Wnt/β-catenin pathway, as it binds to the promoters of target genes 

Cyclin D and Wnt10b (286). In addition, β-catenin is acetylated by CREB-binding protein 

(CBP) and forms a complex together with CREB (287). These two proteins were not 

significantly increased by high glucose for 24 hours, as shown in Figure 6-7A.  

C-myc (288) and Cyclin D2 (198) are both known targets of Wnt/β-catenin signaling in 

colorectal cancer cells. Cyclin D2 was shown to be regulated by β-catenin, as in Figure 6-2. 

No effects of β-catenin on c-myc were detected. With regard to glucose effects, while Cyclin 

D2 was not profoundly regulated by glucose within 1 hour (Figure 6-1), it was drastically 

increased by long term high glucose up to 24 hours (Figure 6-7A). However, C-myc was not 

shown to be significantly increased by high glucose in INS-1 832/3 β cells (Figure 6-7A), 

perhaps reflecting that Cyclin D2 is a more important indicator of cell proliferation in β cells. 

FoxO protein family has been found to associate with β-catenin (158). Long term effects of 

high glucose on their protein levels were also tested here. Of note, two family members, 

FoxO1 and FoxO4, were drastically increased by high glucose, whereas FoxO3a only 

exhibited a slight trend of increase (Figure 6-7B). Stat proteins, another transcriptional family 

which cross talk with Wnt/β-catenin (289, 290), were also detected here, and Stat3 and Stat5 

were enhanced by 24 hours of high glucose (Figure 6-7B).  
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Figure 6-7: The long term effects of glucose on protein levels of signaling proteins related to β-catenin  
INS-1 832/3 cells were starved with 3 mM glucose for 24 hours and then treated with 3 mM glucose and 15 mM glucose for 24 hours 
respectively. Cells were lysed and 50 µg of lysates used for western blot. Antibodies against the proteins on the right were blotted for. The 
result is representative of three independent experiments. Densitometry quantifications of western blot images are shown in charts. Bars 
represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). “Fold increase” in the Y axis was based on the first 
lane of every blot (quantified from the ratio of target protein to the loading control: β-actin) . 
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6.4. Conclusion and discussion 

C-Jun, Cyclin D2 and β-catenin were all confirmed to be modulated by the ubiquitin 

proteasome pathway in INS 1E β cells, as their protein levels were all increased with 

treatment by MG132. The accumulation of β-catenin in response to MG132 was subtle in 

these cells compared to others tested in this study, which may be due to the relatively high 

basal level of β-catenin in INS-1E cells. The finding that β-catenin is not degraded as rapidly 

as c-Jun and Cyclin D2 (Figure 6-1A) may indicate that β-catenin is functionally important in 

INS-1E cells.  

The Cyclin D protein family has been identified as a target gene of Wnt/β-catenin 

signaling (197, 198). Here, the effect of β-catenin on Cyclin D2 in a β cell line was indeed in 

agreemet with it being a typical target gene of the canonical Wnt pathway, where β-catenin 

acts as a transcriptional co-activator. Cyclin D2 was decreased by knock-down of β-catenin 

and increased with the overexpression of β-catenin, even under treatment by MG132,  a 

proteasome inhibitor (Figure 6-2). The addition of glucose showed an increased trend 

towards Cyclin D2 within 1 hour (Figure 6-1B). Glucose is a well-known energy source in 

most organisms and glucose regulates expression of some genes, especially in adipose  tissue, 

liver and pancreatic β cells via glucose response elements involved transcription (291). Glucose 

infusion has been reported to raise Cyclin D2 protein level in mice islets (292). Furthermore, 

another study discovered a similar effect of glucose on the protein level of Cyclin D2 in β 

cells, with the implication that glucose modulates the replication of β cells through regulation 

of Cyclin D2 (293). If this is the case for the INS-1E cells here, then β-catenin could also be 

involved in this cell replication as its effects mimic the effect of glucose on Cyclin D2.  

C-Jun has been reported to associate with the β-catenin/TCF7L2 complex, which is 

involved in Wnt pathway signaling (281, 282). It was shown to be regulated by β-catenin in INS-

1E cells in this study, but in different patterns from the type of regulation that occurs for 

Cyclin D2. The effect of β-catenin on c-Jun was opposite to that of Cyclin D2, though both 

are considered to be target genes of the Wnt pathway. Knock-down of β-catenin significantly 

increased the amount of c-Jun, with or without MG132, and the overexpression of β-catenin 

reduced the protein level of c-Jun even under MG132 treatment. Similarly, the effect of high 

glucose on c-Jun was opposite to that of Cyclin D2 in the INS-1E β cell line. The addition of 

glucose significantly reduced the amount of c-Jun, whereas it increased the amount of Cyclin  

D2.  
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β-catenin and glucose were not dependent on each other in the regulation of c-Jun. 

Glucose was still able to reduce c-Jun protein level with the knock-down of β-catenin. As β-

catenin is a well-known transcriptional activator, this suggests that high glucose may not 

regulate c-Jun through the Wnt transcriptional pathway. More likely, high glucose regulates 

c-Jun by accelerating its degradation rather than its transcriptional level, as MG132 blocks 

the reduction in c-Jun protein level resulting from high glucose. Previously, glucose has been 

reported to stimulate the degradation of Mth1 (294), and glucose is also believed to ultimately 

lead to an ubiquitin proteasome-linked degradation of fructose-1, 6-bisphosphatase1 

(FBPase1) (295), plus the ubiquitination of galactose transporter Gal2p in Saccharomyces 

cerevisiae (296). The effect of glucose on the protein level of c-Jun may be exerted through 

ubiquitination or other post-translational modifications of c-Jun. Post-translational 

modifications of c-Jun are critical for its gene function. Apart from the well-known 

phosphorylation at serine 63 and 73 (297), c-Jun has been reported to be modified in many 

other ways, such as acetylation (298), and by small ubiquitin-related modifier (SUMO) 

modification (299).  

Despite no obvious effects of glucose on the level of the majority of IP candidates within 

one hour reported in Chapter 4 and Chapter 5, glucose is known to be essential for preserving 

the insulin secretion state of β cells (207). In addition, in this chapter glucose has been shown 

to regulate c-Jun and Cyclin D2 in opposite patterns even within one hour. Longer exposure 

to high glucose is a simple model for mimicking a diabetic state, and chronic unregulated 

high glucose further damages β cells. Accordingly, effects of relatively long term treatment 

by glucose on related β cell proteins were analysed by western blot in this study.  

In the β cells studied here, PDZ domain containing proteins NHERF1, Shank3, Tiam1, 

Scrib, Pdzd2 and Tip1 were all hugely increased by being treated with high glucose for 24 

hours, with only the house-keeping gene β-actin not obviously changed. NHERF-2 and 

Magi1 showed a trend towards increased protein level. Most PDZ domain containing proteins 

are scaffold proteins, as PDZ domains serve as a good anchor for proteins to bind (300). 

Normally, they are important during signaling pathways through binding to key regulators, 

especially for vesicle trafficking (181, 242). It is worth noting that the drastically increased 

Shank3 protein with high glucose seen here may correlate with the finding in Chapter 3 that 

Shank3 suppressed GSIS in β cell lines. Increase in Shank3 would be a way by which high 

glucose may suppress the capacity of β cells to release insulin. This effect could also be 
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reflected in the huge increase of Stat3 and Stat5, as regulators of inflammatory response, 

induced by long term high glucose. 

Similar effects of glucose were found on the SNARE proteins, with Vamp2 and Munc18-

1 overtly raised with high glucose. The increase of Syntaxin 1A was not as prominent as for 

Vamp2 and Munc18-1. Overexpression of Syntaxin 1A has previously been shown to result 

in suppression of GSIS (301) , and is also related to high functioning autism (302). So the fact 

that Syntaxin 1A was not hugely increased here may serve as a protective mechanism, so as 

not to suppress the sensitivity of β cells to secreting insulin in response to glucose. 

The effect of high glucose on adherens junction proteins was also tested. While T-

cadherin and VE-cadherin were expressed at lower levels compared to E- and N-cadherins, 

they were drastically increased with 24 hours of high glucose treatment. Both E- and N-

cadherins were expressed in INS 1 832/3 β cells, and high glucose drastically increased E-

cadherin, but not N-cadherin. In line with their function in EMT, E-cadherin is known to be 

crucial for β cell contacts during insulin secretion (235, 236), while N-cadherin’s main function 

is during the turnover of insulin granules in β cells (237). One possibility is that high glucose 

may regulate the function of N-cadherin through its interactions during GSIS, rather than due 

to its abundance. In this regard, Ser552 β-catenin phosphorylation may play a role in insulin 

granule turnover by affecting the interaction between β-catenin and N-cadherin in β cells. 

Certainly, the effect of S552A β-catenin mutation on interaction with N-cadherin was mild 

and would not be enough to account for the entire essential role of β-catenin during GSIS. 

Furthermore, while both α-E-catenin and α-N-catenin were hugely increased by high 

glucose for 24 hours, only α-N-catenin showed two obvious cleaved bands induced by high 

glucose. Together, these results reflect that the balance of the α-, E-and N-family of adherens 

complexes is modulated by glucose in β cells. P-cadherin was not detected in this β cell line.  

The effect of 24 hours of glucose treatment on the levels of some proteins related to the 

Wnt signaling pathway was also tested. As above, FoxO1, FoxO4, Stat3 and Stat5 were 

increased with high glucose, but TCF7L2 showed a trend of decreased protein level. This is 

similar to the consequence of overexpression of β-catenin in β cell lines shown in Figure 3-1. 

The link could be that high glucose raises the amount of β-catenin, which in turn suppresses 

the increase in TCF7L2. This is in contrast to the literature showing TCF7L2 to be one of 

targets for β-catenin transcriptional activation (303).   
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Chapter 7. S552A β-catenin knock-in mice on high fat diet study 

7.1. Introduction  

The focus of the project reported in this chapter is to characterize the importance of 

Ser552 β-catenin phosphorylation in glucose metabolism in vivo. The project is based on 

previous findings from our group that β-catenin is essential for GSIS (160, 223), and glucose 

stimulates the phosphorylation of Ser552 β-catenin (160) in isolated β cell lines. In earlier 

chapters of this thesis, the importance of Ser552 β-catenin phosphorylation was studied at the 

cellular level by investigating the function of Ser552 site mutated plasmids in β cell lines. 

Here the physical importance of this site of β-catenin was assessed through in vivo 

investigations on pancreatic Ser552 β-catenin site mutated knock-in mice.  

7.1.1. The development of the mouse model for the gene function study 

While cell lines or primary cells can provide detailed and informative research on 

signaling transduction, the artificial media involved during these in vitro studies compared to 

the complexities of a living organism may sometimes lead to variable conclusions. As living 

entities, animal research models fill this gap. There are many animal models for studying 

gene function related to development and human diseases. Yeast (Saccharomyces cerevisiae), 

Caenorhabditis elegans, Drosophila, Xenopus oocytes, and zebrafish (Danio rerio) have been 

of immense importance to the study of molecular mechanisms during development as they 

can reproduce relatively rapidly and be easily manipulated, but they are too simple to study 

more complicated human diseases. The closer relation between mice and humans in evolution 

renders the mouse a powerful model for studying gene function related to human diseases. In 

addition, the high degree of similarity in genomic (102) and physiological aspects between 

mouse and humans is another advantage of mouse as research models. 

Knock-out and knock-in mouse models are the two major categories of genetically 

modified mice. In knock-out mice, a given endogenous gene is replaced by null or altered 

versions that makes this gene inoperative. The null mutation of p53 gene mouse is a classic 

example of the application of this genetic technology to study gene function (304). Knock-in is 

another gene modification technique where a specific gene is engineered within its natural 

location in the murine chromosomes. This technique was developed from a combination of 

knock-out and the Cre-LoxP site-specific recombination (SSR) system (305, 306).  
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The Cre-LoxP system has also been used to develop conditional knock-in modified 

mouse models. It solves the limitation of constitutive gene overexpression at all development 

stages in mice, or lethal knock-out during embryogenesis. In spatially conditional knock- in 

mice, the floxed exon DNA with a stop codon can be inserted ahead of the mutated targeting 

genomic sequence (305). The inserted floxed exon DNA is then deleted and expression of the 

mutated gene is induced by crossing with a specific Cre mouse line that only works in a 

specific tissue. In theory, cells still produce the wild type protein in the rest of the body where 

no Cre is expressed. This process achieves a tissue-specific knock- in mouse model of this 

gene (307). An illustrative diagram of the procedure is shown in Figure 7-1 (307). Apart from 

spatial knock- in, temporal conditional expression of mutation can be achieved by the 

introduction of the tetracycline/doxycycline- inducible promoter (308). 

Although genetically modified mouse models provide massive advantages for research 

into disease mechanisms, there are some drawbacks as well. The manipulation of the genome 

during the generation of mouse models can interfere with normal genomic function, for 

example through “leakiness” effects on adjacent genes (309). The results of genetically 

modified mouse models also hard to interpret sometimes, due to the physiological differences 

between murine and human diseases.  All things considered however, such models provide 

clues about diseases and pathological processes that are not obtainable in a human context.  

7.1.2. Transgenic mouse plan for studying the function of Ser552 β-catenin 

β-catenin is a tricky gene in terms of generating genetically modified mouse models. 

Because β-catenin is essential for development and β-catenin knock-out mice die during 

embryo development (103). This is compounded by the fact that overexpression of β-catenin is 

not easy to achieve as β-catenin is tightly regulated and generally rapidly degraded via its N-

terminal when overexpressed. Therefore, β-catenin gain-of- function mice models are mostly 

generated with a mutated N-terminal form of β-catenin. Conditional knock- in mouse models 

are a better approach to study the function of β-catenin, given its crucial role in development. 

The role of a phosphorylation site of β-catenin was studied previously by generating 

Y654E β-catenin mice in which the phosphorylation mimicking Y654E modification had 

been introduced (310). The focus here is the the role of phosphorylation on Ser552 β-catenin in 

glucose metabolism. Rather than trying to mimic phosphorylation, the mutation Serine 552 to 

Alanine (S552A), which is unable to be phosphorylated, was introduced. The plan was to 

generate a pancreatic S552A β-catenin mouse to explore the importance of this 
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phosphorylation in vivo. Similarly to the progression of human diabetes (311), a high fat 

content diet induces obesity, as well as the development of hyperglycaemia and insulin 

resistance in mice, especially in the C57BL/6J mouse (312-314). Accordingly, these mice were 

also observed under a high fat diet in order to study the role of Ser552 β-catenin in an 

obseogenic/diabetogenic environment. 

The OzGene Company applied a new method to generate this knock- in mouse for us. As 

shown in Figure 7-2A, the exon 8 to 15 of β-catenin cDNA with a stop codon was inserted 

between the genomic exon 7 and the genomic exon 8 of β-catenin, which is before the S552A 

mutated genomic DNA targeting sequence. The cDNA was flanked with LoxP sequences at 

both sides, which are able to be recognized by the Cre recombinase. Meanwhile, the targeting 

vector also contained a neomycin cassette, which was used to screen the successfully 

transfected ES cells, as well as an FRT sequence to get rid of this neomycin cassette after the 

screening (Figure 7-2B). The pancreas is the target organ in this study as it is the main 

responsive organ during insulin secretion. Tissue specific knock- in is normally achieved by 

breeding with specific promoter induced Cre mice. Accordingly, the plan for the mouse study 

in this project was to breed the β-catenin knock- in mice (Figure 7-2B) with a pdx-1 inducible 

Cre mouse. In theory, after breeding with a tissue-specific Cre mouse the cDNA region 

inserted between LoxP sequences would be removed, resulting in a spatial conditional knock-

in of the S552A β-catenin in pancreatic cells (Figure 7-2C).  

However, after neomycin cassette removal only heterozygote mice (Figure 7-2B) 

survived. We hypothesized that the reason that no homozygote was obtained here is that the 

intervention with exon 8–15 of β-catenin cDNA may not have produced full length and 

functional wild type β-catenin. To remove this non-functional cDNA region, mice from this 

stage were bred with a global Cre mouse. This approach produced heterozygote whole mouse 

knock- in of S552A β-catenin. However, interbreeding of these non-cDNA heterozygous 

S552A knock-in mice (Figure 7-2C) still failed to produce homozygous S552A knock- in 

mice, suggesting an embryonic lethal phenotype. Consequently, due the time limitations of 

my PhD project, our initial glucose metabolism studies were conducted on the heterozygous 

S552A knock-in mice, as described in this chapter.  

I travelled to Dr Greg Smith’s laboratory at the University of New South Wales to 

conduct the animal studies and I acknowledge Dr Greg Smith for his help in this study. 
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Figure 7-1: The illustrative diagram of knock-in mice production. 
The first step for a knock-in mouse is the construction of the targeting vector with the desired mutation. The mutation is in the exon 2 in 
this diagram as shown in the purple box compared with the yellow wild type exon 2. This targeting vector is then transfected into 
embryonic stem cells. Homologous recombination, a DNA repair mechanism will help the target mutation integrate into the chromosome 
of those transfected embryonic stem cells. Neomycin which is shown as NEOR in the blue box is used for the selection of the positively 
integrated embryonic stem cells. These mutated embryonic stem cells are totipotent and when they are injected into a mouse blastocyst, 
they can diffentiate into all cell types of a chimeric mouse. After several crossings, these targeted embryonic stem cells from the chimeric 
mouse can generate a whole knock-in mouse with the desired mutation. Llastly, the Neomycin (NEOR) is able to be removed by crossing 
with CRE mouse as it is flanked by LOX P, the recognition site of CRE. The diagram is taken from Doyle A (2012), Transgenic Research 2012 
Apr; 21(2):327-49. 
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Figure 7-2: Original design of the S55A β-catenin conditional knock-in mouse 
A: Diagram of S552A β-catenin conditional knock-in targeting vector (OzGene Company). S552 is located in exon 10 (the pink box). Other 
exons of β-catenin are showed as blue boxes. The start codon and stop codon are in exon 2 and 15 respectively. Wild type β-catenin cDNA 
from exon 8 to exon 15 was inserted after genomic exon 7 , as shown in “wt 8-15”. Neomycin cassette (“neo” - the orange box) was 
inserted for selection in ES cells. FRT is the recognition sequence for FLP recombinase , which is used to remove neomycin (The effect 
shown in B). LoxP is the recognition sequence of Cre recombinase which is used to remove the wild type β-catenin cDNA from exon 8 to 
exon 15 for S552A to be conditionally knocked in after breeding with Cre mouse  (The effect shows as C). 
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7.2. Characterization of the heterozygous S552A β-catenin mice 

After breeding β-catenin knock- in mice with global Cre mice, conventional whole body 

heterozygous S552A β-catenin mice were generated. Following genotyping, livers and 

pancreas from both wild type and S552A β-catenin heterozygous mice were lysed and the 

phosphorylation level of Ser552 β-catenin analysed. Glucagon is known to increase the 

phosphorylation of S552 β-catenin in rat liver (315), so glucagon treated wild type mouse liver 

protein was used as a positive control for the antibody against S552 β-catenin 

phosphorylation. As shown in Figure 7-3, the phosphorylation level in both pancreas and 

liver in heterozygous S552A β-catenin mice was significantly decreased to approximately 

half the wild type levels. This is consistent with the mice having only one of 2 alleles 

producing Ser552 that is able to be phosphorylated. The findings are also in line with our 

observations when using this antibody for the S552A plasmids in β cell lines, where both 

GFP and Flag tagged S552A β-catenin plasmid displayed much lower levels of 

phosphorylation compared with wild type S552 β-catenin plasmid in both HEK 293 cells and 

INS 1E cells (Figure 7-4). The results show that phosphorylation at this site in S552A β-

catenin knock- in mice was lower than for wild type mice, and that the S552A β-catenin 

knock-in strategy worked, at least at the level of Ser552 β-catenin phosphorylation in mice. 
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Figure 7-3: Phosphorylation level of the heterozygous S552A β-catenin knock-in mice by western blot  
Wild type and knock-in mice from the same litter were dissected at 2 months of age. Liver and pancreas were collected and lysed; 50µg of 
protein lysates was subjected to western blot analysis . Densitometry quantifications are shown in lower panel. Bars represent mean ± SEM. 
Student’s t-test was used for statistical analysis (*P<0.05). 
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Figure 7-4: Phosphorylation level of the S552 β-catenin mutations in different cell by western blot  
(A): S552 β-catenin phosphorylation level of GFP-tagged wild type and mutated β-catenin overexpression in HEK 293 cells. HEK 293 cells 
were transfected with pcDNA3-β-catenin-GFP, pcDNA3-S552A-β-catenin-GFP and pcDNA3-S552E-β-catenin-GFP plasmids. Forty-eight 
hours post transfection, cells were lysed and then used for western blot. (B): S552 β-catenin phosphorylation level of Flag-tagged wild type 
and mutated β-catenin overexpression in HEK 293 cells  (the same experiment as in Chapter 3; see Figure 3-8). (C): S552 β-catenin 
phosphorylation level of Flag-tagged wild type and mutated β-catenin overexpression in INS 1E cells (same experiment in Chapter 3; see 
Figure 3-3). Densitometry quantifications are shown in the lower panel. Bars represent mean ± SEM. Student’s t-tests were used for 
statistical analysis (*P<0.05). 
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Before dissection, the general phenotype of these S552A heterozygote knock- in mice was 

tested and compared to their wild type controls for body weight, body composition and 

glucose levels. There was no significant difference between their body weights, as shown in 

Figure 7-5. As to the body composition, there was no difference in the lean mass (Figure 7-6).   
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Figure 7-5: Comparison of body weight between WT and S552A β -catenin heterozygous mice from the same litter at 2 
months of age 
N=14 for each group. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
 

 

Figure 7-6: Comparison of body composition between WT and S552A β-catenin heterozygous mice at 2 months of age  
Fat mass and lean mass were weighed using the EchoMRITM quantitative magnetic resonance system according to the manufacturer’s 
instructions. Mice were fasted overnight for 16 hours before analysis; n=14 for each group. Bars represent mean ± SEM. Student’s t-tests 
were used for statistical analysis (*P<0.05). 

As glucose metabolism was the focus of this study, blood glucose levels were tested and 

the uptake of glucose also measured by glucose tolerance test. As displayed in Figure 7-7A, 
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both the fasted and fed blood glucose levels from S552A β-catenin heterozygous mice were 

similar to those of the wild type controls. However, S552A β-catenin heterozygous mice 

displayed a relatively lower, but not significant blood glucose level after injection of 

exogenous glucose in the glucose tolerance test (GTT), as shown in Figure 7-7B.  

 

Figure 7-7: Comparison of blood glucose level and GTT between WT and S552A β-catenin heterozygous mice at 2 months  
of age.  
(A): the fasted and re-feed blood glucose levels of wild type and S552A β-catenin heterozygous mice were measured; n=14 for each group. 
Bars represent mean ± SEM. (B): Glucose tolerance testing of wild type and S552A β-catenin heterozygous mice was conducted after a 
semi-fast for 6 hours; n=5 for each group. Dots and error bars represent mean ± SEM. Two-way ANOVA was used for statistical analysis. 
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7.3. Phenotype of S552A β-catenin knock-in mice on high fat diet  

The high fat diet mouse model is well-known in glucose metabolism studies (313). Even 

though there was no general phenotype found in S552A β-catenin heterozygous mice, mice 

were fed with a high fat diet to further test their metabolism. At two months of age, matched 

wild type and S552A β-catenin heterozygous mice were subjected to either a chow diet or a 

high fat diet for the 14-week study.  

During the high fat diet study, body weights were measured every week, while body 

composition was measured every four weeks. One extra body composition test was added at 

week 10, as the lean mass of each mouse was required for the coming GTT and ITT (insulin 

tolerance test) analyses. GTT were conducted at the beginning of the study, as shown in 

Figure 7-7, and at the final stage of this study when mice had been fed with a high fat diet for 

10 weeks. In addition, basal glucose levels were measured at the beginning, in the middle and 

at the end of this study. Metabolic parameters of these mice were measured using the 

metabolic cage by the Columbus Laboratory Animal Monitoring System (CLAMS/Oxymax) 

at week 13 of this study. At the end of the high fat diet study, mice were euthanized by 

cervical dislocation and tissue from the pancreas, liver, muscle, fat and parts of the brain 

dissected and lysed for signaling pathway study. The diagram of the whole high fat diet study 

is shown in Figure 7-8. 

 

 

Figure 7-8: Diagram showing the flow of the high fat diet study  
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Both the wild type and knock- in mice gained weight with the high fat diet as expected, 

but the body weights of S552A β-catenin heterozygous mice on the high fat diet were 

drastically lower than the wild type mice (Figure 7-9). This trend started from quite an early 

stage (week 2) and lasted untill the end of the study (week 14). However, there was no 

significant difference in body weights between wild type and S552A β-catenin heterozygous 

mice on the chow diet (Figure 7-9). Hence the S552A β-catenin knock- in appeared to be 

protective against high fat diet induced weight gain, compared to the wild type mice. To 

distinguish which part of the body weight was the main effector of S552A β-catenin 

heterozygous mice, the body composition of these mice was measured by EchoMRITM 

quantitative magnetic resonance system (Figure 7-10). 
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Figure 7-9: Comparison of body weight between WT and S552A β -catenin heterozygous mice under chow and high fat 
diet pressure over 14 weeks  
N=3 for wild type mice in chow diet group; n=4 for S552A β-catenin heterozygous mice in chow diet group; n=6 for wild type mice in high 

fat diet group; n=4 for S552A β-catenin heterozygous mice in high fat diet group. Body weights were measured every week for 14 weeks. 
Dots and error bars represent mean ± SEM. Two-way ANOVA was used for statistical analysis; ****P ˂0.0001 in “HF WT” VS “HF S552A 
HET”.  
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Not much difference was found between wild type control and S552A β-catenin 

heterozygous mice within the chow diet groups (Figure 7-10). The main effect of the high fat 

diet is shown by the fat mass in Figure 7-10A, with no difference seen for lean mass in Figure 

7-10C. Within the high fat diet groups, the lower level of fat mass gained by S552A β-catenin 

mice led to a lower percentage of fat mass to their whole-body weight, as shown in Figure 

7-10B. The ratio of lean mass in the high fat diet fed S552A β-catenin heterozygous mice was 

higher than for the wild type control mice because of their lower level of increased whole-

body weight on the high fat diet (Figure 7-10D). 

 

 

Figure 7-10: Comparison of body composition between WT and S552A β-catenin heterozygous mice under chow and 

high fat diet pressure over 14 weeks  
N=3 for wild type mice in chow diet group; n=4 for S552A β-catenin heterozygous mice in chow diet group; n=6 for wild type mice in high 
fat diet group; n=4 for S552A β-catenin heterozygous mice in high fat diet group. Their body weights were measured every week for 14 
weeks. Dots and error bars represent mean ± SEM. Two-way ANOVA was used for statistical analysis. (A): The weight of fat mass: ****P 
˂0.0001 in “HF WT” VS “HF S552A HET”.  (B): The percentage of fat mass to whole body weight: ***P ˂0.0005 in “HF WT” VS “HF S552A 
HET”.  (C): The weight of lean mass. (D): The percentage of lean mass to whole body weight: ***P ˂ 0.0005 in “HF WT” VS “HF S552A HET”.   
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The basal fasted blood glucose of the mice was measured at week 0, week 4 and week 14 

during the high fat diet study. As indicated in Figure 7-7, the starting blood glucose levels in 

both wild type and S552A β-catenin heterozygous mice were similar between dietary groups 

(Figure 7-11A). The high fat diet had increased the basal blood glucose of both genotype 

groups by week 14 of the study. The degree of  blood glucose increase in S552A β-catenin 

heterozygous mice was smaller than that for the wild type controls, as in Figure 7-11C. 

Interestingly, after 4 weeks of the high fat diet, the fasted blood glucose of S552A β-catenin 

heterozygous mice was significantly lower than that of the control mice (Figure 7-11B). 

Overall, the S552A β-catenin heterozygous mice seemed to show a protective effect against 

the high fat diet induced high blood glucose level. Further assays in the mice were carried out 

later during this high fat study in an effort to better understand the effect of S552A β-catenin 

on glucose metabolism. 

 

 

Figure 7-11: Comparison of fasted blood glucose level between WT and S552A β -catenin heterozygous mice under chow 
and high fat diet pressure over 14 weeks  
Blood glucose levels were measured at week 0, week 4 and week 14 after an overnight fast. N=3 for wild type mice in chow diet group; 
n=4 for S552A β-catenin heterozygous mice in chow diet group; n=6 for wild type mice in high fat diet group; n=4 for S552A β-catenin 
heterozygous mice in high fat diet group. Bars represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05). 
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At week 10 of the high fat diet study, glucose tolerance tests were conducted on these 

mice based on their lean mass. Mice were IP injected (intraperitoneally injected) with 2 

grams of exogenous glucose per kilo gram of their lean mass and their blood glucose level 

then monitored at 15, 30, 45, 60, 90 and 120 minutes after injection. At the same time, a 

blood sample was collected at each time point and the insulin concentration in the plasma of 

each sample measured by Enzyme-linked Immunosorbent Assay (ELISA).  

The results of glucose tolerance tests refelcted the ability of the mice to clear the injected 

glucose from their circulation. Compared to chow fed mice, high fat diet mice showed a 

higher increase in blood glucose induced by the injection of exogenous glucose, which means 

that the high fat diet deteriorated their glucose sensing and/or clearance systems (Figure 

7-12A). However, blood glucose concentrations did not show much difference between wild 

type controls and knock- in mice within each dietary group. When chow and high fat diet 

effects were compared in mice within the same genotype, the degree of increase in blood 

glucose concentration with the high fat diet in S552A β-catenin heterozygous mice was 

smaller than for wild type controls. This further reflects a protective role of the S552A β-

catenin heterozygous mice on glucose metabolism under high fat diet pressure. 

Corresponding insulin concentrations during the GTT were measured by ELISA after 

extraction of plasma from blood. While the standard curve for this ELISA assay was good, 

the error bars for each group were too big to display any effects of the physical insulin 

concentrations. This may have been a result of the lack of numbers for each group. Despite 

these limitations, the insulin concentrations in Figure 7-12B hint that the S552A β-catenin 

heterozygous mice had a slightly better glucose stimulated insulin response than the wild type 

mice, particularly at the early time points as their insulin concentrations wer increased much 

more than wild type controls during the first 30 minutes. 
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Figure 7-12: Glucose Tolerance Test and GSIS of wild type and S552A β-catenin heterozygous mice at week 10 of the high 
fat diet study  
(A): Glucose Tolerance Test at week 10. Basal blood glucose level was measured as the time point 0, and then blood glucose levels at 15, 
30, 60, 90 and 120 minutes after glucose injection. Dots and error bars represent mean ± SEM.  (B):  ELISA assay measured the insulin 
concentration in the same blood samples at the same time points as the glucose tolerance tests in (A). Dots and error bars represent mean 
± SEM.  N=3 for wild type mice in chow diet group; n=4 for S552A β-catenin heterozygous mice in chow diet group; n=6 for wild type mice 
in high fat diet group; n=4 for S552A β-catenin heterozygous mice in high fat diet group. ANOVA was used for statistical analysis. 
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After checking the response of mice to exogenous glucose, their sensitivity to exogenous 

insulin was also evaluated by insulin tolerance test. The blood glucose levels of matched 

mice were measured before and then 15 minutes after insulin injection, as shown in Figure 

7-13. In accordance with the results of glucose tolerance test shown in Figure 7-12, high fat 

diet mice from both genotypes displayed higher basal blood glucose levels before the 

injection of insulin. Within each dietary group, only the chow fed S552A β-catenin mice 

displayed a marked reduction in glucose level after insulin injection. However, within the 

high fat diet groups, both genotypes showed significant decreases of blood glucose after 

insulin injection, but S552A β-catenin heterozygous mice had a more significant reduction in 

glucose level. These phenomena indicate that the S552A β-catenin heterozygous mice were 

more sensitive to the exogenous insulin.  

 

 

Figure 7-13: Insulin Tolerance Test of wild type and S552A β-catenin heterozygous mice at week 11 of the high fat diet 
study 
After 6 hours of semi-fast, basal blood glucose level was measured and then insulin injected i.p. at a dose of 0.75 units/kg of total lean 
mass based on EchoMRITM. Fifteen minutes after insulin injection, blood glucose was measured again.  “Chow” shows the chow diet fed 
groups and “HF” showed the high fat diet groups. N=3 for wild type mice in chow diet group; n=4 for S552A β-catenin heterozygous mice 
in chow diet group; n=6 for wild type mice in high fat diet group; n=4 for S552A β-catenin heterozygous mice in high fat diet group. Bars 
represent mean ± SEM. Student’s t-tests were used for statistical analysis (*P<0.05, ** P<0.01). 
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7.4. Metabolic cage of S552A β-catenin knock-in mice on high fat diet  

So far, the S552A β-catenin heterozygous mice were displaying a protective phenotype 

against high fat diet induced weight gain, and a relatively less impaired glucose tolerance 

induced by the high fat diet. Other metabolic parameters of these mice, such as food intake, 

activity and energy expenditure were analysed in metabolic cages from the Columbus 

Instruments Comprehensive Lab Animal Monitoring System (CLAMS). 

For the metabolic cage study, individual mice were housed in a sealed and well monitored 

cage. The grams of chow and high fat food that each mouse consumed during the analysis 

were automatically monitored by the Oxymax/CLAMS system. One gram of chow food 

provided for the mice was equal to 10.9 KJ of energy and the energy density for one gram of 

the high fat diet was 37.6 KJ. The energy intake of these mice during the metabolic cage 

study was calculated according to the weight of food intake and its energy density. The the 

“heat” parameter automatically recorded by the Oxymax/CLAMS system was easy to convert 

into energy expenditure for the mice. As shown in Figure 7-14, compared with chow diet fed 

mice, the high fat diet mice took in more energy, but they expended slightly more energy as 

well. There was no significant difference between wild type controls and S552A β-catenin 

heterozygous mice within each dietary group.  

The activity of mice in the cages was monitored by beam breaks. The horizontal 

movements of the mice were recorded as beam breaks on the X axis, and their vertical 

movements were recorded as beam breaks on the Z axis. As shown in Figure 7-15, all mouse 

groups were much less active during light time (from hour 0 to hour 12) than night time 

(from hour 12 to hour 24), which is in agreement with the circadian rhythm of mice. However, 

no difference in activity occurred between groups, apart from the wild type mice on the chow 

diet being more active during night. 

In terms of O2 consumption and CO2 production, high fat diet fed mice exhibited 

marginally higher rates of both than chow fed mice, but no significant difference occurred 

within each dietary group (as in Figure 7-16.) The high fat diet groups displayed lower 

respiratory exchange ratios (the production of CO2 / the consumption of O2), indicating that 

more energy expenditure in the high fat diet fed mice was derived from lipid oxidation. 

However, no difference was found within each dietary group. 
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In sum, there were no obvious differences found from the metabolic cage study. Again, 

the numbers in each group were low at this stage and the results need confirming with higher 

numbers of animals.  

 

 

Figure 7-14: Monitoring of mice energy intake and energy expenditure by CLAMS at week 13 
Mice were housed individually in the CLAMS metabolic cage. Food intake and energy expenditure were measured real time for 24 hours. 
N=3 for wild type mice in chow diet group; N=4 for S552A β-catenin heterozygous mice in chow diet group; n=6 for wild type mice in high 
fat diet group; n=4 for S552A β-catenin heterozygous mice in high fat diet group. Bars represent mean ± SEM.  
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Figure 7-15: Monitoring of mice activity by CLAMS at week 13  
Mice were housed individually in CLAMS metabolic cages. Their movements were measured real time by beam breaks for 24 hours. N=3 
for wild type mice in chow diet group; n=4 for S552A β-catenin heterozygous mice in chow diet group; n=6 for wild type mice in high fat 
diet group; n=4 for S552A β-catenin heterozygous mice in high fat diet group. Bars represent mean ± SEM. 
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Figure 7-16: Monitoring of production of CO2, consumption of O2 and respiratory exchange ratio in mice by CLAMS at 
week 13 
Mice were housed individually in CLAMS metabolic cages. Gas concentrations in each cage were measured real time for 24 hours. N=3 for 
wild type mice in chow diet group; n=4 for S552A β-catenin heterozygous mice in chow diet group; n=6 for wild type mice in high fat diet 
group; n=4 for S552A β-catenin heterozygous mice in high fat diet group. Bars represent mean ± SEM.  Student’s t-tests were used for 
statistical analysis (*P<0.05). 
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7.5. Signaling study of S552A β-catenin knock-in mice on high fat diet 

High glucagon dysregulates hepatic glucose production and leads to abnormal glucose 

homeostasis (316). High plasma glucagon is one of the symptoms in type 2 diabetes patients 

(316, 317) and the reduction of glucagon has even been found to meliorate hyperglycaemia (316). 

In addition to its importance in glucose metabolism, a recent study identified that glucagen 

induces strong phosphorylation of Ser552 β-catenin in isolated rat liver (315). Accordingly, a 

similar treatment of glucagon was adopted in this study. At the end of the high fat diet study 

(week 14), mice were dissected and their tissues rapidly collected. Before dissection, the mice 

were injected with vehicle controls, glucagon and blood glucose levels measured 10 minutes 

after injection and the mice then dissected 15 minutes after injection. Glucagon increased the 

blood glucose of mice in all groups, as shown in Figure 7-17.  
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Figure 7-17: Glucagon effects on blood glucose at week 14  
After 6 hours of semi-fast, basal blood glucose level was measured and then glucagon injected i.p. at a dose of 1 mg/kg total body weight. 
Fifteen minutes after injection, blood glucose was measured again. N=2 for each group as indicated in the figure. Bars represent mean ± 
SEM. 
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Protein levels of tissue lysates were analysed by western blot. The analysis for 

phosphorylation S552 and total β-catenin are shown from Figure 7-18 to Figure 7-23. Once 

again, tissue isolated from the S552A β-catenin knock-in mice exhibited increased S552 

phosphorylation levels in all the tissues analysed (liver, pancreas, muscle, fat and brain), but 

mostly at a lower level than that in wild type mice. This is consistent with the knock-in mice 

having only one copy of β-catenin that can be phosphorylated at residue 552. The effect of 

glucagon on S552 β-catenin phosphorylation (315) can be seen in liver (Figure 7-18) and even 

in muscle (Figure 7-20). However, pancreatic (Figure 7-18) and fat (Figure 7-18) tissue, as 

well as tissue from two regions of the brain (Figure 7-18 and Figure 7-183) did not show 

similar glucagon effects as liver and muscle tissue. This may be due to the short exposure to 

the glucagon, and possibly even the blood-brain barrier for the brain parts. 

Akt is one of the effectors in the insulin pathway as it phosphorylates the tuberous 

sclerosis (TSC) (318) and is involved in the process of glycogen synthesis (319). Inactivation of 

Akt has also been related to cellular insulin resistance and impaired glucose transport actions 

(320). It is a relevant gene in glucose metabolism and is activated by the phosphorylation of 

Thr308 and Ser473 (321). Dr Greg Smith has previously found that glucagon perfusion causes 

a strong phosphorylation of Akt at Ser473 in the liver (unpublished data). To check whether 

this stimulation of phosphorylation of Akt is related to the Ser552 phosphorylation of β-

catenin, as both are induced by glucagon, Ser473 Akt phosphorylation was also investigated 

in all these tissues. However, no clear correlation between Ser552 β-catenin phosphorylation 

and Ser473 Akt phosphorylation was found in the western blots. Interestingly, under high fat 

diet pressure, the stimulation effect of glucagon on Ser473 Akt phosphorylation was more 

obvious in liver, pancreas, muscle and fat. The brain parts did show this pattern, but again 

this could be due to the blood-brain barrier.  

C-Jun, a target gene of β-catenin/TCF7L2 pathway investigated in Chapter 6, was tested 

here as well, but no particular pattern for level of C-Jun was found in these tissues. It is worth 

mentioning that there were technical difficulties in homogenising the fat pad and determining 

fat content, so some parts of the blots of these samples have poor resolution.  
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Figure 7-18: β-catenin related signaling proteins in livers of mice under high fat diet for 14 weeks by western blot  
Mice in different groups were dissected 15 minutes after glucagon injection. Livers were rapidly collected and then lysed; 50µg of protein 
lysates was subjected to western blot analysis. Densitometry quantifications are shown in lower panel. Bars represent mean ± SEM.  
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Figure 7-19: β-catenin related signaling proteins in pancreas of mice under high fat diet for 14 weeks by western blot 
Mice in different groups were dissected 15 minutes after glucagon injection. Pancreas es were rapidly collected and then lysed; 50µg of 
protein lysates was subjected to western blot analysis. Densitometry quantifications are shown in lower panel. Bars represent mean ± SEM.  
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Figure 7-20: Test β-catenin related signaling proteins in gastrocnemius of mice under high fat diet for 14 weeks by 

western blot  
Mice in different groups were dissected 15 minutes after glucagon injection. Gastrocnemius were rapidly collected and then lysed; 50µg of 
protein lysates was subjected to western blot analysis . Densitometry quantifications are shown in lower panel. Bars represent mean ± SEM. 
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Figure 7-21: Test β-catenin related signaling proteins in retroperitoneal fat pad of mice under high fat diet for 14 weeks 
by western blot 
Mice in different groups were dissected 15 minutes after glucagon injection. Retroperitoneal fat pad was rapidly collected and then lysed; 
50µg of protein lysates was subjected to western blot analysis . Densitometry quantifications are shown in lower panel. Bars represent 
mean ± SEM. 
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Figure 7-22: Test β-catenin related signaling proteins in hypothalamus of mice under high fat diet for 14 weeks by 
western blot  
Mice in different groups were dissected 15 minutes after glucagon injection. The hypothalamus was rapidly collected and then lysed; 50µg 
of protein lysates was subjected to western blot analysis. Densitometry quantifications are shown in lower panel. Bars represent mean ± 
SEM. 
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Figure 7-23: Test β-catenin related signaling proteins in frontal cortex of mice under high fat diet for 14 weeks by 

western blot  
Mice in different groups were dissected 15 minutes after glucagon injection. The frontal cortex was rapidly collected and then lysed; 50µg 
of protein lysates was subjected to western blot analysis . Densitometry quantifications are shown in lower panel. Bars represent mean ± 
SEM. 
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7.6. Conclusion and discussion 

Overall these studies show that the S552A β-catenin heterozygous mice displayed a 

strong protective effect against the high fat diet induced gain of body weight, and mainly the 

gain of fat mass. This strongly indicates that Ser552 β-catenin is of importance in the body, 

especially in the processes of generating or regulating adipose tissue. 

In addition, the S552A β-catenin heterozygous mice displayed a lower increase in blood 

glucose induced by the high fat diet, compared with their wild type litters. The glucose 

tolerance of the S552A β-catenin heterozygous mice was also slightly less impaired than that 

of controls under high fat diet pressure. Furthermore, the S552A β-catenin heterozygous mice 

exhibited a relatively stronger sensitivity towards exogenous insulin, even without the high 

fat diet pressure. These effects were all quite subtle, possibly due to the compensating effects 

of the remaining wild type β-catenin allele in the S552A β-catenin heterozygous mice. In 

other words, the wild type β-catenin allele may be highly phosphorylated at Ser552, which 

may offset the lack of phosphorylation effects of the knock- in mutation of Ser552Ala β-

catenin in the mice.  

Figure 7-12 showing the blood plasma insulin concentrations obtained has high error bars, 

although the ELISA assay had been done properly. The insulin concentrations during this 

glucose tolerance test were hard to interpret because of the limitation of small samples in 

each experiment group. Further, relict blood cells after extracting plasma from blood can 

easily interfere with ELISA measurements of plasma insulin.  This assay will be repeated 

more carefully in future pools of animal studies in order to obtain valuable information.  

As reported in Chapter 5, the transfection of S552A β-catenin plasmid in β cells caused a 

marginal reduction in GSIS. However, S552A β-catenin heterozygous mice exhibited a 

general protective effect on glucose metabolism. This discrepancy probably resulted from the 

fact that in the whole animal,  glucose metabolism and related insulin actions are regulated by 

multiple factors, and not pancreatic β cells alone. The liver and brain are two other organs 

that can regulate glucose metabolism, and thus the action of insulin. The liver is well-known 

to store glucose and is an insulin responsive organ. Fat accumulation in liver has been 

associated with insulin resistance (322). The liver also produces kisspeptin 1, which acts as a 

hormone to suppress GSIS in the pancreas (323). The brain is also an insulin responsive organ. 

Insulin functions through the central nervous system in the regulation of feeding behavior (324-

326), glucose and fat metabolism (327, 328). In particular, over time the hypothalamus has been 
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discovered to play a crucial role in modulating GSIS from the pancreas as well (329). Overall, 

the ultimate metabolic results of S552A β-catenin heterozygous mice are the consequence of 

regulations at these various levels and so much more complicated than can be accounted for 

by an isolated study at the β cell line level.  

This was why we wanted to make a pancreatic conditional S552A β-catenin mouse model 

at the beginning. Unfortunately, no homozygous S552A β-catenin mouse could be achieved. 

In future, a homozygous S552A β-catenin knock- in mouse may be achievable through 

CRISPR-Cas9 technology. However, the fact that we could not obtain a homologous S552A 

β-catenin mouse implies that this site of β-catenin is essential for metabolism.  

It is clear that the number of animals studied here was not large enough to obtain a more 

convincing conclusion. At the time of writing two more pools of matched animals were about 

to be used for the same experiments described in this chapter. However, because this knock-

in mouse model took much longer than planned to create, there has not been time to finish all 

these replications for inclusion in my PhD.   
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Chapter 8. Conclusion and future directions 

8.1. Conclusions 

The substitution of a serine by an alanine (such as for S552A-β-catenin) has been widely 

used to explore the importance of site-specific phosphorylation as the alanine cannot be 

phosphorylated due to the lack of -OH group, but at the same time it is structurally similar to 

serine. Further, substitution of serine to glutamic acid (S552E-β-catenin) can be employed to 

imitate the phosphorylated forms of proteins, as it mimics the negative charge introduced by 

the phosphorylation. The cellular mechanism investigations in this thesis regarding the role of 

Ser552 β-catenin were based on this mutagenesis system.  

A major aim was to determine whether phosphorylation at Serine 552 β-catenin alters the 

numerous roles of β-catenin within the cell, and whether this phosphorylation is required for 

-catenin’s role in insulin secretion and glucose homeostasis. To first assess whether Ser552 

β-catenin phosphorylation is important for insulin secretion, Ser552 phospho-mutants 

(S552A-β-catenin and S552E-β-catenin) were overexpressed in -cells. The results showed 

impaired insulin secretion for the S552A transfected cells compared to wild type and S552E-

β-catenin, thus confirming a role for phosphorylation of Ser552 -catenin in insulin secretion. 

As β-catenin is involved in various processes within the cell, there are a number of ways 

phosphorylation may alter the function of β-catenin in insulin secretion. Given that the most 

well-known roles for β-catenin are as the key effector of the Wnt signaling pathway, where it 

acts as a transcriptional co-activator together with TCF7L2, and as a cell adhesion molecule 

involved in adherens junctions, this thesis investigated whether phosphorylation at Ser552 

impacted on either of these roles in pancreatic -cell lines.  

Phosphorylation of β-catenin at some sites is believed to affect the protein’s interactions 

with both TCF7L2 and cell-adhesion cadherin proteins. For example, interaction with 

cadherins is thought to compete with β-catenin’s interaction with TCF7L2 (27, 28). 

Phosphorylation of β-catenin has also been reported to alter the transcriptional function of -

catenin, as phosphorylation at Tyrosine 654 was found to translocate β-catenin from cadherin 

related junctions to the nucleus where it becomes involved in transcriptional regulation (330). 

Similar enhanced transcriptional effects of this phosphorylation were found in a Y654E β-

catenin knock- in mouse study (310). In another study, Ser552 β-catenin phosphorylated by 

AKT enhanced the transcriptional activity of β-catenin via the accumulation of β-catenin in 
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both cytoplasm and nucleus through disassociating β-catenin from adherens junctions in 

CHO AA8 cells (233). The localization of Ser552 at the 10th ARM repeat, which is also a 

relatively less rigid structure area, suggests the phosphorylation of Ser552 β-catenin might be 

important for its interaction with cadherins (331).  

In this thesis, co-IPs of β-catenin with TCF7L2 were unable to detect an interaction in β 

cells lines at both endogenous and overexpressed levels, despite this being a major role for β-

catenin in the Wnt pathway. However, this interaction was easily detected in HEK 293 cells. 

One possibile explanation is that rather than TCF7L2, there is another unknown member of 

the TCF family functioning in the Wnt pathway in β cells. In HEK 293, cells altering the 

Ser552 phosphorylation site of β-catenin did not affect the TCF7L2 binding pattern of β-

catenin. Luciferase assay further confirmed similar transcriptional activity in wild type and 

Ser552 mutated β-catenin. Further, the typical functional outcome of Wnt/β-catenin in HEK 

293 cell is regulation of cell growth, but in this study mutations of Ser552 β-catenin had no 

significant effect on the cell growth rate of these cells. This is in line with a previous study 

that found Ser552 β-catenin phosphorylation was not important for the transcriptional activity 

of β-catenin in COS7 and HEK293 cells (162).  

When interactions with cell-adhesion molecules were investigated, it was clear that pS552 

β-catenin bound to cadherins in β cell lines. However, it was unable to be determined in the 

endogenous co-IPs whether the increased pS552 β-catenin played an effector role in these 

interactions with cadherins, or just showed up proportionally due to the overall increased 

amount in total β-catenin . The overexpressed β-catenin IPs showed no significant difference 

in the interactions with cadherin between the wild type β-catenin and Ser552 mutated β-

catenin. Interestingly, these interactions between endogenous cadherins and overexpressed 

WT/S552A/S552E β-catenin were only able to be detected with endogenous β-catenin first 

knocked down by siRNAs in β cell lines. This emphasizes the importance of the abundance 

of β-catenin in β cells, as this was not the case in HEK 293 cells.  On the other hand, these 

knocked down and then overexpressed β-catenin IPs involved multiple manipulations and 

may have introduced too many artificial errors. If the effect of Ser552 β-catenin 

phosphorylation on the interaction between β-catenin and cadherins is too mild, or 

phosphorylation on Ser552 β-catenin functions together with other site phosphorylations, 

these effects could not have been found by these techniques.  
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Overall these results suggest that while phosphorylation of Ser552 β-catenin is important 

for insulin secretion, it may not be achieved via altering canonical Wnt/β-catenin 

transcription or adherens junctions. At the least, neither of these two aspects was significantly 

altered by this Ser552 β-catenin phosphorylation in rat INS-1 β cell lines. Obviously, β-

catenin is a ubiquitous protein expressed in many tissues (refer to the western blots of 

different tissues lysates from S552A β-catenin knock- in mice in Chapter 7), but it  showed 

different overexpression patterns and binding patterns between HEK 293 cells and pancreatic 

β cell lines. These particularities of β-catenin in β cell lines led us to explore additional roles 

of β-catenin in β cells that may be affected by Ser552 phosphorylation. 

 

 

 

Figure 8-1: Phosphorylated Ser552 β-catenin does not significantly affect its canonical Wnt transcriptional activity and its 
roles in adherens junctions, although it binds to both N-cadherin and E-cadherin in β cells  
High glucose induces phosphorylated Ser552 β-catenin in the accumulated free pool of β-catenin in cytoplasm. Phosphorylated Ser552 β-
catenin does not affect the transcriptional activity of β-catenin in the canonical Wnt pathway, although the interaction between β-catenin 
and TCF7L2 is unable to be detected by co-IP in INS-1E β cell line. Phosphorylated Ser552 β-catenin binds to both N-cadherin and E-
cadherin in INS-1E β cell line but does not alter the pattern or magnitude of the interaction. 
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Given the similarity between synaptic vesicle exocytosis and insulin secretion (151), and 

that the cadherin-catenin complex is known to be crucial for synaptic vesicle trafficking 

during exocytosis (53, 332, 333), interactions of β-catenin with SNARE proteins were assessed by 

Co-IP to determine whether this is a mechanism by which β-catenin functions in insulin 

secretion. It has previously been shown that the involvement of β-catenin in synaptic vesicle 

trafficking requires its binding with PDZ domain-containing proteins (112).  It therefore stands 

to reason that PDZ domain containing proteins as well as SNARE proteins may facilitate the 

trafficking of insulin granules in β cells. Here 10 potential proteins that were either SNARE 

proteins or contained PDZ domains were tested by co-IP to check their interactions with β-

catenin in β cell lines. Only the PDZ domain protein Shank3 was confirmed to interact with 

β-catenin in β cells, however the conclusion drawn about this interaction was based on the 

overexpressed protein co-IPs. The S552A β-catenin obstructed the interaction between 

Shank3 and β-catenin, which suggests that the pS552 β-catenin binds to Shank3 and this 

interaction is regulated by glucose in β cells (Figure 8-2). 

The typical function of Shank3 was identified in the pathogenesis of autism as its 

mutations were found in autism spectrum disorder patients (263, 264). It is known to play a role 

in synapses (244, 246) and interact with the actin-based cytoskeleton (246), however a role for 

Shank3 in insulin secretion has not previously been described. The role of Shank3 in insulin 

release was evaluated by both overexpression and knock-down of Shank3 with siRNA. 

Shank3 displayed a negative influence on GSIS, as its overexpression showed a slight 

decrease in insulin release and its knock-down promoted GSIS. In addition, the protein 

abundance of Shank3 was obviously regulated by long-term high glucose in INS-1 832/3 

cells.  
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Figure 8-2: Proposed roles of the phosphorylated Ser552 β-catenin in GSIS in β cells 
The interaction between β-catenin and Shank3 may function on the trafficking of insulin granules under glucose stimulation. During this, 
phosphorylated Ser552 β-catenin may facilitate insulin secretion by binding to the PDZ domain containing protein, Shank3. The 
phosphorylated Ser552 β-catenin tends to bind N-cadherin and E-cadherin as well. Whether this interaction with N/E-cadherin involves its 
interaction with Shank3 and the trafficking of insulin granules requires further investigation. 
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Chronic hyperglycaemia deteriorates the function of β cells, which is termed as 

glucotoxicity (334). Persistent high glucose is a hallmark of type-2 diabetes. The effect of 

prolonged high glucose on the protein levels in β cell line was described in Chapter 6. After 

high glucose treatment for a day, most proteins involved in this project were increased. One 

exception is TCF7L2, which showed a trend of decrease in protein level. The overexpression 

of β-catenin resulted in a similar effect on TCF7L2 in β cell lines, as described in Chapter 3. 

Whether glucose exerted this effect on TCF7L2 together with β-catenin is so far unknown. If 

glucose and β-catenin directly mediate the protein level of TCF7L2 instead of regulating 

associations between β-catenin and TCF7L2, this would be an interesting finding.  

The shorter glucose effects (one hour) on protein levels of two target genes of β-catenin 

were also described in Chapter 6. C-Jun and Cyclin D2 were found to regulated by β-catenin 

and the ubiquitin proteasome pathway in INS-1E β cell line. Further, glucose was shown to 

regulate the their protein levels in opposite ways in INS-1E β cell line. All these connected 

regulation mechanisms suggest that β-catenin may function through regulating other proteins 

to help maintain β cells’ responsive status to glucose. However, Ser552 β-catenin may not 

have prominent effects on this role of β-catenin in β cells. 

To minimize the artificial effects that might be introduced during studies in cell lines, our 

plan was to generate the S552A β-catenin knock- in mouse to test the physiological function 

of Ser552 β-catenin phosphorylation. However, the generation of S552A β-catenin knock- in 

mice during this project took longer than expected. Eventually it turned out that the S552A β-

catenin knock- in mouse was unable to achieve homozygosity, which made exploration of the 

function of Ser552 β-catenin phosphorylation more difficult. Nonetheless, the studies 

performed here showed that the Ser552 site of β-catenin is important for maintaining the 

normal function of organisms. Finally, at a late stage in this PhD, heterozygous S552A β-

catenin knock-in mice were able to be put through some metabolic tests under chow and high 

fat diets, as described in Chapter 7. 

While no obvious differences between wild type and S552A β-catenin heterozygous 

knock- in mice were found in the chow fed groups, significant differences in body weight 

were observed between S552A β-catenin heterozygous mice and wild type litter mates under 

the high fat diet, even though only a small number of mice were tested. This protective role 

of S552A β-catenin against the high fat diet was mainly the result of its effects on fat mass 

rather than lean mass of the body. These findings suggest a possible specific role of Ser552 β-
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catenin in adipocyte biology, on the premise that Wnt/β-catenin signaling is known to play a 

role in adipogenesis and metabolism (335, 336). Type 2 diabetes has metabolic complications 

that are frequently associated with obesity (337, 338), as excessive lipid accumulation together 

with adipokines that are secreted from adipocytes easily lead to insulin resistance.  

In accordance with the protective role of S552A β-catenin against high fat diet induced 

gain of body weight, the blood glucose level in S552A β-catenin heterozygous mice 

increased relatively less compared to the wild type controls after 14 weeks of the high fat diet. 

However, the glucose tolerance tests for both types did not show any significant effect in 

S552A β-catenin heterozygous mice. A limitation of these metabolic assays was the small 

numbers of mice in each group due to the lack of time, as explained earlier.  

Another limitation in this mouse study was that as one amino acid mutation (S552A β-

catenin) was a whole body knock- in, the specific effects of S552A β-catenin from different 

tissues was hard to interpret. This is especially true in a study of glucose metabolism, as it is 

simultaneously regulated by many peripheral tissues such as pancreas, brain, liver, muscle, 

fat pancreas and circulatory system in the body. For instance, the protective role of S552A β-

catenin against high fat diet induced obesity could have been due to the knock- in effect of 

S552A β-catenin in liver. An earlier study found that hepatocyte-specific β-catenin knock-out 

mice exhibited a similar protective effect under high fat diet pressure (109).  
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8.2. Future directions 

It was not easy to quantify the subcellular localization of high glucose stimulated 

phosphorylated Ser552 β-catenin (pS552 -catenin) by cellular fractionation because of the 

variability between the different experiments. Confocal microscopy would be a better way to 

check subcellular localization by comparing staining of pS552 -catenin in β cells under low 

and high glucose. It would provide a visual representation of the distribution of pS552 β-

catenin when it is stimulated by high glucose. The localization of pS552 -catenin hints at a 

potential mechanism for the function of β-catenin induced by high glucose in β cells. This 

approach could be used for β-catenin Ser552 mutant plasmids that are fused with a GFP, 

however the effect of high glucose cannot be seen using this approach. It should be noted 

however that the GFP tag itself may interfere with the innate localization of pS552 -catenin. 

Using additional microscopy techniques such as TIRF (total internal reflection fluorescence) 

to check the co-staining of the pS552 -catenin, and the release of insulin granules under high 

glucose, would indicate whether they are co- localized and possibly imply the link between 

these pS552 -catenin and GSIS.  

The role of interactions between N- or E- cadherin and pS552 -catenin was not 

identified in β cell lines in this study, although both N-cadherin and E-cadherin are reported 

to be functionally important in insulin secretion. One approach to testing the importance of 

cadherins to the effects of pS552 -catenin would be to evaluate whether the knockdown 

effects of N-cadherin and E-cadherin synergize or interfere with the effect of overexpression 

of β-catenin Ser552 mutants in insulin secretion. If the primary pancreatic β cells from 

cadherin knockdown or knockout mice were available, then overexpression of β-catenin 

Ser552 mutants could be performed on these cadherin modified cells via electroporation or 

recombinant adenovirus system, and the effect on insulin secretion measured. Similarly, 

overexpressing or knocking down of cadherins in the primary pancreatic β cells from the 

S552A β-catenin mice would also provide information on the importance of the interaction 

between cadherins and pS552 -catenin in insulin secretion.  

An interaction between pS552 -catenin and Munc 18-1 was identified in this study using 

mass spectrometry, although this was not able to be verified by co-IPs between β-catenin and 

Munc 18-1. Munc 18-1 has a previously established role in insulin secretion, which again 

suggests the importance of Ser552 phosphorylation of -catenin for its interaction with the 
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machinary of insulin vesicle exocytosis. Further a transcriptional factor FoxO1 seemed to 

interact with β-catenin under the regulation of glucose in β cell lines (Chapter 3), however 

FoxO1 interaction with the overexpressed wild type and Ser552 β-catenin mutated plasmids 

was not found later. To confirm these potentially weak or transient interactions, other 

biochemical methods for protein-protein interactions apart from co-IP will need to be utilized, 

such as label transfer protein interaction analysis and fluorescence resonance energy transfer 

(FRET). Furthermore, the importance of pSer552 β-catenin in these interactions could be 

investigated in primary β cells from S552A β-catenin mice after verification of these 

interactions. 

After screening interactions with a number of proteins, Shank3 was identified as a novel 

link between phosphorylated Ser552 -catenin and regulation of insulin secretion. A role for 

Shank3 in insulin secretion was revealed by the overexpression and knockdown of Shank3 in 

β cell lines and this was linked to its potential interaction with β-catenin. More understanding 

of this interaction could be achieved by studying functions of truncation or site mutations of 

Shank3 in insulin secretion, and the interactions between these Shank3 mutations with β-

catenin. If there is a difference between these mutations, such studies would reveal the 

domains of Shank3 that are crucial to interaction with β-catenin and insulin exocytosis, 

providing a deeper understanding of the mechanism by which Shank3 functions in insulin 

secretion.  

Further understanding of the specific role of S552A β-catenin in insulin secretion in vivo 

requires the generation of pancreatic β cell specific homozygous S552A β-catenin knock- in 

mice, probably via crossing breeding with Pdx-1 inducible Cre mice. As β-catenin is a tricky 

gene from which to generate genomic modified mice because of its high turnover in cells, we 

were unable to obtain homozygous S552A β-catenin mice. However, CRISPR-Cas9 

technology (339) could be useful for generating β cell conditional S552A β-catenin mice. Apart 

from checking the glucose metabolism of these conditional S552A β-catenin mice at the 

whole body level, primary β cells could be isolated for deeper mechanism studies.  This 

mouse model could also be used to check the effect of β-catenin on the mechanisms of drugs 

for increasing insulin production. The liver and brain are also crucial organs for glucose 

homeostasis. Generating liver specific S552A β-catenin knock-in mice could reveal the 

importance of pSer552 β-catenin in glucose synthesis, and so on. Similarly, brain specific 

S552A β-catenin knock- in mice could be generated to explore the importance of pSer552 β-

catenin during insulin and other hormone functioning in the brain. 
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8.3. Summary 

The phosphorylation at Ser552 β-catenin is of importance in glucose metabolism. Its roles 

in GSIS were clearly demonstrated here, as S552A β-catenin expression in INS-1E β cell line 

resulted in impaired insulin secretion compared with wild type β-catenin. However, the exact 

mechanism for this effect was not found in this study. Nonetheless, we could rule out the 

effect of Ser552 β-catenin during insulin secretion was not due to its transcriptional 

interference with the Wnt/β-catenin pathway in INS-1 β cells. Although pS552 β-catenin 

binds to both E-cadherin and N-cadherin in β cell lines under glucose stimulation, it tends not 

to play significant roles on these adherens junctions alone, and definitely does not act as an 

on/off switch. In addition, Shank3 was found to be involved in GSIS in β cell lines, but the 

connections between Ser552 β-catenin and Shank3 are in need of more exploration. A general 

protective effect of S552A β-catenin against obseogenic/diabetogenic metabolism was found 

at the whole-body level in high-fat diet-fed S552A heterozygous mice. However, the specific 

role of S552A β-catenin in insulin secretion still needs further investigations in β cell specific 

knock-in mice.  
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 Appendix: Raw data from the Mass spectrometry 

 
Number Total socre %Coverage Protein Name 

1 62.48 58.86 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 OS=Rattus norvegicus GN=Ddx5 PE=1 SV=1 

2 48.02 58.39 Dihydropyrimidinase-related protein 2 OS=Rattus norvegicus GN=Dpysl2 PE=1 SV=1 

3 44.84 56.2 60 kDa heat shock protein, mitochondrial OS=Rattus norvegicus GN=Hspd1 PE=1 SV=1 

4 44.13 49.62 Lamin A, isoform CRA_b OS=Rattus norvegicus GN=Lmna PE=1 SV=1 

4 44.13 49.62 Prelamin-A/C OS=Rattus norvegicus GN=Lmna PE=1 SV=1 

5 39.3 55.6 Hnrpk protein OS=Rattus norvegicus GN=Hnrnpk PE=2 SV=1 

5 37.97 54 Heterogeneous nuclear ribonucleoprotein K OS=Rattus norvegicus GN=Hnrnpk PE=1 SV=1 

6 37.73 76.69 Cytoskeleton-associated protein 4 (Predicted) OS=Rattus norvegicus GN=Ckap4 PE=4 SV=2 

7 37.47 50.45 Tubulin beta-5 chain OS=Rattus norvegicus GN=Tubb5 PE=1 SV=1 

8 37.39 42.6 Transketolase OS=Rattus norvegicus GN=Tkt PE=3 SV=1 

8 37.39 43.02 Transketolase OS=Rattus norvegicus GN=Tkt PE=1 SV=1 

9 37.19 55.54 Protein Fblim1 OS=Rattus norvegicus GN=Hnrnpl PE=4 SV=2 

10 36.93 46.32 Stress-induced-phosphoprotein 1 OS=Rattus norvegicus GN=Stip1 PE=4 SV=1 

10 36.93 43.83 Stress-induced-phosphoprotein 1 OS=Rattus norvegicus GN=Stip1 PE=1 SV=1 

11 44.36 59.79 Dihydropyrimidinase-related protein 1 OS=Rattus norvegicus GN=Crmp1 PE=1 SV=1 

12 35.65 33.93 Catenin beta-1 OS=Rattus norvegicus GN=Ctnnb1 PE=1 SV=1 

13 34.88 33.59 
Fusion, derived from t(1216) malignant liposarcoma (Human) OS=Rattus norvegicus GN 
=Fus PE=2 SV=1 

14 30.07 49.66 Syntaxin-binding protein 1 OS=Rattus norvegicus GN=Stxbp1 PE=1 SV=1 

15 28.89 42.16 
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 2 OS 
=Rattus norvegicus GN=Rpn2 PE=2 SV=2 

16 27.78 48.17 Protein G3bp1 OS=Rattus norvegicus GN=G3bp1 PE=4 SV=1 

17 26.17 40 T-complex protein 1 subunit gamma OS=Rattus norvegicus GN=Cct3 PE=1 SV=1 

18 25.44 33.13 Heat shock cognate 71 kDa protein OS=Rattus norvegicus GN=Hspa8 PE=1 SV=1 

18 25.14 30.58 Protein LOC102549957 OS=Rattus norvegicus GN=LOC102549957 PE=3 SV=1 

18 22.82 30.5 Protein LOC680121 OS=Rattus norvegicus GN=LOC680121 PE=3 SV=2 

19 25.03 27.5 Histone-arginine methyltransferase CARM1 OS=Rattus norvegicus GN=Carm1 PE=1 SV=1 

20 24.45 40.65 Glutaminase kidney isoform, mitochondrial OS=Rattus norvegicus GN=Gls PE=1 SV=2  

21 24.44 48.68 
Proteasome (Prosome, macropain) 26S subunit, non-ATPase, 3 OS=Rattus norvegicus GN 
=Psmd3 PE=2 SV=1 

22 21.76 27.38 Synaptotagmin-like 4, isoform CRA_a OS=Rattus norvegicus GN=Sytl4 PE=4 SV=1 

22 21.76 27.38 Synaptotagmin-like protein 4 OS=Rattus norvegicus GN=Sytl4 PE=1 SV=1 

22 21.76 32.73 Synaptotagmin-like 4, isoform CRA_b OS=Rattus norvegicus GN=Sytl4 PE=4 SV=1 

23 21.05 33.18 

KH domain-containing, RNA-binding, signal transduction-associated protein 1 OS 

=Rattus norvegicus GN=Khdrbs1 PE=1 SV=1 

24 20.98 45.04 Dihydropyrimidinase-related protein 5 OS=Rattus norvegicus GN=Dpysl5 PE=1 SV=1 

25 20.88 31.07 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily D member 2 OS 

=Rattus norvegicus GN=Smarcd2 PE=2 SV=3 

26 20.59 29.04 Neuroendocrine convertase 2 OS=Rattus norvegicus GN=Pcsk2 PE=1 SV=1 

27 20.36 37.94 Protein LOC102546978 OS=Rattus norvegicus GN=Tfg PE=1 SV=1 

28 18.88 25.61 
Succinate dehydrogenase [ubiquinone] flavoprotein subunit, mitochondrial OS 
=Rattus norvegicus GN=Sdha PE=1 SV=1 

29 18.76 24.86 Heat shock protein HSP 90-beta OS=Rattus norvegicus GN=Hsp90ab1 PE=1 SV=4 

30 18.36 45.39 Pyruvate kinase PKM OS=Rattus norvegicus GN=Pkm PE=1 SV=3 

31 18.05 31.49 Tubulin alpha-1B chain OS=Rattus norvegicus GN=Tuba1b PE=1 SV=1 

31 18.05 27.62 Tubulin alpha-1C chain OS=Rattus norvegicus GN=Tuba1c PE=1 SV=1 

31 16 28.38 Tubulin alpha-1A chain OS=Rattus norvegicus GN=Tuba1a PE=1 SV=1 
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32 17.45 27.78 Protein Anxa10 OS=Rattus norvegicus GN=Anxa10 PE=4 SV=2 

33 17.38 28.11 APOBEC1 complementation factor OS=Rattus norvegicus GN=A1cf PE=4 SV=2 

33 17.38 28.11 APOBEC1 complementation factor OS=Rattus norvegicus GN=A1cf PE=1 SV=1 

34 16.55 28.1 Nucleobindin-1 OS=Rattus norvegicus GN=Nucb1 PE=1 SV=1 

35 16.36 36.38 ATPase family AAA domain-containing protein 3 OS=Rattus norvegicus GN=Atad3 PE=1 SV=1 

36 16.01 25.92 Serine/threonine-protein kinase PAK 3 OS=Rattus norvegicus GN=Pak3 PE=1 SV=1 

37 16 21.86 Elongation factor 1-alpha OS=Rattus norvegicus GN=LOC100360413 PE=3 SV=1 

37 16 21.86 Elongation factor 1-alpha 1 OS=Rattus norvegicus GN=Eef1a1 PE=1 SV=1 

38 15.92 24.72 Heterogeneous nuclear ribonucleoprotein H2 OS=Rattus norvegicus GN=Hnrnph2 PE=1 SV=1  

39 15.36 22.62 Sulfated glycoprotein 1 OS=Rattus norvegicus GN=Psap PE=4 SV=1 

39 15.36 22.74 Sulfated glycoprotein 1 OS=Rattus norvegicus GN=Psap PE=1 SV=1 

40 14.93 31.02 
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 OS 
=Rattus norvegicus GN=Rpn1 PE=2 SV=1 

40 12.82 29.75 

Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 OS 

=Rattus norvegicus GN=Rpn1 PE=2 SV=1 

41 14.91 32.57 Paraspeckle component 1 OS=Rattus norvegicus GN=Pspc1 PE=2 SV=1 

42 14.54 27.16 T-complex protein 1 subunit alpha OS=Rattus norvegicus GN=Tcp1 PE=1 SV=1 

43 14.31 41.14 Glyceraldehyde-3-phosphate dehydrogenase OS=Rattus norvegicus GN=LOC685186 PE=3 SV=1 

43 14.31 41.14 Glyceraldehyde-3-phosphate dehydrogenase OS=Rattus norvegicus GN=Gapdh-ps2 PE=3 SV=1 

43 14.31 41.14 Glyceraldehyde-3-phosphate dehydrogenase OS=Rattus norvegicus GN=Gapdh PE=1 SV=3 

44 14.06 19.71 Histone deacetylase 1 OS=Rattus norvegicus GN=Hdac1 PE=1 SV=1 

44 11.94 14.05 Protein Hdac1l (Fragment) OS=Rattus norvegicus GN=Hdac1l PE=4 SV=2 

45 13.79 26.64 

Chaperonin subunit 8 (Theta) (Predicted), isoform CRA_a OS=Rattus norvegicus GN 

=Cct8 PE=3 SV=1 

46 13.79 25.38 78 kDa glucose-regulated protein OS=Rattus norvegicus GN=Hspa5 PE=1 SV=1 

47 13.54 36.26 Protein Pak4 OS=Rattus norvegicus GN=Pak4 PE=1 SV=1 

48 12.9 21.36 Inositol-3-phosphate synthase 1 OS=Rattus norvegicus GN=Isyna1 PE=3 SV=2 

49 12.84 27.3 Tyrosine-protein phosphatase non-receptor type 11 OS=Rattus norvegicus GN=Ptpn11 PE=1 SV=4 

50 12.63 18.68 Protein Ppp2r1a OS=Rattus norvegicus GN=Ppp2r1a PE=2 SV=1 

51 12.5 24.37 Protein Myef2 OS=Rattus norvegicus GN=Myef2 PE=4 SV=1 

52 12.92 17 Protein Sfpq (Fragment) OS=Rattus norvegicus GN=Sfpq PE=4 SV=1 

53 12 18.24 Polyadenylate-binding protein 1 OS=Rattus norvegicus GN=Pabpc1 PE=1 SV=1 

53 10 18.04 Poly(A) binding protein, cytoplasmic 3 OS=Rattus norvegicus GN=Pabpc6 PE=2 SV=1 

54 11.74 22.08 T-complex protein 1 subunit delta OS=Rattus norvegicus GN=Cct4 PE=1 SV=3 

55 11.69 21.59 Granulin, isoform CRA_c OS=Rattus norvegicus GN=Grn PE=4 SV=1 

55 9.64 17.37 Granulins OS=Rattus norvegicus GN=Grn PE=4 SV=1 

56 11.68 21.33 ADP-ribosylation factor GTPase-activating protein 3 OS=Rattus norvegicus GN=Arfgap3 PE=2 SV=1 

57 11.28 25.58 ADP-ribosylation factor GTPase-activating protein 2 OS=Rattus norvegicus GN=Arfgap2 PE=2 SV=1 

58 10.98 25.24 Chaperonin containing Tcp1, subunit 6A (Zeta 1) OS=Rattus norvegicus GN=Cct6a PE=2 SV=1 

59 10.59 15.51 Protein Prpf39 OS=Rattus norvegicus GN=Prpf39 PE=4 SV=1 

60 10.52 19.39 Keratin, type I cytoskeletal 10 OS=Rattus norvegicus GN=Krt10 PE=3 SV=1 

61 10.51 19.69 Elongation factor Tu, mitochondrial OS=Rattus norvegicus GN=Tufm PE=1 SV=1 

62 10.23 15.81 ATP-dependent RNA helicase DDX1 OS=Rattus norvegicus GN=Ddx1 PE=2 SV=1 

63 10.18 12.24 Protein arginine N-methyltransferase 5 OS=Rattus norvegicus GN=Prmt5 PE=3 SV=1 

64 10 23.86 Protein Hnrnpll OS=Rattus norvegicus GN=Hnrnpll PE=4 SV=1 

65 13.33 36.76 Non-POU domain-containing octamer-binding protein OS=Rattus norvegicus GN=Nono PE=1 SV=3 

66 9.95 21.97 Protein Fubp3 OS=Rattus norvegicus GN=Fubp3 PE=4 SV=1 

67 9.79 20.32 Stress-70 protein, mitochondrial OS=Rattus norvegicus GN=Hspa9 PE=3 SV=1 
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67 9.79 20.32 Stress-70 protein, mitochondrial OS=Rattus norvegicus GN=Hspa9 PE=1 SV=3 

68 9.69 14.5 Protein LOC100911677 OS=Rattus norvegicus GN=LOC100911677 PE=4 SV=1 

68 9.69 15.25 Protein LOC100911677 OS=Rattus norvegicus GN=LOC100911677 PE=4 SV=1 

68 9.69 15.72 Protein LOC100911677 OS=Rattus norvegicus GN=LOC100911677 PE=4 SV=1 

68 9.32 15.85 Protein LOC100911677 OS=Rattus norvegicus GN=LOC100911677 PE=4 SV=1 

69 9.4 25.17 ADP/ATP translocase 2 OS=Rattus norvegicus GN=Slc25a5 PE=1 SV=3 

70 9.24 22.61 Protein Ccdc6 (Fragment) OS=Rattus norvegicus GN=Ccdc6 PE=4 SV=2 

71 9.16 27.08 Alpha-internexin OS=Rattus norvegicus GN=Ina PE=3 SV=1 

71 9.16 24.16 Alpha-internexin OS=Rattus norvegicus GN=Ina PE=1 SV=2 

72 9.06 22.33 Protein LOC100910882 OS=Rattus norvegicus GN=Rbm39 PE=1 SV=1 

73 8.88 22.1 Prolyl 4-hydroxylase subunit alpha-1 OS=Rattus norvegicus GN=P4ha1 PE=2 SV=2 

74 10.84 26.5 
GTPase activating protein (SH3 domain) binding protein 2 OS=Rattus norvegicus GN 
=G3bp2 PE=2 SV=1 

75 8.56 9.073 Protein Nars OS=Rattus norvegicus GN=Nars PE=3 SV=1 

75 8.56 7.706 Protein Nars OS=Rattus norvegicus GN=Nars PE=3 SV=2 

76 8.49 18.16 Protein Sf3a3 OS=Rattus norvegicus GN=Sf3a3 PE=2 SV=1 

77 8.41 18.18 Tyrosine--tRNA ligase, cytoplasmic OS=Rattus norvegicus GN=Yars PE=2 SV=3 

78 15.88 18.96 Heat shock protein HSP 90-alpha OS=Rattus norvegicus GN=Hsp90aa1 PE=1 SV=3 

79 10 17.3 Protein Ddx3y OS=Rattus norvegicus GN=Ddx3y PE=3 SV=1 

80 8.12 27.32 Protein LOC102554884 (Fragment) OS=Rattus norvegicus GN=LOC102554884 PE=4 SV=1 

81 7.87 10.64 Poly(U)-binding-splicing factor PUF60 OS=Rattus norvegicus GN=Puf60 PE=2 SV=2 

82 7.89 15.36 Keratin, type II cytoskeletal 1 OS=Rattus norvegicus GN=Krt1 PE=2 SV=1 

83 7.23 16.97 Eukaryotic translation initiation factor 3 subunit D OS=Rattus norvegicus GN=Eif3d PE=2 SV=1 

84 6.91 40.45 EH domain-containing protein 1 OS=Rattus norvegicus GN=Ehd1 PE=1 SV=1 

85 6.83 14.41 Phosphoglucomutase 1 OS=Rattus norvegicus GN=Pgm1 PE=2 SV=2 

85 6.83 14.41 Phosphoglucomutase-1 OS=Rattus norvegicus GN=Pgm1 PE=1 SV=2 

86 6.74 13.11 Heterogeneous nuclear ribonucleoprotein Q (Fragment) OS=Rattus norvegicus GN=Syncrip PE=4 SV=1  

86 6.74 12.57 Heterogeneous nuclear ribonucleoprotein Q OS=Rattus norvegicus GN=Syncrip PE=2 SV=1  

87 8.76 19.41 T-complex protein 1 subunit epsilon OS=Rattus norvegicus GN=Cct5 PE=1 SV=1 

88 6.67 21.99 Heterogeneous nuclear ribonucleoproteins A2/B1 OS=Rattus norvegicus GN=Hnrnpa2b1 PE=4 SV=1  

88 6.67 24.92 Heterogeneous nuclear ribonucleoproteins A2/B1 OS=Rattus norvegicus GN=Hnrnpa2b1 PE=4 SV=2 

88 6.67 19.03 

Heterogeneous nuclear ribonucleoproteins A2/B1 (Fragment) OS=Rattus norvegicus GN 

=Hnrnpa2b1 PE=4 SV=1 

88 6.67 18.98 Heterogeneous nuclear ribonucleoproteins A2/B1 OS=Rattus norvegicus GN=Hnrnpa2b1 PE=1 SV=1  

89 6.66 31.35 60S ribosomal protein L4 OS=Rattus norvegicus GN=Rpl4 PE=2 SV=1 

89 5.92 27.32 60S ribosomal protein L4 OS=Rattus norvegicus GN=Rpl4 PE=1 SV=3 

90 6.59 28.4 Ribosomal protein S2 OS=Rattus norvegicus GN=Rps2-ps6 PE=2 SV=1 

90 6.59 24.23 40S ribosomal protein S2 OS=Rattus norvegicus GN=Rps2 PE=1 SV=1 

90 6.59 21.11 Protein Gm8225 OS=Rattus norvegicus GN=Gm8225 PE=3 SV=2 

90 4.52 28.2 Uncharacterized protein OS=Rattus norvegicus PE=3 SV=1 

90 4.52 26.59 Uncharacterized protein OS=Rattus norvegicus PE=3 SV=2 

91 6.46 10.59 
Heterogeneous nuclear ribonucleoprotein U-like 1 (Predicted) OS 
=Rattus norvegicus GN=Hnrnpul1 PE=4 SV=1 

92 6.13 33.56 40S ribosomal protein S16 OS=Rattus norvegicus GN=Rps16 PE=1 SV=2 

92 6 29.01 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 

92 4.01 28.28 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=3 SV=1 

93 6.07 16.01 Beta-hexosaminidase subunit beta OS=Rattus norvegicus GN=Hexb PE=2 SV=1 

93 4.06 12.85 Beta-hexosaminidase OS=Rattus norvegicus GN=Hexb PE=3 SV=2 
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94 6.02 11.36 Protein Tns3 OS=Rattus norvegicus GN=Tns3 PE=4 SV=1 

95 6.01 9.263 Receptor-type tyrosine-protein phosphatase N2 OS=Rattus norvegicus GN=Ptprn2 PE=2 SV=1 

96 6.01 13.58 Phenylalanyl-tRNA synthetase, beta subunit OS=Rattus norvegicus GN=Farsb PE=2 SV=1 

97 37.09 50.34 RCG45400 OS=Rattus norvegicus GN=Tubb4b PE=3 SV=1 

97 37.09 50.34 Tubulin beta-4B chain OS=Rattus norvegicus GN=Tubb4b PE=1 SV=1 

97 29.02 44.59 Protein Tubb4a OS=Rattus norvegicus GN=Tubb4a PE=2 SV=1 

98 9.01 13.76 Pyruvate kinase PKLR OS=Rattus norvegicus GN=Pklr PE=2 SV=2 

99 8 16.38 Keratin, type I cytoskeletal 19 OS=Rattus norvegicus GN=Krt19 PE=1 SV=2 

99 6.04 18.71 Keratin, type I cytoskeletal 17 OS=Rattus norvegicus GN=Krt17 PE=2 SV=1 

99 6 9.843 Keratin, type I cytoskeletal 15 OS=Rattus norvegicus GN=Krt15 PE=1 SV=1 

100 7.5 13.59 Keratin, type II cytoskeletal 6A OS=Rattus norvegicus GN=Krt6a PE=1 SV=1 

100 5.46 10.84 Uncharacterized protein (Fragment) OS=Rattus norvegicus GN=LOC683295 PE=4 SV=2 

101 6 14.67 
5'-AMP-activated protein kinase catalytic subunit alpha-1 OS 
=Rattus norvegicus GN=Prkaa1 PE=1 SV=2 

102 6 8.523 Alpha-mannosidase OS=Rattus norvegicus GN=Man2b1 PE=2 SV=1 

103 6 10.42 Protein Gnl3l OS=Rattus norvegicus GN=Gnl3l PE=4 SV=2 

104 6 12.06 Dihydropyrimidinase-related protein 4 OS=Rattus norvegicus GN=Dpysl4 PE=4 SV=1 

104 6 12.23 Dihydropyrimidinase-related protein 4 (Fragment) OS=Rattus norvegicus GN=Dpysl4 PE=1 SV=1 

105 6 7.983 Abl interactor 1 OS=Rattus norvegicus GN=Abi1 PE=1 SV=3 

106 6 6.535 Protein disulfide-isomerase A3 OS=Rattus norvegicus GN=Pdia3 PE=1 SV=2 

107 5.96 11.82 Malic enzyme OS=Rattus norvegicus GN=Me2 PE=3 SV=1 

108 5.92 18.2 V-type proton ATPase subunit B, brain isoform OS=Rattus norvegicus GN=Atp6v1b2 PE=1 SV=1  

109 5.75 25.17 SEC23B (S. cerevisiae) (Predicted), isoform CRA_b OS=Rattus norvegicus GN=Sec23b PE=4 SV=1  

110 5.7 12.2 Protein Snrnp70 OS=Rattus norvegicus GN=Snrnp70 PE=2 SV=1 

110 3.71 20.48 Protein Snrnp70 OS=Rattus norvegicus GN=Snrnp70 PE=4 SV=1 

111 5.49 11.59 Protein Ddx6 OS=Rattus norvegicus GN=Ddx6 PE=3 SV=1 

112 5.52 20.46 Acyl-Coenzyme A dehydrogenase, very long chain OS=Rattus norvegicus GN=Acadvl PE=2 SV=1 

112 5.52 20.46 
Very long-chain specific acyl-CoA dehydrogenase, mitochondrial OS 
=Rattus norvegicus GN=Acadvl PE=1 SV=1 

113 5.2 15 Cb1-727 OS=Rattus norvegicus GN=Rpa1 PE=2 SV=1 

114 4.96 10.32 Protein Ahcyl1 OS=Rattus norvegicus GN=Ahcyl1 PE=3 SV=1 

115 4.92 8.795 Signal transducing adapter molecule 2 OS=Rattus norvegicus GN=Stam2 PE=2 SV=1 

116 4.83 6.966 ATP citrate lyase, isoform CRA_b OS=Rattus norvegicus GN=Acly PE=1 SV=1 

116 4.83 6.903 ATP citrate lyase, isoform CRA_a OS=Rattus norvegicus GN=Acly PE=1 SV=1 

116 4.8 6.273 ATP-citrate synthase OS=Rattus norvegicus GN=Acly PE=1 SV=1 

117 4.9 12.26 Nicalin OS=Rattus norvegicus GN=Ncln PE=2 SV=1 

118 4.81 8.616 Protein Sec24d OS=Rattus norvegicus GN=Sec24d PE=2 SV=2 

119 34.02 47.64 Tubulin beta-2A chain OS=Rattus norvegicus GN=Tubb2a PE=1 SV=1 

120 4.71 12.84 Protein U2af2 OS=Rattus norvegicus GN=U2af2 PE=4 SV=1 

121 4.62 9.107 Mitochondrial import receptor subunit TOM70 OS=Rattus norvegicus GN=Tomm70a PE=1 SV=1  

121 4.62 8.361 Mitochondrial import receptor subunit TOM70 OS=Rattus norvegicus GN=Tomm70a PE=1 SV=1  

122 4.53 27.81 Actin, cytoplasmic 2 (Fragment) OS=Rattus norvegicus GN=LOC100361457 PE=3 SV=1 

122 4.53 27.73 Actin, cytoplasmic 2 OS=Rattus norvegicus GN=Actg1 PE=1 SV=1 

122 4.53 27.73 Actin, cytoplasmic 1 OS=Rattus norvegicus GN=Actb PE=1 SV=1 

122 4.02 16.18 Actin, alpha skeletal muscle OS=Rattus norvegicus GN=Acta1 PE=1 SV=1 

122 4.02 16.18 Actin, alpha cardiac muscle 1 OS=Rattus norvegicus GN=Actc1 PE=2 SV=1 

122 4.02 16.22 Actin, gamma-enteric smooth muscle OS=Rattus norvegicus GN=Actg2 PE=2 SV=1 

122 4.02 16.18 Actin, aortic smooth muscle OS=Rattus norvegicus GN=Acta2 PE=2 SV=1 
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123 4.47 11.74 Far upstream element-binding protein 1 OS=Rattus norvegicus GN=Fubp1 PE=1 SV=1 

124 4.41 6.909 Mothers against decapentaplegic homolog OS=Rattus norvegicus GN=Smad4 PE=3 SV=2 

124 4.41 6.884 Mothers against decapentaplegic homolog 4 OS=Rattus norvegicus GN=Smad4 PE=1 SV=1 

125 4.45 12.83 Eukaryotic translation initiation factor 3 subunit L OS=Rattus norvegicus GN=Eif3l PE=2 SV=2  

126 4.2 15.07 Sec1 family domain-containing protein 1 OS=Rattus norvegicus GN=Scfd1 PE=1 SV=1 

127 4.15 15.46 Leucine-rich repeat protein SHOC-2 OS=Rattus norvegicus GN=Shoc2 PE=2 SV=1 

128 4.12 5.482 Protein Nt5c2 (Fragment) OS=Rattus norvegicus GN=Nt5c2 PE=4 SV=2 

129 4.11 10.76 Acetyltransferase component of pyruvate dehydrogenase complex OS=Rattus norvegicus PE=3 SV=1 

129 4.11 10.76 
Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex,  
mitochondrial OS=Rattus norvegicus GN=Dlat PE=1 SV=3 

130 4.05 14.25 Plasminogen activator inhibitor 1 RNA-binding protein OS=Rattus norvegicus GN=Serbp1 PE=1 SV=2 

131 4.03 5 Arf-GAP domain and FG repeat-containing protein 1 OS=Rattus norvegicus GN=Agfg1 PE=4 SV=1 

131 4.03 4.991 Arf-GAP domain and FG repeat-containing protein 1 OS=Rattus norvegicus GN=Agfg1 PE=1 SV=1 

132 4.02 15.96 

ATP-dependent Clp protease ATP-binding subunit clpX-like, mitochondrial OS 

=Rattus norvegicus GN=Clpx PE=2 SV=1 

133 6 14.79 Heterogeneous nuclear ribonucleoprotein U OS=Rattus norvegicus GN=Hnrnpu PE=2 SV=1  

134 4.73 8.932 Protein Smarcd1 OS=Rattus norvegicus GN=Smarcd1 PE=4 SV=1 

135 4.55 5.845 LOC685144 protein OS=Rattus norvegicus GN=Sec24c PE=2 SV=1 

136 4 9.559 Protein Cct7 OS=Rattus norvegicus GN=Cct7 PE=3 SV=1 

137 4 10.17 

Cleavage and polyadenylation specificity factor subunit 7 OS 

=Rattus norvegicus GN=Cpsf7 PE=2 SV=1 

138 4 11.68 Serum albumin OS=Rattus norvegicus GN=Alb PE=1 SV=2 

139 4 12.88 Protein Ythdf1 OS=Rattus norvegicus GN=Ythdf1 PE=2 SV=1 

139 2 7.35 Protein Ythdf3 OS=Rattus norvegicus GN=Ythdf3 PE=4 SV=1 

140 4 12.78 
Interferon-inducible double-stranded RNA-dependent protein kinase activator A OS 
=Rattus norvegicus GN=Prkra PE=1 SV=1 

140 4 12.78 
Interferon-inducible double-stranded RNA-dependent protein kinase activator A OS 
=Rattus norvegicus GN=Prkra PE=1 SV=1 

141 4 6.944 Amine oxidase [flavin-containing] B OS=Rattus norvegicus GN=Maob PE=4 SV=1 

141 4 6.731 Amine oxidase [flavin-containing] B OS=Rattus norvegicus GN=Maob PE=1 SV=3 

142 4 8.238 Protein Sntb2 OS=Rattus norvegicus GN=Sntb2 PE=4 SV=2 

143 4 4.336 Protein LOC100910779 OS=Rattus norvegicus GN=Yme1l1 PE=3 SV=1 

143 4 4.336 ATP-dependent zinc metalloprotease YME1L1 OS=Rattus norvegicus GN=Yme1l1 PE=2 SV=1 

144 4 20.16 Protein LOC100912210 (Fragment) OS=Rattus norvegicus GN=LOC100912210 PE=4 SV=1 

144 4 15.2 Protein LOC100911337 OS=Rattus norvegicus GN=LOC100911337 PE=4 SV=1 

144 4 15.2 40S ribosomal protein S25 OS=Rattus norvegicus GN=Rps25 PE=2 SV=1 

144 2 17.74 Protein RGD1563613 OS=Rattus norvegicus GN=RGD1563613 PE=4 SV=1 

145 4 18.59 Peroxiredoxin-1 OS=Rattus norvegicus GN=Prdx1 PE=1 SV=1 

145 2 7.326 Peroxiredoxin-4 OS=Rattus norvegicus GN=Prdx4 PE=2 SV=1 

146 19.74 27.76 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 17, isoform CRA_a OS 
=Rattus norvegicus GN=Ddx17 PE=4 SV=1 

146 15.64 35.17 Protein Ddx17 OS=Rattus norvegicus GN=Ddx17 PE=3 SV=2 

147 4.12 8.953 DnaJ homolog subfamily C member 10 OS=Rattus norvegicus GN=Dnajc10 PE=2 SV=2  

148 3.96 5.724 Syntaxin binding protein 2, isoform CRA_b OS=Rattus norvegicus GN=Stxbp2 PE=4 SV=1  

148 3.96 5.724 Syntaxin-binding protein 2 OS=Rattus norvegicus GN=Stxbp2 PE=2 SV=1 

149 3.82 7.787 Protein Spock1 (Fragment) OS=Rattus norvegicus GN=Spock1 PE=4 SV=1 

149 2 4.795 Protein Spock3 OS=Rattus norvegicus GN=Spock3 PE=4 SV=2 

150 3.8 11.23 
Membrane protein, palmitoylated 2 (MAGUK p55 subfamily member 2), isoform CRA_a OS 
=Rattus norvegicus GN=Mpp2 PE=4 SV=2 

151 3.77 2.475 WD repeat-containing protein 1 OS=Rattus norvegicus GN=Wdr1 PE=1 SV=3 

152 3.7 9.091 Coronin OS=Rattus norvegicus GN=Coro1b PE=3 SV=1 
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152 2.71 9.917 Coronin-1B OS=Rattus norvegicus GN=Coro1b PE=1 SV=1 

153 3.74 33.33 40S ribosomal protein S3 OS=Rattus norvegicus GN=Rps3 PE=1 SV=1 

154 3.68 7.565 Kinesin light chain 1 OS=Rattus norvegicus GN=Klc1 PE=4 SV=2 

154 3.68 7.321 Kinesin light chain 1 OS=Rattus norvegicus GN=Klc1 PE=1 SV=2 

154 1.55 3.055 Kinesin light chain 2 (Predicted), isoform CRA_b OS=Rattus norvegicus GN=Klc2 PE=1 SV=1  

155 3.57 17.96 Voltage-dependent anion-selective channel protein 3 OS=Rattus norvegicus GN=Vdac3 PE=4 SV=1 

155 3.57 18.02 Voltage-dependent anion-selective channel protein 3 OS=Rattus norvegicus GN=Vdac3 PE=1 SV=2 

155 1.43 3.39 Voltage-dependent anion-selective channel protein 2 OS=Rattus norvegicus GN=Vdac2 PE=1 SV=2 

156 3.42 11.99 Nucleophosmin OS=Rattus norvegicus GN=Npm1 PE=1 SV=1 

156 1.3 20.16 Protein Gm5611 OS=Rattus norvegicus GN=Gm5611 PE=4 SV=2 

156 1.3 14.17 Uncharacterized protein OS=Rattus norvegicus PE=4 SV=2 

157 3.4 11.16 Protein Tab1 OS=Rattus norvegicus GN=Tab1 PE=4 SV=1 

158 3.37 23.64 Insulin-1 OS=Rattus norvegicus GN=Ins1 PE=1 SV=1 

159 3.49 7.04 ATP-binding cassette sub-family D member 3 (Fragment) OS=Rattus norvegicus GN=Abcd3 PE=3 SV=2 

159 3.49 6.677 ATP-binding cassette sub-family D member 3 OS=Rattus norvegicus GN=Abcd3 PE=1 SV=3 

160 3.3 12.76 Nuclear factor 1 OS=Rattus norvegicus GN=Nfic PE=2 SV=2 

160 2 18.14 Nuclear factor 1 OS=Rattus norvegicus GN=Nfix PE=3 SV=1 

160 2 8.571 Nuclear factor 1 OS=Rattus norvegicus GN=Nfib PE=2 SV=2 

160 2 7.287 Nuclear factor 1 OS=Rattus norvegicus GN=Nfib PE=2 SV=2 

160 2 6.417 Nuclear factor 1 OS=Rattus norvegicus GN=Nfib PE=2 SV=2 

160 2 7.269 Nuclear factor 1 A-type OS=Rattus norvegicus GN=Nfia PE=1 SV=2 

160 2 2.918 Nuclear factor 1 A-type OS=Rattus norvegicus GN=Nfia PE=4 SV=2 

161 3.14 11.41 Uncharacterized protein OS=Rattus norvegicus PE=3 SV=1 

161 3.14 9.562 Protein Atp6v1a OS=Rattus norvegicus GN=Atp6v1a PE=3 SV=1 

162 3.14 9.984 Uncharacterized protein OS=Rattus norvegicus GN=Pck2 PE=3 SV=2 

163 3.1 26.07 60S ribosomal protein L13 OS=Rattus norvegicus GN=LOC100360491 PE=3 SV=1 

163 3.1 26.07 60S ribosomal protein L13 OS=Rattus norvegicus GN=Rpl13 PE=1 SV=2 

163 3.1 18.57 60S ribosomal protein L13 OS=Rattus norvegicus GN=RGD1563145 PE=3 SV=1 

163 3.1 12.38 60S ribosomal protein L13 OS=Rattus norvegicus GN=Rpl13 PE=3 SV=2 

163 2 18.18 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 

163 2 10.96 60S ribosomal protein L13 (Fragment) OS=Rattus norvegicus GN=RGD1560936 PE=3 SV=2 

164 3.01 31.17 Uncharacterized protein (Fragment) OS=Rattus norvegicus GN=Rps6 PE=4 SV=1 

164 3.01 30.92 40S ribosomal protein S6 OS=Rattus norvegicus GN=Rps6 PE=1 SV=1 

165 2.91 15.91 NADP-dependent malic enzyme OS=Rattus norvegicus GN=Me1 PE=1 SV=2 

165 2.9 15.48 Malic enzyme (Fragment) OS=Rattus norvegicus GN=Me1 PE=3 SV=2 

166 4.95 12.53 Heterogeneous nuclear ribonucleoprotein F OS=Rattus norvegicus GN=Hnrnpf PE=1 SV=3  

166 2.25 11.76 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 

167 4.28 23.49 ADP/ATP translocase 1 OS=Rattus norvegicus GN=Slc25a4 PE=1 SV=1 

167 4.28 23.49 ADP/ATP translocase 1 OS=Rattus norvegicus GN=Slc25a4 PE=1 SV=3 

168 2.76 11.23 
ATPase, H+ transporting, lysosomal accessory protein 1 OS 
=Rattus norvegicus GN=Atp6ap1 PE=2 SV=1 

168 2.76 11.23 V-type proton ATPase subunit S1 OS=Rattus norvegicus GN=Atp6ap1 PE=2 SV=1 

169 2.65 22.15 Protein Epm2aip1 OS=Rattus norvegicus GN=Epm2aip1 PE=4 SV=2 

170 2.65 18.16 Neural Wiskott-Aldrich syndrome protein OS=Rattus norvegicus GN=Wasl PE=4 SV=2 

170 2.51 18.16 Neural Wiskott-Aldrich syndrome protein OS=Rattus norvegicus GN=Wasl PE=1 SV=2 

171 2.62 10.81 Secretogranin-1 OS=Rattus norvegicus GN=Chgb PE=1 SV=2 

172 2.62 14 Ubiquitin carboxyl-terminal hydrolase OS=Rattus norvegicus GN=Usp14 PE=2 SV=1 
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173 2.57 3.27 Protein Aldh18a1 OS=Rattus norvegicus GN=Aldh18a1 PE=4 SV=1 

174 2.54 12.52 Coatomer subunit delta OS=Rattus norvegicus GN=Arcn1 PE=2 SV=1 

175 2.5 6.098 Galectin-3-binding protein OS=Rattus norvegicus GN=Lgals3bp PE=1 SV=2 

176 2.49 4.839 Protein Ranbp3 OS=Rattus norvegicus GN=Ranbp3 PE=4 SV=1 

176 2.49 6.164 Protein Ranbp3 OS=Rattus norvegicus GN=Ranbp3 PE=4 SV=1 

176 2.49 5.499 Protein Ranbp3 OS=Rattus norvegicus GN=Ranbp3 PE=4 SV=1 

177 2.47 7.059 Protein Ythdf2 (Fragment) OS=Rattus norvegicus GN=Ythdf2 PE=4 SV=2 

178 2.56 7.679 Protein Cstf2 (Fragment) OS=Rattus norvegicus GN=Cstf2 PE=4 SV=1 

179 2.43 11.93 Protein Trim25 OS=Rattus norvegicus GN=Trim25 PE=4 SV=2 

180 2.41 3.373 Api5 protein OS=Rattus norvegicus GN=Api5 PE=2 SV=1 

181 2.3 9.715 Protein Cdc23 OS=Rattus norvegicus GN=Cdc23 PE=4 SV=1 

182 4.35 14.07 Protein Krt33b OS=Rattus norvegicus GN=Krt31 PE=3 SV=1 

183 2.23 2.74 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=3 SV=1 

183 2.23 2.394 Neuroendocrine convertase 1 OS=Rattus norvegicus GN=Pcsk1 PE=2 SV=1 

184 2.22 5.451 DEAH (Asp-Glu-Ala-His) box polypeptide 9 (Predicted) OS=Rattus norvegicus GN=Dhx9 PE=4 SV=1 

185 2.32 9.924 Protein LOC100362640 (Fragment) OS=Rattus norvegicus GN=LOC100362640 PE=3 SV=1  

185 2.32 9.886 40S ribosomal protein S4, X isoform OS=Rattus norvegicus GN=Rps4x PE=2 SV=2 

185 1.77 3.435 40S ribosomal protein S4 OS=Rattus norvegicus GN=Rps4y2 PE=3 SV=1 

186 2.22 8.245 Peripherin OS=Rattus norvegicus GN=Prph PE=3 SV=1 

186 2.22 8.333 Peripherin OS=Rattus norvegicus GN=Prph PE=1 SV=1 

187 2.16 20 14-3-3 protein epsilon OS=Rattus norvegicus GN=Ywhae PE=1 SV=1 

187 2 11.69 Protein LOC298795 OS=Rattus norvegicus GN=LOC298795 PE=2 SV=1 

187 2 9.796 14-3-3 protein zeta/delta OS=Rattus norvegicus GN=Ywhaz PE=1 SV=1 

187 2 6.048 Protein Sfn OS=Rattus norvegicus GN=Sfn PE=3 SV=1 

187 2 3.252 14-3-3 protein eta OS=Rattus norvegicus GN=Ywhah PE=1 SV=2 

187 2 3.265 14-3-3 protein theta OS=Rattus norvegicus GN=Ywhaq PE=1 SV=1 

187 2 3.239 14-3-3 protein gamma OS=Rattus norvegicus GN=Ywhag PE=1 SV=2 

187 2 3.252 14-3-3 protein beta/alpha OS=Rattus norvegicus GN=Ywhab PE=1 SV=3 

188 2.21 11.99 Bifunctional purine biosynthesis protein PURH OS=Rattus norvegicus GN=Atic PE=1 SV=2  

189 2.11 22.52 Protein LOC100911847 OS=Rattus norvegicus GN=Rps14 PE=2 SV=1 

189 2.11 22.52 40S ribosomal protein S14 OS=Rattus norvegicus GN=Rps14 PE=2 SV=3 

190 2.1 11.09 tRNA-splicing ligase RtcB homolog OS=Rattus norvegicus GN=Rtcb PE=3 SV=1 

190 2.1 11.09 tRNA-splicing ligase RtcB homolog OS=Rattus norvegicus GN=Rtcb PE=2 SV=1 

191 2.07 17.19 Serine--tRNA ligase, cytoplasmic OS=Rattus norvegicus GN=Sars PE=1 SV=3 

192 2.05 17.17 60S ribosomal protein L6 OS=Rattus norvegicus GN=Rpl6 PE=3 SV=1 

192 2.05 17.11 60S ribosomal protein L6 OS=Rattus norvegicus GN=Rpl6 PE=3 SV=1 

192 2.05 17.11 60S ribosomal protein L6 OS=Rattus norvegicus GN=Rpl6 PE=1 SV=5 

192 2 9.278 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 

192 2 10.84 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 

193 2.03 9.16 Protein Ewsr1 OS=Rattus norvegicus GN=Ewsr1 PE=4 SV=2 

193 2.03 9.16 Ewsr1 protein OS=Rattus norvegicus GN=Ewsr1 PE=2 SV=1 

194 2.01 4.198 Eukaryotic translation initiation factor 5B OS=Rattus norvegicus GN=Eif5b PE=4 SV=1 

194 2.01 4.194 Eukaryotic translation initiation factor 5B OS=Rattus norvegicus GN=Eif5b PE=1 SV=1 

195 2.01 7.566 2',5'-phosphodiesterase 12 OS=Rattus norvegicus GN=Pde12 PE=2 SV=1 

195 2.01 5.39 2',5'-phosphodiesterase 12 OS=Rattus norvegicus GN=Pde12 PE=2 SV=1 

196 15.94 44.15 Pyruvate kinase OS=Rattus norvegicus PE=3 SV=1 

196 12.96 37.86 Pyruvate kinase OS=Rattus norvegicus PE=3 SV=1 
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197 10 11.05 Dihydropyrimidinase-related protein 3 OS=Rattus norvegicus GN=Dpysl3 PE=1 SV=2 

198 8 23.15 

DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 3, X-linked OS 

=Rattus norvegicus GN=Ddx3x PE=4 SV=2 

199 6.01 17.9 Protein Taf15 OS=Rattus norvegicus GN=Taf15 PE=4 SV=1 

199 6.01 16.25 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=2 

199 6.01 13.94 Protein Taf15 OS=Rattus norvegicus GN=Taf15 PE=4 SV=1 

200 5.46 17.54 Keratin, type II cytoskeletal 73 OS=Rattus norvegicus GN=Krt73 PE=1 SV=1 

200 5.46 10.53 Protein Kb15 OS=Rattus norvegicus GN=Kb15 PE=2 SV=2 

200 3.36 7.659 Keratin, type II cytoskeletal 7 OS=Rattus norvegicus GN=Krt7 PE=3 SV=1 

200 3.36 5.176 Keratin, type II cytoskeletal 8 OS=Rattus norvegicus GN=Krt8 PE=1 SV=3 

200 2 10.7 Glial fibrillary acidic protein OS=Rattus norvegicus GN=Gfap PE=1 SV=2 

201 5.46 11.98 Keratin, type II cytoskeletal 5 OS=Rattus norvegicus GN=Krt5 PE=1 SV=1 

201 4 13.89 Keratin, type II cytoskeletal 5 (Fragment) OS=Rattus norvegicus GN=Krt5 PE=3 SV=1 

202 5.46 15.87 Keratin, type II cytoskeletal 75 OS=Rattus norvegicus GN=Krt75 PE=3 SV=2 

203 3.36 8.797 Protein Krt84 OS=Rattus norvegicus GN=Krt84 PE=2 SV=2 

204 2.02 12.54 Protein Hnrnpa0 OS=Rattus norvegicus GN=Hnrnpa0 PE=4 SV=2 

205 2.01 11.23 Poly(RC) binding protein 2 OS=Rattus norvegicus GN=Pcbp2 PE=2 SV=1 

205 2.01 12.36 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=2 

206 2 12.9 Microtubule-associated protein OS=Rattus norvegicus GN=Mapt PE=4 SV=1 

206 2 14.58 Microtubule-associated protein OS=Rattus norvegicus GN=Mapt PE=4 SV=1 

206 2 12.52 Microtubule-associated protein OS=Rattus norvegicus GN=Mapt PE=4 SV=1 

206 2 12.9 Microtubule-associated protein tau OS=Rattus norvegicus GN=Mapt PE=1 SV=3 

206 2 21.09 Microtubule-associated protein OS=Rattus norvegicus GN=Mapt PE=4 SV=1 

206 2 16.47 Microtubule-associated protein OS=Rattus norvegicus GN=Mapt PE=4 SV=1 

206 2 22.73 Microtubule-associated protein OS=Rattus norvegicus GN=Mapt PE=4 SV=2 

206 2 19.35 Microtubule-associated protein OS=Rattus norvegicus GN=Mapt PE=4 SV=1 

207 2 13.44 Acad9 protein OS=Rattus norvegicus GN=Acad9 PE=2 SV=1 

208 2 9.364 Protein Elp3 OS=Rattus norvegicus GN=Elp3 PE=4 SV=1 

209 2 8.234 Protein Spata5 OS=Rattus norvegicus GN=Spata5 PE=3 SV=1 

209 2 11.79 Transitional endoplasmic reticulum ATPase OS=Rattus norvegicus GN=Vcp PE=1 SV=3 

209 2 5.937 Katanin p60 ATPase-containing subunit A-like 2 OS=Rattus norvegicus GN=Katnal2 PE=3 SV=2 

209 2 7.824 Katanin p60 ATPase-containing subunit A-like 2 OS=Rattus norvegicus GN=Katnal2 PE=3 SV=2 

209 1.06 6.157 Similar to peroxisome biogenesis factor 1 (Predicted) OS=Rattus norvegicus GN=Pex1 PE=3 SV=1  

210 2 13.4 Glucosylceramidase OS=Rattus norvegicus GN=Gba PE=2 SV=1 

211 2 27.13 60S ribosomal protein L18 OS=Rattus norvegicus GN=Rpl18 PE=2 SV=2 

211 2 25.54 Uncharacterized protein OS=Rattus norvegicus PE=4 SV=1 

212 2 7.64 
Calcium/calmodulin-dependent protein kinase type II subunit beta OS 
=Rattus norvegicus GN=Camk2b PE=4 SV=1 

213 2 6.387 Uridine-cytidine kinase OS=Rattus norvegicus GN=Uckl1 PE=3 SV=1 

214 2 2.091 Protein Fcgbp OS=Rattus norvegicus GN=Fcgbp PE=4 SV=2 

215 2 9.043 Arginine/serine-rich coiled-coil protein 2 OS=Rattus norvegicus GN=Rsrc2 PE=2 SV=1 

216 2 5.325 Myocyte-specific enhancer factor 2D OS=Rattus norvegicus GN=Mef2d PE=1 SV=1 

217 2 13.19 RNA binding protein fox-1 homolog 2 OS=Rattus norvegicus GN=Rbfox2 PE=2 SV=1 

218 2 6.016 Protein Trmt2a OS=Rattus norvegicus GN=Trmt2a PE=2 SV=1 

219 2 7.421 Sorting nexin family member 27, isoform CRA_a OS=Rattus norvegicus GN=Snx27 PE=4 SV=1  

219 2 7.421 Sorting nexin-27 OS=Rattus norvegicus GN=Snx27 PE=1 SV=2 

219 2 6.075 Sorting nexin-27 (Fragment) OS=Rattus norvegicus GN=Snx27 PE=4 SV=2 

220 2 14.01 Protein RGD1560821 OS=Rattus norvegicus GN=RGD1560821 PE=4 SV=1 
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220 2 5.096 60S ribosomal protein L24 OS=Rattus norvegicus GN=Rpl24 PE=2 SV=1 

221 2 20.98 Protein RGD1563570 OS=Rattus norvegicus GN=RGD1563570 PE=3 SV=1 

221 2 13.29 Protein RGD1563705 OS=Rattus norvegicus GN=RGD1563705 PE=3 SV=2 

221 2 13.29 40S ribosomal protein S23 OS=Rattus norvegicus GN=Rps23 PE=1 SV=3 

222 2 8.061 Protein Uap1 OS=Rattus norvegicus GN=Uap1 PE=4 SV=2 

222 2 4.142 Protein Uap1l1 OS=Rattus norvegicus GN=Uap1l1 PE=2 SV=1 

223 2 15.6 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=2 

223 2 6.748 

ELAV (Embryonic lethal, abnormal vision, Drosophila)-like 1 (Hu antigen R) OS 

=Rattus norvegicus GN=Elavl1 PE=2 SV=1 

224 2 6.352 Phospholipase D3 OS=Rattus norvegicus GN=Pld3 PE=2 SV=1 

225 2 6.055 

Bifunctional ATP-dependent dihydroxyacetone kinase/FAD-AMP lyase (cyclizing) OS 

=Rattus norvegicus GN=Dak PE=1 SV=1 

226 2 46.43 40S ribosomal protein S29 OS=Rattus norvegicus GN=Rps29 PE=1 SV=2 

227 2 7.961 Glucose-6-phosphate 1-dehydrogenase OS=Rattus norvegicus GN=G6pdx PE=1 SV=3 

228 2 3.734 
Electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial OS 
=Rattus norvegicus GN=Etfdh PE=2 SV=1 

228 2 3.734 

Electron transfer flavoprotein-ubiquinone oxidoreductase, mitochondrial OS 

=Rattus norvegicus GN=Etfdh PE=1 SV=1 

229 2 25 Protein LOC100362987 OS=Rattus norvegicus GN=LOC100362987 PE=3 SV=1 

229 2 25 40S ribosomal protein S27 OS=Rattus norvegicus GN=Rps27 PE=2 SV=3 

229 2 13.1 40S ribosomal protein S27 OS=Rattus norvegicus GN=Rps27l2 PE=3 SV=1 

230 2 6.832 Protein SEC13 homolog OS=Rattus norvegicus GN=Sec13 PE=1 SV=1 

231 2 3.883 Protein FAM98A OS=Rattus norvegicus GN=Fam98a PE=2 SV=1 

232 2 5.521 Ig gamma-1 chain C region OS=Rattus norvegicus PE=1 SV=1 

232 2 2.976 Uncharacterized protein OS=Rattus norvegicus PE=4 SV=2 

232 2 3.106 Ig gamma-2A chain C region OS=Rattus norvegicus GN=Igg-2a PE=1 SV=1 

233 2 4.28 Protein RGD1561333 OS=Rattus norvegicus GN=RGD1561333 PE=3 SV=1 

233 2 4.28 60S ribosomal protein L8 OS=Rattus norvegicus GN=Rpl8 PE=2 SV=2 

234 2 7.432 Protein RGD1562402 OS=Rattus norvegicus GN=RGD1562402 PE=3 SV=1 

234 2 7.432 60S ribosomal protein L27a OS=Rattus norvegicus GN=Rpl27a PE=1 SV=3 

235 2 14.29 60S ribosomal protein L23 OS=Rattus norvegicus GN=Rpl23 PE=2 SV=1 

236 2 2.1 

cAMP-dependent protein kinase type I-alpha regulatory subunit OS 

=Rattus norvegicus GN=Prkar1a PE=2 SV=2 

237 2 8.13 Anionic trypsin-1 OS=Rattus norvegicus GN=Prss1 PE=1 SV=1 

238 2 12.5 40S ribosomal protein S3a OS=Rattus norvegicus GN=Rps3a PE=1 SV=2 

238 2 7.955 40S ribosomal protein S3a OS=Rattus norvegicus GN=LOC100365839 PE=3 SV=1 

239 2 5.72 Protein Upf3b OS=Rattus norvegicus GN=Upf3b PE=4 SV=1 

240 2.18 12.07 Tyrosine-protein phosphatase non-receptor type OS=Rattus norvegicus GN=Ptpn6 PE=3 SV=1 

240 2.18 12.07 Tyrosine-protein phosphatase non-receptor type 6 OS=Rattus norvegicus GN=Ptpn6 PE=1 SV=1 

241 2.15 10.41 Importin subunit alpha OS=Rattus norvegicus GN=Kpna1 PE=2 SV=1 

241 2.15 10.41 Importin subunit alpha-5 OS=Rattus norvegicus GN=Kpna1 PE=1 SV=1 

241 1.46 4.673 Protein Kpna6 (Fragment) OS=Rattus norvegicus GN=Kpna6 PE=4 SV=2 

242 2.01 7.199 Centrosomal protein of 162 kDa OS=Rattus norvegicus GN=Cep162 PE=1 SV=2 

243 2.01 36.27 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=2 

243 2.01 21.05 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 

243 2.01 19.61 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 

243 2.01 17.39 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=2 

243 1.92 9.091 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=2 

243 1.92 5.224 Uncharacterized protein OS=Rattus norvegicus PE=4 SV=1 

243 1.92 6.14 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 
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243 1.92 6.087 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=1 

243 1.92 5.303 Uncharacterized protein OS=Rattus norvegicus PE=4 SV=2 

243 0.23 5.833 Uncharacterized protein OS=Rattus norvegicus PE=4 SV=1 

243 0.23 6.087 Uncharacterized protein (Fragment) OS=Rattus norvegicus PE=4 SV=2 

243 0.23 5.344 Uncharacterized protein OS=Rattus norvegicus PE=4 SV=2 

244 1.96 10.85 Lymphocyte cytosolic protein 1 OS=Rattus norvegicus GN=Lcp1 PE=2 SV=1 

244 1.96 6.984 Plastin 3 (T-isoform), isoform CRA_a OS=Rattus norvegicus GN=Pls3 PE=4 SV=2 

244 1.96 11.66 Pls1 protein OS=Rattus norvegicus GN=Pls1 PE=2 SV=1 

244 1.96 6.984 Plastin-3 OS=Rattus norvegicus GN=Pls3 PE=2 SV=2 

245 1.89 23.7 Protein LOC102554167 (Fragment) OS=Rattus norvegicus GN=LOC102554167 PE=3 SV=1 

245 1.89 16.3 Protein LOC100365961 OS=Rattus norvegicus GN=LOC100365961 PE=3 SV=1 

245 1.89 16.3 Protein LOC100362366 OS=Rattus norvegicus GN=LOC100364909 PE=3 SV=1 

245 1.89 16.3 40S ribosomal protein S17 OS=Rattus norvegicus GN=Rps17 PE=1 SV=3 

246 1.98 15.95 Protein Zfp207 OS=Rattus norvegicus GN=Zfp207 PE=2 SV=1 

247 1.85 7.994 Protein Nufip2 OS=Rattus norvegicus GN=LOC687994 PE=4 SV=2 

247 1.85 7.959 Protein Nufip2 OS=Rattus norvegicus GN=LOC687994 PE=4 SV=2 

247 1.85 5.191 Protein RGD1564405 (Fragment) OS=Rattus norvegicus GN=RGD1564405 PE=4 SV=1 

248 2 25.38 Protein LOC100364191 OS=Rattus norvegicus GN=LOC100364191 PE=3 SV=1 

248 2 12.31 Protein LOC100909878 OS=Rattus norvegicus GN=Rps15al4 PE=3 SV=1 

248 2 12.31 40S ribosomal protein S15a OS=Rattus norvegicus GN=Rps15a PE=1 SV=2 

249 1.75 11.67 Protein RGD1563124 OS=Rattus norvegicus GN=RGD1563124 PE=3 SV=1 

249 1.74 5.882 Protein LOC100909911 (Fragment) OS=Rattus norvegicus GN=LOC100909911 PE=3 SV=1 

249 1.74 5.738 Protein LOC100912386 (Fragment) OS=Rattus norvegicus GN=LOC100912386 PE=3 SV=1  

249 1.74 5.738 Protein LOC100364116 (Fragment) OS=Rattus norvegicus GN=LOC100364116 PE=3 SV=1  

249 1.74 5.882 Protein RGD1562725 OS=Rattus norvegicus GN=RGD1562725 PE=3 SV=1 

249 1.74 5.882 Protein LOC100359563 OS=Rattus norvegicus GN=LOC100359563 PE=3 SV=1 

249 1.74 5.882 40S ribosomal protein S20 OS=Rattus norvegicus GN=Rps20 PE=3 SV=1 

250 1.87 2.413 Lysosomal alpha-glucosidase OS=Rattus norvegicus GN=Gaa PE=2 SV=1 

251 1.7 6.335 

Influenza virus NS1A binding protein (Predicted), isoform CRA_d OS 

=Rattus norvegicus GN=Ivns1abp PE=4 SV=1 

252 1.66 5.607 T-complex protein 1 subunit beta OS=Rattus norvegicus GN=Cct2 PE=1 SV=3 

253 1.59 7.826 Protein LOC100361854 OS=Rattus norvegicus GN=LOC100361854 PE=4 SV=1 

253 1.59 7.826 40S ribosomal protein S26 OS=Rattus norvegicus GN=Rps26 PE=3 SV=3 

254 1.51 5.293 Long-chain-fatty-acid--CoA ligase 1 OS=Rattus norvegicus GN=Acsl1 PE=1 SV=1 

255 1.5 6.833 Protein Sptbn4 OS=Rattus norvegicus GN=Sptbn4 PE=4 SV=2 

256 1.48 3.03 Arylsulfatase B OS=Rattus norvegicus GN=Arsb PE=2 SV=2 

  

  



 

221 
 

List of Reference 

1. Cook, D., Fry, M. J., Hughes, K., Sumathipala, R., Woodgett, J. R., and Dale, T. C. (1996) 
Wingless inactivates glycogen synthase kinase-3 via an intracellular signalling pathway 
which involves a protein kinase C, Embo Journal 15, 4526-4536. 

2. Yost, C., Torres, M., Miller, R. R., Huang, E., Kimelman, D., and Moon, R. T. (1996) The axis -
inducing activity, stability, and subcellular distribution of beta-catenin is regulated in 
Xenopus embryos by glycogen synthase kinase 3, Gene Dev 10, 1443-1454. 

3. Kimelman, D., and Xu, W. (2006) β-Catenin destruction complex: Insights and questions from 
a structural perspective, Oncogene 25, 7482-7491. 

4. Bhanot, P., Brink, M., Samos, C. H., Hsieh, J. C., Wang, Y., Macke, J. P., Andrew, D., Nathans, 
J., and Nusse, R. (1996) A new member of the frizzled family from Drosophila functions as a 
wingless receptor, Nature 382, 225-231. 

5. Bilić, J., Huang, Y. L., Davidson, G., Zimmermann, T., Cruciat, C. M., Bienz, M., and Niehrs, C. 
(2007) Wnt induces LRP6 signalosomes and promotes dishevelled-dependent LRP6 
phosphorylation, Science 316, 1619-1622. 

6. Zeng, X., Huang, H., Tamai, K., Zhang, X., Harada, Y., Yokota, C., Almeida, K., Wang, J., Doble, 
B., Woodgett, J., Wynshaw-Boris, A., Hsieh, J. C., and He, X. (2008) Initiation of Wnt signaling: 
Control of Wnt coreceptor Lrp6 phosphorylation/activation via frizzled, dishevelled and axin 
functions, Development 135, 367-375. 

7. Najdi, R., Holcombe, R., and Waterman, M. (2011) Wnt signaling and colon carcinogenesis: 
Beyond APC, Journal of Carcinogenesis 10. 

8. Archbold, H. C., Yang, Y. X., Chen, L., and Cadigan, K. M. (2012) How do they do Wnt they do?: 
Regulation of transcription by the Wnt/β-catenin pathway, Acta Physiol 204, 74-109. 

9. Xing, Y., Takemaru, K., Liu, J., Berndt, J. D., Zheng, J. J., Moon, R. T., and Xu, W. (2008) Crystal 
structure of a full-length beta-catenin, Structure 16, 478-487. 

10. Ozawa, M., Baribault, H., and Kemler, R. (1989) The cytoplasmic domain of the cell adhesion 
molecule uvomorulin associates with three independent proteins structurally related in 
different species, The EMBO journal 8, 1711-1717. 

11. Abedin, M., and King, N. (2010) Diverse evolutionary paths to cell adhesion, Trends Cell Biol 
20, 734-742. 

12. Stephenson, R. O., Yamanaka, Y., and Rossant, J. (2010) Disorganized epithelial polarity and 
excess trophectoderm cell fate in preimplantation embryos lacking E-cadherin, Development 
137, 3383-3391. 

13. Larue, L., Ohsugi, M., Hirchenhain, J., and Kemler, R. (1994) E-Cadherin Null Mutant Embryos 
Fail to Form a Trophectoderm Epithelium, P Natl Acad Sci USA 91, 8263-8267. 

14. Etienne-Manneville, S. (2011) Control of polarized cell morphology and motility by adherens 
junctions, Semin Cell Dev Biol 22, 850-857. 

15. Takai, Y., Miyoshi, J., Ikeda, W., and Ogita, H. (2008) Nectins and nectin-like molecules: roles 
in contact inhibition of cell movement and proliferation, Nature Reviews Molecular Cell 
Biology 9, 603-615. 

16. Yang, J., and Weinberg, R. A. (2008) Epithelial-mesenchymal transition: At the crossroads of 
development and tumor metastasis, Developmental Cell 14, 818-829. 

17. Tsuchiya, B., Sato, Y., Kameya, T., Okayasu, I., and Mukai, K. (2006) Differential expression of 
N-cadherin and E-cadherin in normal human tissues, Archives of histology and cytology 69, 
135-145. 

18. Overduin, M., Harvey, T. S., Bagby, S., Tong, K. I., Yau, P., Takeichi, M., and Ikura, M. (1995) 
Solution structure of the epithelial cadherin domain responsible for selective cell adhesion, 
Science 267, 386-389. 

19. Nose, A., Nagafuchi, A., and Takeichi, M. (1988) Expressed recombinant cadherins mediate 
cell sorting in model systems, Cell 54, 993-1001. 



 

222 
 

20. Takeichi, M. (1988) The cadherins: cell-cell adhesion molecules controlling animal 
morphogenesis, Development 102, 639-655. 

21. Ozawa, M., Baribault, H., and Kemler, R. (1989) The cytoplasmic domain of the cell adhesion 
molecule uvomorulin associates with three independent proteins structurally related in 
different species, The EMBO journal 8, 1711-1717. 

22. Coates, J. C. (2003) Armadillo repeat proteins: beyond the animal kingdom, Trends Cell Biol 
13, 463-471. 

23. Garrod, D., and Chidgey, M. (2008) Desmosome structure, composition and function, Bba-
Biomembranes 1778, 572-587. 

24. Drees, F., Pokutta, S., Yamada, S., Nelson, W. J., and Weis, W. I. (2005) Alpha-catenin is a 
molecular switch that binds E-cadherin-beta-catenin and regulates actin-filament assembly, 
Cell 123, 903-915. 

25. Choi, S. H., Estaras, C., Moresco, J. J., Yates, J. R., and Jones, K. A. (2013) alpha-Catenin 
interacts with APC to regulate beta-catenin proteolysis and transcriptional repression of Wnt 
target genes, Gene Dev 27, 2473-2488. 

26. Wildenberg, G. A., Dohn, M. R., Carnahan, R. H., Davis, M. A., Lobdell, N. A., Settleman, J., 
and Reynolds, A. B. (2006) p120-catenin and p190RhoGAP regulate cell-cell adhesion by 
coordinating antagonism between Rac and Rho, Cell 127, 1027-1039. 

27. Heasman, J., Crawford, A., Goldstone, K., Garner-Hamrick, P., Gumbiner, B., McCrea, P., 
Kintner, C., Noro, C. Y., and Wylie, C. (1994) Overexpression of cadherins and 
underexpression of beta-catenin inhibit dorsal mesoderm induction in early Xenopus embryos, 
Cell 79, 791-803. 

28. Fagotto, F., Funayama, N., Gluck, U., and Gumbiner, B. M. (1996) Binding to cadherins 
antagonizes the signaling activity of beta-catenin during axis formation in Xenopus, J Cell Biol 
132, 1105-1114. 

29. Fagotto, F., Gluck, U., and Gumbiner, B. M. (1998) Nuclear localization signal-independent 
and importin/karyopherin-independent nuclear import of beta-catenin, Current Biology 8, 
181-190. 

30. Funayama, N., Fagotto, F., Mccrea, P., and Gumbiner, B. M. (1995) Embryonic Axis Induction 
by the Armadillo Repeat Domain of Beta-Catenin - Evidence for Intracellular Signaling, J Cell 
Biol 128, 959-968. 

31. Huber, A. H., Nelson, W. J., and Weis, W. I. (1997) Three-dimensional structure of the 
armadillo repeat region of beta-catenin, Cell 90, 871-882. 

32. Graham, T. A., Weaver, C., Mao, F., Kimelman, D., and Xu, W. (2000) Crystal structure of a β -
catenin/Tcf complex, Cell 103, 885-896. 

33. Huber, A. H., and Weis, W. I. (2001) The structure of the β-catenin/E-cadherin complex and 
the molecular basis of diverse ligand recognition by β-catenin, Cell 105, 391-402. 

34. Spink, K. E., Fridman, S. G., and Weis, W. I. (2001) Molecular mechanisms of β -catenin 
recognition by adenomatous polyposis coli revealed by the structure of an APC-β-catenin 
complex, EMBO Journal 20, 6203-6212. 

35. Aberle, H., Bauer, A., Stappert, J., Kispert, A., and Kemler, R. (1997) beta-catenin is a target 
for the ubiquitin-proteasome pathway., Faseb J 11, A1409-A1409. 

36. Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H., Vogelstein, B., and Kinzler, K. W. 
(1997) Activation of beta-catenin-Tcf signaling in colon cancer by mutations in beta-catenin 
or APC, Science 275, 1787-1790. 

37. Choi, H. J., Huber, A. H., and Weis, W. I. (2006) Thermodynamics of beta-catenin-ligand 
interactions: the roles of the N- and C-terminal tails in modulating binding affinity, J Biol 
Chem 281, 1027-1038. 

38. Henderson, B. R., and Fagotto, F. (2002) The ins and outs of APC and beta-catenin nuclear 
transport, EMBO Rep 3, 834-839. 



 

223 
 

39. Henderson, B. R. (2000) Nuclear-cytoplasmic shuttling of APC regulates beta-catenin 
subcellular localization and turnover, Nature cell biology 2, 653-660. 

40. Rosin-Arbesfeld, R., Townsley, F., and Bienz, M. (2000) The APC tumour suppressor has a 
nuclear export function, Nature 406, 1009-1012. 

41. Neufeld, K. L., Zhang, F., Cullen, B. R., and White, R. L. (2000) APC-mediated downregulation 
of beta-catenin activity involves nuclear sequestration and nuclear export, EMBO reports 1, 
519-523. 

42. Brembeck, F. H., Schwarz-Romond, T., Bakkers, J., Wilhelm, S., Hammerschmidt, M., and 
Birchmeier, W. (2004) Essential role of BCL9-2 in the switch between β-catenin's adhesive 
and transcriptional functions, Genes and Development 18, 2225-2230. 

43. Bek, S., and Kemler, R. (2002) Protein kinase CKII regulates the interaction of β-catenin with 
α-catenin and its protein stability, Journal of Cell Science 115, 4743-4753. 

44. Song, D. H., Dominguez, I., Mizuno, J., Kaut, M., Mohr, S. C., and Seldin, D. C. (2003) CK2 
phosphorylation of the armadillo repeat region of β-catenin potentiates Wnt signaling, J Biol 
Chem 278, 24018-24025. 

45. Du, C., Zhang, C., Li, Z., Biswas, M. H., and Balaji, K. C. (2012) Beta-catenin phosphorylated at 
threonine 120 antagonizes generation of active beta-catenin by spatial localization in trans-
Golgi network, Plos One 7. 

46. Wu, X., Tu, X., Joeng, K. S., Hilton, M. J., Williams, D. A., and Long, F. (2008) Rac1 Activation 
Controls Nuclear Localization of β-catenin during Canonical Wnt Signaling, Cell 133, 340-353. 

47. Valenta, T., Gay, M., Steiner, S., Draganova, K., Zemke, M., Hoffmans, R., Cinelli, P., Aguet, 
M., Sommer, L., and Basler, K. (2011) Probing transcription-specific outputs of β-catenin in 
vivo, Genes and Development 25, 2631-2643. 

48. Zhu, G., Wang, Y., Huang, B., Liang, J., Ding, Y., Xu, A., and Wu, W. (2012) A Rac1/PAK1 
cascade controls Β-catenin activation in colon cancer cells, Oncogene 31, 1001-1012. 

49. Fang, D., Hawke, D., Zheng, Y., Xia, Y., Meisenhelder, J., Nika, H., Mills, G. B., Kobayashi, R., 
Hunter, T., and Lu, Z. (2007) Phosphorylation of β-catenin by AKT promotes β-catenin 
transcriptional activity, J Biol Chem 282, 11221-11229. 

50. Van Veelen, W., Le, N. H., Helvensteijn, W., Blonden, L., Theeuwes, M., Bakker, E. R. M., 
Franken, P. F., Van Gurp, L., Meijlink, F., Van Der Valk, M. A., Kuipers, E. J., Fodde, R., and 
Smits, R. (2011) β-catenin tyrosine 654 phosphorylation increases Wnt signalling and 
intestinal tumorigenesis, Gut 60, 1204-1212. 

51. Coluccia, A. M. L., Vacca, A., Dũach, M., Mologni, L., Redaelli, S., Bustos, V. H., Benati, D., 
Pinna, L. A., and Gambacorti-Passerini, C. (2007) Bcr-Abl stabilizes β-catenin in chronic 
myeloid leukemia through its tyrosine phosphorylation, EMBO Journal 26, 1456-1466. 

52. Zeng, G., Apte, U., Micsenyi, A., Bell, A., and Monga, S. P. S. (2006) Tyrosine residues 654 and 
670 in β-catenin are crucial in regulation of Met-β-catenin interactions, Experimental cell 
research 312, 3620-3630. 

53. Bamji, S. X., Rico, B., Kimes, N., and Reichardt, L. F. (2006) BDNF mobilizes synaptic vesicles 
and enhances synapse formation by disrupting cadherin-beta-catenin interactions, Journal of 
Cell Biology 174, 289-299. 

54. Piedra, J., Miravet, S., Castano, J., Palmer, H. G., Heisterkamp, N., Garcia de Herreros, A., and 
Dunach, M. (2003) p120 Catenin-associated Fer and Fyn tyrosine kinases regulate beta-
catenin Tyr-142 phosphorylation and beta-catenin-alpha-catenin Interaction, Mol Cell Biol 23, 
2287-2297. 

55. Yang, W., Xia, Y., Ji, H., Zheng, Y., Liang, J., Huang, W., Gao, X., Aldape, K., and Lu, Z. (2011) 
Nuclear PKM2 regulates β-catenin transactivation upon EGFR activation, Nature 480, 118-
122. 

56. Rhee, J., Buchan, T., Zukerberg, L., Lilien, J., and Balsamo, J. (2007) Cables links Robo-bound 
Abl kinase to N-cadherin-bound β-catenin to mediate Slit-induced modulation of adhesion 
and transcription, Nature Cell Biology 9, 883-892. 



 

224 
 

57. Wu, G., Xu, G., Schulman, B. A., Jeffrey, P. D., Harper, J. W., and Pavletich, N. P. (2003) 
Structure of a β-TrCP1-Skp1-β-catenin complex: Destruction motif binding and lysine 
specificity of the SCFβ-TrCP1 ubiquitin ligase, Molecular Cell 11, 1445-1456. 

58. Dimitrova, Y. N., Li, J., Lee, Y. T., Rios-Esteves, J., Friedman, D. B., Choi, H. J., Weis, W. I., 
Wang, C. Y., and Chazin, W. J. (2010) Direct ubiquitination of beta-catenin by Siah-1 and 
regulation by the exchange factor TBL1, The Journal of biological chemistry 285, 13507-
13516. 

59. Wolf, D., Rodova, M., Miska, E. A., Calvet, J. P., and Kouzarides, T. (2002) Acetylation of β -
catenin by CREB-binding protein (CBP), J Biol Chem 277, 25562-25567. 

60. Lévy, L., Wei, Y., Labalette, C., Wu, Y., Renard, C. A., Buendia, M. A., and Neuveut, C. (2004) 
Acetylation of β-Catenin by p300 Regulates β-Catenin-Tcf4 Interaction, Mol Cell Biol 24, 
3404-3414. 

61. Sayat, R., Leber, B., Grubac, V., Wiltshire, L., and Persad, S. (2008) O-GlcNAc-glycosylation of 
β-catenin regulates its nuclear localization and transcriptional activity, Experimental cell 
research 314, 2774-2787. 

62. Nusslein-Volhard, C., and Wieschaus, E. (1980) Mutations affecting segment number and 
polarity in Drosophila, Nature 287, 795-801. 

63. Rijsewijk, F., Schuermann, M., Wagenaar, E., Parren, P., Weigel, D., and Nusse, R. (1987) The 
Drosophila Homolog of the Mouse Mammary Oncogene Int-1 Is Identical to the Segment 
Polarity Gene Wingless, Cell 50, 649-657. 

64. Mcmahon, A. P., and Moon, R. T. (1989) Ectopic Expression of the Proto-Oncogene Int-1 in 
Xenopus Embryos Leads to Duplication of the Embryonic Axis, Cell 58, 1075-1084. 

65. Molenaar, M., Van De Wetering, M., Oosterwegel, M., Peterson-Maduro, J., Godsave, S., 
Korinek, V., Roose, J., Destrée, O., and Clevers, H. (1996) XTcf-3 transcription factor mediates 
β-catenin-induced axis formation in xenopus embryos, Cell 86, 391-399. 

66. Pinson, K. I., Brennan, J., Monkley, S., Avery, B. J., and Skarnes, W. C. (2000) An LDL-receptor-
related protein mediates Wnt signalling in mice, Nature 407, 535-538. 

67. Niemann, S., Zhao, C., Pascu, F., Stahl, U., Aulepp, U., Niswander, L., Weber, J. L., and Müller, 
U. (2004) Homozygous WNT3 Mutation Causes Tetra-Amelia in a Large Consanguineous 
Family, American Journal of Human Genetics 74, 558-563. 

68. Woods, C. G., Stricker, S., Seemann, P., Stern, R., Cox, J., Sherridan, E., Roberts, E., Springell, 
K., Scott, S., Karbani, G., Sharif, S. M., Toomes, C., Bond, J., Kumar, D., Al-Gazali, L., and 
Mundlos, S. (2006) Mutations in WNT7A cause a range of limb malformations, including 
Fuhrmann syndrome and Al-Awadi/Raas-Rothschild/Schinzel phocomelia syndrome, Am J 
Hum Genet 79, 402-408. 

69. Zecca, M., Basler, K., and Struhl, G. (1996) Direct and long-range action of a wingless 
morphogen gradient, Cell 87, 833-844. 

70. Bell, S. M., Schreiner, C. M., Wert, S. E., Mucenski, M. L., Scott, W. J., and Whitsett, J. A. (2008)  
R-spondin 2 is required for normal laryngeal-tracheal, lung and limb morphogenesis, 
Development 135, 1049-1058. 

71. Etheridge, S. L., Spencer, G. J., Heath, D. J., and Genever, P. G. (2004) Expression profiling and 
functional analysis of Wnt signaling mechanisms in mesenchymal stem cells, Stem Cells 22, 
849-860. 

72. Ross, S. E., Hemati, N., Longo, K. A., Bennett, C. N., Lucas, P. C., Erickson, R. L., and 
MacDougald, O. A. (2000) Inhibition of adipogenesis by Wnt signaling, Science 289, 950-953. 

73. DasGupta, R., and Fuchs, E. (1999) Multiple roles for activated LEF/TCF transcription 
complexes during hair follicle development and differentiation, Development 126, 4557-4568.  

74. Andl, T., Reddy, S. T., Gaddapara, T., and Millar, S. E. (2002) WNT signals are required for the 
initiation of hair follicle development, Dev Cell 2, 643-653. 

75. Jaks, V., Barker, N., Kasper, M., van Es, J. H., Snippert, H. J., Clevers, H., and Toftgard, R. 
(2008) Lgr5 marks cycling, yet long-lived, hair follicle stem cells, Nat Genet 40, 1291-1299. 



 

225 
 

76. Haegel, H., Larue, L., Ohsugi, M., Fedorov, L., Herrenknecht, K., and Kemler, R. (1995) Lack of 
beta-catenin affects mouse development at gastrulation, Development 121, 3529-3537. 

77. Huelsken, J., Vogel, R., Brinkmann, V., Erdmann, B., Birchmeier, C., and Birchmeier, W. (2000) 
Requirement for beta-catenin in anterior-posterior axis formation in mice, J Cell Biol 148, 
567-578. 

78. Willert, K., Brown, J. D., Danenberg, E., Duncan, A. W., Weissman, I. L., Reya, T., Yates Iii, J. R., 
and Nusse, R. (2003) Wnt proteins are lipid-modified and can act as stem cell growth factors, 
Nature 423, 448-452. 

79. Reya, T., Duncan, A. W., Ailles, L., Domen, J., Scherer, D. C., Willert,  K., Hintz, L., Nusse, R., 
and Weissman, I. L. (2003) A role for Wnt signalling in self-renewal of haematopoietic stem 
cells, Nature 423, 409-414. 

80. Korinek, V., Barker, N., Moerer, P., Van Donselaar, E., Huls, G., Peters, P. J., and Clevers, H. 
(1998) Depletion of epithelial stem-cell compartments in the small intestine of mice lacking 
Tcf-4, Nature Genetics 19, 379-383. 

81. Snippert, H. J., Haegebarth, A., Kasper, M., Jaks, V., Van Es, J. H., Barker, N., Van De Wetering, 
M., Van Den Born, M., Begthel, H., Vries, R. G., Stange, D. E., Toftgård, R., and Clevers, H. 
(2010) Lgr6 marks stem cells in the hair follicle that generate all cell lineages of the skin, 
Science 327, 1385-1389. 

82. Zeng, Y. A., and Nusse, R. (2010) Wnt proteins are self-renewal factors for mammary stem 
cells and promote their long-term expansion in culture, Cell Stem Cell 6, 568-577. 

83. Clements, W. M., Lowy, A. M., and Groden, J. (2003) Adenomatous polyposis coli/beta-
catenin interaction and downstream targets: altered gene expression in gastrointestinal 
tumors, Clinical colorectal cancer 3, 113-120. 

84. Korinek, V., Barker, N., Morin, P. J., van Wichen, D., de Weger, R., Kinzler, K. W., Vogelstein, 
B., and Clevers, H. (1997) Constitutive transcriptional activation by a beta-catenin-Tcf 
complex in APC-/- colon carcinoma, Science 275, 1784-1787. 

85. Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H., Vogelstein, B., and Kinzler, K. W. 
(1997) Activation of β-catenin-Tcf signaling in colon cancer by mutations in β-catenin or APC, 
Science 275, 1787-1790. 

86. Bass, A. J., Lawrence, M. S., Brace, L. E., Ramos, A. H., Drier, Y., Cibulskis, K., Sougnez, C., Voet, 
D., Saksena, G., Sivachenko, A., Jing, R., Parkin, M., Pugh, T., Verhaak, R. G., Stransky, N., 
Boutin, A. T., Barretina, J., Solit, D. B., Vakiani, E., Shao, W., Mishina, Y., Warmuth, M., 
Jimenez, J., Chiang, D. Y., Signoretti, S., Kaelin Jr, W. G., Spardy, N., Hahn, W. C., Hoshida, Y., 
Ogino, S., Depinho, R. A., Chin, L., Garraway, L. A., Fuchs, C. S., Baselga, J., Tabernero, J., 
Gabriel, S., Lander, E. S., Getz, G., and Meyerson, M. (2011) Genomic sequencing of colorectal 
adenocarcinomas identifies a recurrent VTI1A-TCF7L2 fusion, Nature Genetics 43, 964-970. 

87. Fodde, R., and Brabletz, T. (2007) Wnt/beta-catenin signaling in cancer stemness and 
malignant behavior, Current opinion in cell biology 19, 150-158. 

88. Takeda, H., Lyle, S., Lazar, A. J. F., Zouboulis, C. C., Smyth, I., and Watt, F. M. (2006) Human 
sebaceous tumors harbor inactivating mutations in LEF1, Nature Medicine 12, 395-397. 

89. Nguyen, D. X., Chiang, A. C., Zhang, X. H. F., Kim, J. Y., Kris, M. G., Ladanyi, M., Gerald, W. L., 
and Massagué, J. (2009) WNT/TCF Signaling through LEF1 and HOXB9 Mediates Lung 
Adenocarcinoma Metastasis, Cell 138, 51-62. 

90. Gat, U., DasGupta, R., Degenstein, L., and Fuchs, E. (1998) De novo hair follicle 
morphogenesis and hair tumors in mice expressing a truncated β-catenin in skin, Cell 95, 605-
614. 

91. Rubinfeld, B., Robbins, P., El-Gamil, M., Albert, I., Porfiri, E., and Polakis, P. (1997) 
Stabilization of β-catenin by genetic defects in melanoma cell lines, Science 275, 1790-1792. 

92. Polakis, P. (2007) The many ways of Wnt in cancer, Curr Opin Genet Dev 17, 45-51. 
93. Satoh, S., Daigo, Y., Furukawa, Y., Kato, T., Miwa, N., Nishiwaki, T., Kawasoe, T., Ishiguro, H., 

Fujita, M., Tokino, T., Sasaki, Y., Imaoka, S., Murata, M., Shimano, T., Yamaoka, Y., and 



 

226 
 

Nakamura, Y. (2000) AXIN1 mutations in hepatocellular carcinomas, and growth suppression 
in cancer cells by virus-mediated transfer of AXIN1, Nature genetics 24, 245-250. 

94. Salahshor, S., and Woodgett, J. R. (2005) The links between axin and carcinogenesis, J Clin 
Pathol 58, 225-236. 

95. Bjorklund, P., Svedlund, J., Olsson, A. K., Akerstrom, G., and Westin, G. (2009) The Internally 
Truncated LRP5 Receptor Presents a Therapeutic Target in Breast Cancer, Plos One 4. 

96. Little, R. D., Carulli, J. P., Del Mastro, R. G., Dupuis, J., Osborne, M., Folz, C., Manning, S. P., 
Swain, P. M., Zhao, S. C., Eustace, B., Lappe, M. M., Spitzer, L., Zweier, S., Braunschweiger, K., 
Benchekroun, Y., Hu, X., Adair, R., Chee, L., Fitzgerald, M. G., Tulig, C., Caruso, A., Tzellas, N., 
Bawa, A., Franklin, B., McGuire, S., Nogues, X., Gong, G., Allen, K. M., Anisowicz, A., Morales, 
A. J., Lomedico, P. T., Recker, S. M., Van Eerdewegh, P., Recker, R. R., and Johnson, M. L. 
(2002) A mutation in the LDL receptor-related protein 5 gene results in the autosomal 
dominant high-bone-mass trait, American Journal of Human Genetics 70, 11-19. 

97. Robitaille, J., MacDonald, M. L. E., Kaykas, A., Sheldahl, L. C., Zeisler, J., Dubé, M. P.,  Zhang, L. 
H., Singaraja, R. R., Guernsey, D. L., Zheng, B., Siebert, L. F., Hoskin-Mott, A., Trese, M. T., 
Pimstone, S. N., Shastry, B. S., Moon, R. T., Hayden, M. R., Paul Goldberg, Y., and Samuels, M. 
E. (2002) Mutant frizzled-4 disrupts retinal angiogenesis in familial exudative 
vitreoretinopathy, Nature genetics 32, 326-330. 

98. Kiecker, C., and Niehrs, C. (2001)  A morphogen gradient of Wnt/beta-catenin signalling 
regulates anteroposterior neural patterning in Xenopus, Development 128, 4189-4201. 

99. Nordstrom, U., Jessell, T. M., and Edlund, T. (2002) Progressive induction of caudal neural 
character by graded Wnt signaling, Nat Neurosci 5, 525-532. 

100. Theil, T., Aydin, S., Koch, S., Grotewold, L., and Ruther, U. (2002) Wnt and Bmp signalling 
cooperatively regulate graded Emx2 expression in the dorsal telencephalon, Development 
129, 3045-3054. 

101. Dorsky, R. I., Itoh, M., Moon, R. T., and Chitnis, A. (2003) Two tcf3 genes cooperate to pattern 
the zebrafish brain, Development 130, 1937-1947. 

102. Mouse Genome Sequencing, C., Waterston, R. H., Lindblad-Toh, K., Birney, E., Rogers, J., Abril, 
J. F., Agarwal, P., Agarwala, R., Ainscough, R., Alexandersson, M., An, P., Antonarakis, S. E., 
Attwood, J., Baertsch, R., Bailey, J., Barlow, K., Beck, S., Berry, E., Birren, B., Bloom, T., Bork, 
P., Botcherby, M., Bray, N., Brent, M. R., Brown, D. G., Brown, S. D., Bult, C., Burton, J., Butler, 
J., Campbell, R. D., Carninci, P., Cawley, S., Chiaromonte, F., Chinwalla, A. T., Church, D. M., 
Clamp, M., Clee, C., Collins, F. S., Cook, L. L., Copley, R. R., Coulson, A., Couronne, O., Cuff,  J., 
Curwen, V., Cutts, T., Daly, M., David, R., Davies, J., Delehaunty, K. D., Deri, J., Dermitzakis, E. 
T., Dewey, C., Dickens, N. J., Diekhans, M., Dodge, S., Dubchak, I., Dunn, D. M., Eddy, S. R., 
Elnitski, L., Emes, R. D., Eswara, P., Eyras, E., Felsenfeld, A., Fewell, G. A., Flicek, P., Foley, K., 
Frankel, W. N., Fulton, L. A., Fulton, R. S., Furey, T. S., Gage, D., Gibbs, R. A., Glusman, G., 
Gnerre, S., Goldman, N., Goodstadt, L., Grafham, D., Graves, T. A., Green, E. D., Gregory, S., 
Guigo, R., Guyer, M., Hardison, R. C., Haussler, D., Hayashizaki, Y., Hillier, L. W., Hinrichs, A., 
Hlavina, W., Holzer, T., Hsu, F., Hua, A., Hubbard, T., Hunt, A., Jackson, I., Jaffe, D. B., Johnson, 
L. S., Jones, M., Jones, T. A., Joy, A., Kamal, M., Karlsson, E. K., Karolchik, D., Kasprzyk, A., 
Kawai, J., Keibler, E., Kells, C., Kent, W. J., Kirby, A., Kolbe, D. L., Korf, I., Kucherlapati, R. S., 
Kulbokas, E. J., Kulp, D., Landers, T., Leger, J. P., Leonard, S., Letunic, I., Levine, R., Li, J., Li, M., 
Lloyd, C., Lucas, S., Ma, B., Maglott, D. R., Mardis, E. R., Matthews, L., Mauceli, E., Mayer, J. 
H., McCarthy, M., McCombie, W. R., McLaren, S., McLay, K., McPherson, J. D., Meldrim, J., 
Meredith, B., Mesirov, J. P., Miller, W., Miner, T. L., Mongin, E., Montgomery, K. T., Morgan, 
M., Mott, R., Mullikin, J. C., Muzny, D. M., Nash, W. E., Nelson, J. O., Nhan, M. N., Nicol, R., 
Ning, Z., Nusbaum, C., O'Connor, M. J., Okazaki, Y., Oliver, K., Overton-Larty, E., Pachter, L., 
Parra, G., Pepin, K. H., Peterson, J., Pevzner, P., Plumb, R., Pohl, C. S., Poliakov, A., Ponce, T. C., 
Ponting, C. P., Potter, S., Quail, M., Reymond, A., Roe, B. A., Roskin, K. M., Rubin, E. M., Rust, 
A. G., Santos, R., Sapojnikov, V., Schultz, B., Schultz, J., Schwartz, M. S., Schwartz, S., Scott, C., 



 

227 
 

Seaman, S., Searle, S., Sharpe, T., Sheridan, A., Shownkeen, R., Sims, S., Singer, J. B., Slater, G., 
Smit, A., Smith, D. R., Spencer, B., Stabenau, A., Stange-Thomann, N., Sugnet, C., Suyama, M., 
Tesler, G., Thompson, J., Torrents, D., Trevaskis, E., Tromp, J., Ucla, C., Ureta-Vidal, A., Vinson, 
J. P., Von Niederhausern, A. C., Wade, C. M., Wall, M., Weber, R. J., Weiss, R. B., Wendl, M. C., 
West, A. P., Wetterstrand, K., Wheeler, R., Whelan, S., Wierzbowski, J., Willey, D., Williams, S., 
Wilson, R. K., Winter, E., Worley, K. C., Wyman, D., Yang, S., Yang, S. P., Zdobnov, E. M., Zody, 
M. C., and Lander, E. S. (2002) Initial sequencing and comparative analysis of the mouse 
genome, Nature 420, 520-562. 

103. Haegel, H., Larue, L., Ohsugi, M., Fedorov, L., Herrenknecht, K., and Kemler, R. (1995) Lack of 
Beta-Catenin Affects Mouse Development at Gastrulation, Development 121, 3529-3537. 

104. Brault, V., Moore, R., Kutsch, S., Ishibashi, M., Rowitch, D. H., McMahon, A. P., Sommer, L., 
Boussadia, O., and Kemler, R. (2001) Inactivation of the beta-catenin gene by Wnt1-Cre-
mediated deletion results in dramatic brain malformation and failure of craniofacial 
development, Development 128, 1253-1264. 

105. Mucenski, M. L., Nation, J. M., Thitoff, A. R., Besnard, V., Xu, Y. , Wert, S. E., Harada, N., 
Taketo, M. M., Stahlman, M. T., and Whitsett, J. A. (2005) Beta-catenin regulates 
differentiation of respiratory epithelial cells in vivo, American journal of physiology. Lung 
cellular and molecular physiology 289, L971-979. 

106. Heiser, P. W., Lau, J., Taketo, M. M., Herrera, P. L., and Hebrok, M. (2006) Stabilization of 
beta-catenin impacts pancreas growth, Development 133, 2023-2032. 

107. Rulifson, I. C., Karnik, S. K., Heiser, P. W., ten Berge, D., Chen, H., Gu, X., Taketo, M.  M., Nusse, 
R., Hebrok, M., and Kim, S. K. (2007) Wnt signaling regulates pancreatic beta cell 
proliferation, Proc Natl Acad Sci U S A 104, 6247-6252. 

108. Kratz, J. E., Stearns, D., Huso, D. L., Slunt, H. H., Price, D. L., Borchelt, D. R., and Eberhart, C. G. 
(2002) Expression of stabilized β-catenin in differentiated neurons of transgenic mice does 
not result in tumor formation, BMC Cancer 2, 33-33. 

109. Behari, J., Li, H., Liu, S., Stefanovic-Racic, M., Alonso, L., O'Donnell, C. P., Shiva, S., 
Singamsetty, S., Watanabe, Y., Singh, V. P., and Liu, Q. (2014) beta-catenin links hepatic 
metabolic zonation with lipid metabolism and diet-induced obesity in mice, Am J Pathol 184, 
3284-3298. 

110. Gould, T. D., Einat, H., O'Donnell, K. C., Picchini, A. M., Schloesser, R. J., and Manji, H. K. (2007)  
Beta-catenin overexpression in the mouse brain phenocopies lithium-sensitive behaviors, 
Neuropsychopharmacology 32, 2173-2183. 

111. Chenn, A., and Walsh, C. A. (2003) Increased neuronal production, enlarged forebrains an d 
cytoarchitectural distortions in beta-catenin overexpressing transgenic mice, Cereb Cortex 13, 
599-606. 

112. Bamji, S. X., Shimazu, K., Kimes, N., Huelsken, J., Birchmeier, W., Lu, B., and Reichardt, L. F. 
(2003) Role of beta-catenin in synaptic vesicle localization and presynaptic assembly, Neuron 
40, 719-731. 

113. Tan, X., Behari, J., Cieply, B., Michalopoulos, G. K., and Monga, S. P. (2006) Conditional 
deletion of beta-catenin reveals its role in liver growth and regeneration, Gastroenterology 
131, 1561-1572. 

114. Sekine, S., Lan, B. Y., Bedolli, M., Feng, S., and Hebrok, M. (2006) Liver-specific loss of beta-
catenin blocks glutamine synthesis pathway activity and cytochrome p450 expression in mice, 
Hepatology 43, 817-825. 

115. Stein, T. J., Jochem, A., Holmes, K. E., and Sandgren, E. P. (2011) Effect of mutant beta-
catenin on liver growth homeostasis and hepatocarcinogenesis in transgenic mice, Liver Int 
31, 303-312. 

116. Wells, J. M., Esni, F., Boivin, G. P., Aronow, B. J., Stuart, W., Combs, C., Sklenka, A., Leach, S. 
D., and Lowy, A. M. (2007) Wnt/β-catenin signaling is required for development of the 
exocrine pancreas, BMC Dev Biol 7, 4. 



 

228 
 

117. Dessimoz, J., Bonnard, C., Huelsken, J., and Grapin-Botton, A. (2005) Pancreas-specific 
deletion of beta-catenin reveals Wnt-dependent and Wnt-independent functions during 
development, Curr Biol 15, 1677-1683. 

118. Murtaugh, L. C., Law, A. C., Dor, Y., and Melton, D. A. (2005) β-catenin is essential for 
pancreatic acinar but not islet development, Development 132. 

119. Hauge-Evans, A. C., Squires, P. E., Persaud, S. J., and Jones, P. M. (1999) Pancreatic beta-cell-
to-beta-cell interactions are required for integrated responses to nutrient stimuli: enhanced 
Ca2+ and insulin secretory responses of MIN6 pseudoislets, Diabetes 48, 1402-1408. 

120. Wakae-Takada, N., Xuan, S., Watanabe, K., Meda, P., and Leibel, R. L. (2013) Molecular basis 
for the regulation of islet beta cell mass in mice: the role of E-cadherin, Diabetologia 56, 856-
866. 

121. Murtaugh, L. C., Law, A. C., Dor, Y., and Melton, D. A. (2005) β-Catenin is essential for 
pancreatic acinar but not islet development, Development 132, 4663-4674. 

122. Liu, Z., and Habener, J. F. (2008) Glucagon-like peptide-1 activation of TCF7L2-dependent 
Wnt signaling enhances pancreatic beta cell proliferation, J Biol Chem 283, 8723-8735. 

123. Kanazawa, A., Tsukada, S., Sekine, A., Tsunoda, T., Takahashi, A., Kashiwagi, A., Tanaka, Y., 
Babazono, T., Matsuda, M., Kaku, K., Iwamoto, Y., Kawamori, R., Kikkawa, R., Nakamura, Y., 
and Maeda, S. (2004) Association of the gene encoding wingless-type mammary tumor virus 
integration-site family member 5B (WNT5B) with type 2 diabetes, American Journal of 
Human Genetics 75, 832-843. 

124. Wang, J., Zhao, J., Zhang, J., Luo, X., Gao, K., Zhang, M., Li, L., Wang, C., and Hu, D. (2015) 
Association of Canonical Wnt/beta-Catenin Pathway and Type 2 Diabetes: Genetic 
Epidemiological Study in Han Chinese, Nutrients 7, 4763-4777. 

125. Fujino, T., Asaba, H., Kang, M. J., Ikeda, Y., Sone, H., Takada, S.,  Kim, D. H., Ioka, R. X., Ono, 
M., Tomoyori, H., Okubo, M., Murase, T., Kamataki, A., Yamamoto, J., Magoori, K., Takahashi, 
S., Miyamoto, Y., Oishi, H., Nose, M., Okazaki, M., Usui, S., Imaizumi, K., Yanagisawa, M., 
Sakai, J., and Yamamoto, T. T. (2003) Low-density lipoprotein receptor-related protein 5 
(LRP5) is essential for normal cholesterol metabolism and glucose-induced insulin secretion, P 
Natl Acad Sci USA 100, 229-234. 

126. Dabernat, S., Secrest, P., Peuchant, E., Moreau-Gaudry, F., Dubus, P., and Sarvetnick, N. 
(2009) Lack of β-catenin in early life induces abnormal glucose homeostasis in mice, 
Diabetologia 52, 1608-1617. 

127. Behrens, J., Von Kries, J. P., Kühl, M., Bruhn, L., Wedlich, D., Grosschedl, R., and Birchmeier, W. 
(1996) Functional interaction of β-catenin with the transcription factor LEF- 1, Nature 382, 
638-642. 

128. Cavallo, R. A., Cox, R. T., Moline, M. M., Roose, J., Polevoy, G. A., Clevers, H., Peifer, M., and 
Bejsovec, A. (1998) Drosophila Tcf and Groucho interact to repress wingless signalling activity, 
Nature 395, 604-608. 

129. Ngwa, E. N., Kengne, A. P., Tiedeu-Atogho, B., Mofo-Mato, E. P., and Sobngwi, E. (2015) 
Persistent organic pollutants as risk factors for type 2 diabetes, Diabetol Metab Syndr 7.  

130. Scott, L. J., Bonnycastle, L. L., Willer, C. J., Sprau, A. G., Jackson, A. U., Narisu, N., Duren, W. L., 
Chines, P. S., Stringham, H. M., Erdos, M. R., Valle, T. T., Tuomilehto, J., Bergman, R. N., 
Mohlke, K. L., Collins, F. S., and Boehnke, M. (2006) Association of transcription factor 7-like 2 
(TCF7L2) variants with type 2 diabetes in a Finnish sample, Diabetes 55, 2649-2653. 

131. Grant, S. F., Thorleifsson, G., Reynisdottir, I., Benediktsson, R., Manolescu, A., Sainz, J., 
Helgason, A., Stefansson, H., Emilsson, V., Helgadottir, A., Styrkarsdottir, U., Magnusson, K. 
P., Walters, G. B., Palsdottir, E., Jonsdottir, T., Gudmundsdottir, T., Gylfason, A., 
Saemundsdottir, J., Wilensky, R. L., Reilly, M. P., Rader, D. J., Bagger, Y., Christiansen, C., 
Gudnason, V., Sigurdsson, G., Thorsteinsdottir, U., Gulcher, J. R., Kong, A., and Stefansson, K. 
(2006) Variant of transcription factor 7-like 2 (TCF7L2) gene confers risk of type 2 diabetes, 
Nat Genet 38, 320-323. 



 

229 
 

132. Yang, Y., Xu, J. R., Wang, Y. J., and Liu, X. M. (2015) Association o f TCF7L2 gene 
polymorphisms with susceptibility to type 2 diabetes mellitus in a Chinese Hui population, 
Genetics and molecular research : GMR 14, 10064-10071. 

133. Scott, L. J., Mohlke, K. L., Bonnycastle, L. L., Willer, C. J., Li, Y., Duren, W. L., Erdos , M. R., 
Stringham, H. M., Chines, P. S., Jackson, A. U., Prokunina-Olsson, L., Ding, C. J., Swift, A. J., 
Narisu, Hu, T., Pruim, R., Xiao, R., Li, X. Y., Conneely, K. N., Riebow, N. L., Sprau, A. G., Tong, 
M., White, P. P., Hetrick, K. N., Barnhart, M. W., Bark, C. W., Goldstein, J. L., Watkins, L., 
Xiang, F., Saramies, J., Buchanan, T. A., Watanabe, R. M., Valle, T. T., Kinnunen, L., Abecasis, 
G. R., Pugh, E. W., Doheny, K. F., Bergman, R. N., Tuomilehto, J., Collins, F. S., and Boehnke, M. 
(2007) A genome-wide association study of type 2 diabetes in finns detects multiple 
susceptibility variants, Science 316, 1341-1345. 

134. Lin, P. C., Lin, W. T., Yeh, Y. H., and Wung, S. F. (2016) Transcription Factor 7-Like 2 (TCF7L2) 
rs7903146 Polymorphism as a Risk Factor for Gestational Diabetes Mellitus: A Meta-Analysis, 
Plos One 11. 

135. Pappa, K. I., Gazouli, M., Economou, K., Daskalakis, G., Anastasiou, E., Anagnou, N. P., and 
Antsaklis, A. (2011) Gestational diabetes mellitus shares polymorphisms of genes associated 
with insulin resistance and type 2 diabetes in the Greek population, Gynecol Endocrinol 27, 
267-272. 

136. Shaat, N., Lernmark, A., Karlsson, E., Ivarsson, S., Parikh, H., Berntorp, K., and Groop, L. (2007)  
A variant in the transcription factor 7-like 2 (TCF7L2) gene is associated with an increased 
risk of gestational diabetes mellitus, Diabetologia 50, 972-979. 

137. Horikoshi, M., Hara, K., Ito, C., Nagai, R., Froguel, P., and Kadowaki, T. (2007) A genetic 
variation of the transcription factor 7-like 2 gene is associated with risk of type 2 diabetes in 
the Japanese population, Diabetologia 50, 747-751. 

138. Badaruddoza, B., Barna, B., Matharoo, K., and Bhanwer, A. J. S. (2015) A case-control 
association study of K121Q (rs 1044498)  and G/T (rs 1225572) variants in ENPP1 and TCF7L2 
genes with type 2 diabetes mellitus in north Indian Punjabi population, Int J Diabetes Dev C 
35, 546-553. 

139. Daniele, G., Gaggini, M., Comassi, M., Bianchi, C., Basta, G., Dardano, A., Miccoli, R., Mari, A., 
Gastaldelli, A., and Del Prato, S. (2015) Glucose Metabolism in High-Risk Subjects for Type 2 
Diabetes Carrying the rs7903146 TCF7L2 Gene Variant, J Clin Endocr Metab 100, E1160-
E1167. 

140. Lyssenko, V., Lupi, R., Marchetti, P., Del Guerra, S., Orho-Melander, M., Almgren, P., Sjögren, 
M., Ling, C., Eriksson, K. F., Lethagen, Å. L., Mancarella, R., Berglund, G., Tuomi, T., Nilsson, P., 
Del Prato, S., and Groop, L. (2007) Mechanisms by which common variants in the TCF7L2 
gene increase risk of type 2 diabetes, Journal of Clinical Investigation 117, 2155-2163. 

141. Savic, D., Ye, H., Aneas, I., Park, S. Y., Bell, G. I., and Nobrega, M. A. (2011) Alterations in 
TCF7L2 expression define its role as a key regulator of glucose metabolism, Genome research 
21, 1417-1425. 

142. Shu, L., Matveyenko, A. V., Kerr-Conte, J., Cho, J. H., McIntosh, C. H. S., and Maedler, K. (2009)  
Decreased TCF7L2 protein levels in type 2 diabetes mellitus correlate with downregulation of 
GIP- and GLP-1 receptors and impaired beta-cell function, Human Molecular Genetics 18, 
2388-2399. 

143. Loder, M. K., Xavier, G. D. S., McDonald, A., and Rutter, G. A. (2008) TCF7L2 controls insulin 
gene expression and insulin secretion in mature pancreatic β-cells, Biochemical Society 
Transactions 36, 357-359. 

144. Grarup, N., Sandholt, C. H., Hansen, T., and Pedersen, O. (2014) Genetic susceptibility to type 
2 diabetes and obesity: From genome-wide association studies to rare variants and beyond, 
Diabetologia 57, 1528-1541. 

145. Mitchell, R. K., Mondragon, A., Chen, L., McGinty, J. A., French, P. M., Ferrer, J., Thorens, B., 
Hodson, D. J., Rutter, G. A., and Da Silva Xavier, G. (2015) Selective disruption of Tcf7l2 in the 



 

230 
 

pancreatic beta cell impairs secretory function and lowers beta cell mass, Hum Mol Genet 24, 
1390-1399. 

146. Da Silva Xavier, G., Loder, M. K., McDonald, A., Tarasov, A. I., Carzaniga, R., Kronenberger, K., 
Barg, S., and Rutter, G. A. (2009) TCF7L2 regulates late events in insulin secretion from 
pancreatic islet β-cells, Diabetes 58, 894-905. 

147. Shu, L., Sauter, N. S., Schulthess, F. T., Matveyenko, A. V., Oberholzer, J., and Maedler, K. 
(2008) Transcription factor 7-like 2 regulates beta-cell survival and function in human 
pancreatic islets, Diabetes 57, 645-653. 

148. Bratanova-Tochkova, T. K., Cheng, H., Daniel, S., Gunawardana, S., Liu, Y. J., Mulvaney-Musa, 
J., Schermerhorn, T., Straub, S. G., Yajima, H., and Sharp, G. W. (2002) Triggering and 
augmentation mechanisms, granule pools, and biphasic insulin secretion, Diabetes 51 Suppl 
1, S83-90. 

149. Meloni, A. R., DeYoung, M. B., Lowe, C., and Parkes, D. G. (2013) GLP-1 receptor activated 
insulin secretion from pancreatic beta-cells: mechanism and glucose dependence, Diabetes 
Obes Metab 15, 15-27. 

150. Jewell, J. L., Oh, E., and Thurmond, D. C. (2010) Exocytosis mechanisms underlying insulin 
release and glucose uptake: conserved roles for Munc18c and syntaxin 4, Am J Physiol-Reg I 
298, R517-R531. 

151. Kasai, H., Takahashi, N., and Tokumaru, H. (2012) Distinct Initial Snare Configurations 
Underlying the Diversity of Exocytosis, Physiol Rev 92, 1915-1964. 

152. Wang, Z., and Thurmond, D. C. (2009) Mechanisms of biphasic insulin-granule exocytosis - 
roles of the cytoskeleton, small GTPases and SNARE proteins, J Cell Sci 122, 893-903. 

153. Saito, T., Okada, S., Yamada, E., Ohshima, K., Shimizu, H., Shimomura, K., Sato, M., Pessin, J. 
E., and Mori, M. (2003) Syntaxin 4 and Synip (syntaxin 4 interacting protein) regulate insulin 
secretion in the pancreatic beta HC-9 cell, J Biol Chem 278, 36718-36725. 

154. Hehnly, H., and Stamnes, M. (2007) Regulating cytoskeleton-based vesicle motility, FEBS Lett 
581, 2112-2118. 

155. Fujino, T., Asaba, H., Kang, M. J., Ikeda, Y., Sone, H., Takada, S., Kim, D. H., Ioka, R. X., Ono, 
M., Tomoyori, H., Okubo, M., Murase, T., Kamataki, A., Yamamoto, J., Magoori, K., Takahashi, 
S., Miyamoto, Y., Oishi, H., Nose, M., Okazaki, M., Usui, S., Imaizumi, K., Yanagisawa, M., 
Sakai, J., and Yamamoto, T. T. (2003) Low-density lipoprotein receptor-related protein 5 
(LRP5) is essential for normal cholesterol metabolism and glucose-induced insulin secretion, 
Proc Natl Acad Sci U S A 100, 229-234. 

156. Kushner, J. A., Ciemerych, M. A., Sicinska, E., Wartschow, L. M., Teta, M., Long, S. Y., Sicinski, 
P., and White, M. F. (2005) Cyclins D2 and D1 are essential for postnatal pancreatic beta-cell 
growth, Mol Cell Biol 25, 3752-3762. 

157. Georgia, S., Hinault, C., Kawamori, D., Hu, J., Meyer, J., Kanji, M., Bhushan, A., and Kulkarni, 
R. N. (2010) Cyclin D2 Is Essential for the Compensatory beta-Cell Hyperplastic Response to 
Insulin Resistance in Rodents, Diabetes 59, 987-996. 

158. Essers, M. A. G., de Vries-Smits, L. M. M., Barker, N., Polderman, P. E., Burgering, B. M. T., 
and Korswagen, H. C. (2005) Functional interaction between beta-catenin and FOXO in 
oxidative stress signaling, Science 308, 1181-1184. 

159. Buteau, J., and Accili, D. (2007) Regulation of pancreatic beta-cell function by the forkhead 
protein FoxO1, Diabetes Obes Metab 9 Suppl 2, 140-146. 

160. Cognard, E., Dargaville, C. G., Hay, D. L., and Shepherd, P. R. (2013) Identification of a 
pathway by which glucose regulates beta-catenin signalling via the cAMP/protein kinase A 
pathway in beta-cell models, Biochemical Journal 449, 803-811. 

161. Sorrenson, B., Cognard, E., Lee, K. L., Dissanayake, W. C., Fu, Y., Han, W., Hughes, W. E., and 
Shepherd, P. R. (2016) A Critical Role for beta-catenin in Modulating Levels of Insulin 
Secretion from beta-cells by Regulating Actin Cytoskeleton and Insulin Vesicle Localization, J 
Biol Chem. 



 

231 
 

162. Taurin, S., Sandbo, N., Qin, Y., Browning, D., and Dulin, N. O. (2006) Phosphorylation of beta-
catenin by cyclic AMP-dependent protein kinase, J Biol Chem 281, 9971-9976. 

163. Perego, C., Vanoni, C., Massari, S., Longhi, R., and Pietrini, G. (2000) Mammalian LIN-7 PDZ 
proteins associate with beta-catenin at the cell-cell junctions of epithelia and neurons, Embo 
Journal 19, 3978-3989. 

164. Gujral, T. S., Karp, E. S., Chan, M., Chang, B. H., and MacBeath, G. (2013) Family -wide 
investigation of PDZ domain-mediated protein-protein interactions implicates beta-catenin in 
maintaining the integrity of tight junctions, Chem Biol 20, 816-827. 

165. Weatheritt, R. J., Luck, K., Petsalaki, E., Davey, N. E., and Gibson, T. J. (2012) The 
identification of short linear motif-mediated interfaces within the human interactome, 
Bioinformatics 28, 976-982. 

166. Songyang, Z., Fanning, A. S., Fu, C., Xu, J., Marfatia, S. M., Chishti, A. H., Crompton, A., Chan, 
A. C., Anderson, J. M., and Cantley, L. C. (1997) Recognition of Unique Carboxyl-Terminal 
Motifs by Distinct PDZ Domains, Science 275, 73-77. 

167. Beuming, T., Skrabanek, L., Niv, M. Y., Mukherjee, P., and Weinstein, H. (2005) PDZBase: a 
protein–protein interaction database for PDZ-domains, Bioinformatics 21, 827-828. 

168. Penkert, R. R., DiVittorio, H. M., and Prehoda, K. E. (2004) Internal recognition through PDZ 
domain plasticity in the Par-6-Pals1 complex, Nature Structural & Molecular Biology 11, 
1122-1127. 

169. Utepbergenov, D. I., Fanning, A. S., and Anderson, J. M. (2006) Dimerization of th e 
scaffolding protein ZO-1 through the second PDZ domain, Journal of Biological Chemistry 281, 
24671-24677. 

170. Erlendsson, S., and Madsen, K. L. (2015) Membrane Binding and Modulation of the PDZ 
Domain of PICK1, Membranes (Basel) 5, 597-615. 

171. Wu, H., Feng, W., Chen, J., Chan, L. N., Huang, S. Y., and Zhang, M. J. (2007) PDZ domains of 
Par-3 as potential phosphoinositide signaling integrators, Molecular Cell 28, 886-898. 

172. Nourry, C., Grant, S. G., and Borg, J. P. (2003) PDZ domain proteins: plug and play!, Science's 
STKE : signal transduction knowledge environment 2003, RE7. 

173. Caillet-Saguy, C., Maisonneuve, P., Delhommel, F., Terrien, E., Babault, N., Lafon, M., Cordier, 
F., and Wolff, N. (2015) Strategies to interfere with PDZ-mediated interactions in neurons: 
What we can learn from the rabies virus, Progress in Biophysics & Molecular Biology 119, 53-
59. 

174. Cho, K. O., Hunt, C. A., and Kennedy, M. B. (1992) The rat brain postsynaptic density fraction 
contains a homolog of the Drosophila discs-large tumor suppressor protein, Neuron 9, 929-
942. 

175. Kim, E., and Sheng, M. (2004) PDZ domain proteins of synapses, Nat Rev Neurosci 5, 771-781. 
176. Feng, W., and Zhang, M. (2009) Organization and dynamics of PDZ-domain-related 

supramodules in the postsynaptic density, Nat Rev Neurosci 10, 87-99. 
177. Brakeman, P. R., Lanahan, A. A., OBrien, R., Roche, K., Barnes, C. A., Huganir, R. L., and 

Worley, P. F. (1997) Homer: A protein that selectively binds metabotropic glutamate 
receptors, Nature 386, 284-288. 

178. Valiente, M., Andres-Pons, A., Gomar, B., Torres, J., Gil, A., Tapparel, C., Antonarakis, S. E., 
and Pulido, R. (2005) Binding of PTEN to specific PDZ domains contributes to PTEN protein 
stability and phosphorylation by microtubule-associated serine/threonine kinases, Journal of 
Biological Chemistry 280, 28936-28943. 

179. Cao, T. T., Deacon, H. W., Reczek, D., Bretscher, A., and von Zastrow, M. (1999) A kinase-
regulated PDZ-domain interaction controls endocytic sorting of the [beta]2-adrenergic 
receptor, Nature 401, 286-290. 

180. Hayashi, Y., Shi, S. H., Esteban, J. A., Piccini, A., Poncer, J. C., and Malinow, R. (2000) Driving 
AMPA receptors into synapses by LTP and CaMKII: Requirement for GluR1 and PDZ domain 
interaction, Science 287, 2262-2267. 



 

232 
 

181. Sans, N., Prybylowski, K., Petralia, R. S., Chang, K., Wang, Y. X., Racca, C., Vicini, S., and 
Wenthold, R. J. (2003) NMDA receptor trafficking through an interaction between PDZ 
proteins and the exocyst complex, Nature Cell Biology 5, 520-530. 

182. Kanamori, M., Sandy, P., Marzinotto, S., Benetti, R., Kai, C., Hayashizaki, Y., Schneider, C., and 
Suzuki, H. (2003) The PDZ protein tax-interacting protein-1 inhibits beta-catenin 
transcriptional activity and growth of colorectal cancer cells, J Biol Chem 278, 38758-38764. 

183. Dobrosotskaya, I. Y., and James, G. L. (2000) MAGI-1 interacts with beta-catenin and is 
associated with cell-cell adhesion structures, Biochemical and biophysical research 
communications 270, 903-909. 

184. Sun, Y., Aiga, M., Yoshida, E., Humbert, P. O., and Bamji, S. X. (2009) Scribble interacts with 
beta-catenin to localize synaptic vesicles to synapses, Mol Biol Cell 20, 3390-3400. 

185. Andersson, S. A., Olsson, A. H., Esguerra, J. L., Heimann, E., Ladenvall, C., Edlund, A., Salehi, A. , 
Taneera, J., Degerman, E., Groop, L., Ling, C., and Eliasson, L. (2012) Reduced insulin 
secretion correlates with decreased expression of exocytotic genes in pancreatic islets from 
patients with type 2 diabetes, Molecular and cellular endocrinology 364, 36-45. 

186. Tsang, S. W., Shao, D., Cheah, K. S., Okuse, K., Leung, P. S., and Yao, K. M. (2010) Increased 
basal insulin secretion in Pdzd2-deficient mice, Molecular and cellular endocrinology 315, 
263-270. 

187. Kalwat, M. A., Yoder, S. M., Wang, Z., and Thurmond, D. C. (2013) A p21-activated kinase 
(PAK1) signaling cascade coordinately regulates F-actin remodeling and insulin granule 
exocytosis in pancreatic beta cells, Biochem Pharmacol 85, 808-816. 

188. Rennefahrt, U. E., Deacon, S. W., Parker, S. A., Devarajan, K., Beeser, A., Chernoff, J., Knapp, 
S., Turk, B. E., and Peterson, J. R. (2007) Specificity profiling of Pak kinases allows 
identification of novel phosphorylation sites, J Biol Chem 282, 15667-15678. 

189. Asfari, M., Janjic, D., Meda, P., Li, G., Halban, P. A., and Wollheim, C. B. (1992) Establishment 
of 2-mercaptoethanol-dependent differentiated insulin-secreting cell lines, Endocrinology 
130, 167-178. 

190. Merglen, A., Theander, S., Rubi, B., Chaffard, G., Wollheim, C. B., and Maechler, P. (2004) 
Glucose sensitivity and metabolism-secretion coupling studied during two-year continuous 
culture in INS-1E insulinoma cells, Endocrinology 145, 667-678. 

191. Hohmeier, H. E., Mulder, H., Chen, G., Henkel-Rieger, R., Prentki, M., and Newgard, C. B. 
(2000) Isolation of INS-1-derived cell lines with robust ATP-sensitive K+ channel-dependent 
and -independent glucose-stimulated insulin secretion, Diabetes 49, 424-430. 

192. Chen, C.-Y., Chen, Y.-T., Wang, J.-Y., Huang, Y.-S., and Tai, C.-Y. (2016) Postsynaptic Y654 
dephosphorylation of β-catenin modulates presynaptic vesicle turnover through increased n-
cadherin-mediated transsynaptic signaling, Developmental Neurobiology, n/a-n/a. 

193. Towbin, H., Staehelin, T., and Gordon, J. (1979) Electrophoretic Transfer of Proteins from 
Polyacrylamide Gels to Nitrocellulose Sheets - Procedure and Some Applications, P Natl Acad 
Sci USA 76, 4350-4354. 

194. Piedra, J., Miravet, S., Castaño, J., Pálmer, H. G., Heisterkamp, N., De Herreros, A. G., and 
Duñach, M. (2003) p120 catenin-associated Fer and Fyn tyrosine kinases regulate β-catenin 
Tyr-142 phosphorylation and β-catenin-α-catenin interaction, Mol Cell Biol 23, 2287-2297. 

195. Piedra, J., Martínez, D., Castaño, J., Miravet, S., Duñach, M., and García De Herreros, A. 
(2001) Regulation of β-Catenin Structure and Activity by Tyrosine Phosphorylation, J Biol 
Chem 276, 20436-20443. 

196. Scott, L. J., Mohlke, K. L., Bonnycastle, L. L., Willer, C. J., Li, Y., Duren, W. L., Erdos, M. R., 
Stringham, H. M., Chines, P. S., Jackson, A. U., Prokunina-Olsson, L., Ding, C. J., Swift, A. J., 
Narisu, N., Hu, T., Pruim, R., Xiao, R., Li, X. Y., Conneely, K. N., Riebow, N. L., Sprau, A. G., 
Tong, M., White, P. P., Hetrick, K. N., Barnhart, M. W., Bark, C. W., Goldstein, J. L., Watkins, L., 
Xiang, F., Saramies, J., Buchanan, T. A., Watanabe, R. M., Valle, T. T., Kinnunen, L., Abecasis, 
G. R., Pugh, E. W., Doheny, K. F., Bergman, R. N., Tuomilehto, J., Collins, F. S., and Boehnke, M. 



 

233 
 

(2007) A genome-wide association study of type 2 diabetes in Finns detects multiple 
susceptibility variants, Science 316, 1341-1345. 

197. Tetsu, O., and McCormick, F. (1999) Beta-catenin regulates expression of cyclin D1 in colon 
carcinoma cells, Nature 398, 422-426. 

198. Huang, W., Chang, H. Y., Fei, T., Wu, H., and Chen, Y. G. (2007) GSK3 beta mediates 
suppression of cyclin D2 expression by tumor suppressor PTEN, Oncogene 26, 2471-2482. 

199. Kitamura, T. (2013) The role of FOXO1 in beta-cell failure and type 2 diabetes mellitus, 
Nature reviews. Endocrinology 9, 615-623. 

200. Kitamura, T., Nakae, J., Kitamura, Y., Kido, Y., Biggs, W. H., 3rd, Wright, C. V., White, M. F., 
Arden, K. C., and Accili, D. (2002) The forkhead transcription factor Foxo1 links insulin 
signaling to Pdx1 regulation of pancreatic beta cell growth, J Clin Invest 110, 1839-1847. 

201. Martinez, S. C., Cras-Meneur, C., Bernal-Mizrachi, E., and Permutt, M. A. (2006) Glucose 
regulates Foxo1 through insulin receptor signaling in the pancreatic islet beta-cell, Diabetes 
55, 1581-1591. 

202. Savic, D., Ye, H. G., Aneas, I., Park, S. Y., Bell, G. I., and Nobrega, M. A. (2011) Alterations in 
TCF7L2 expression define its role as a key regulator of glucose metabolism, Genome Research 
21, 1417-1425. 

203. Kitamura, T., Nakae, J., Kitamura, Y., Kido, Y., Biggs, W. H., Wright, C. V. E., White, M. F., 
Arden, K. C., and Accili, D. (2002) The forkhead transcription factor Foxo1 links insulin 
signaling to Pdx1 regulation of pancreatic beta cell growth, Journal of Clinical Investigation 
110, 1839-1847. 

204. Essers, M. A., de Vries-Smits, L. M., Barker, N., Polderman, P. E., Burgering, B. M., and 
Korswagen, H. C. (2005) Functional interaction between beta-catenin and FOXO in oxidative 
stress signaling, Science 308, 1181-1184. 

205. Moon, R. T., Kohn, A. D., De Ferrari, G. V., and Kaykas, A. (2004) WNT and beta-catenin 
signalling: diseases and therapies, Nature reviews. Genetics 5, 691-701. 

206. Shu, L., Sauter, N. S., Schulthess, F. T., Matveyenko, A. V., Oberholzer, J., and Maedler, K. 
(2008) Transcription Factor 7-Like 2 Regulates β-Cell Survival and Function in Human 
Pancreatic Islets, Diabetes 57, 645-653. 

207. Schuit, F., Flamez, D., De Vos, A., and Pipeleers, D. (2002) Glucose-regulated gene expression 
maintaining the glucose-responsive state of beta-cells, Diabetes 51, S326-S332. 

208. Slattery, M. L., Folsom, A. R., Wolff, R., Herrick, J., Caan, B. J., and Potter, J. D. (2008) 
Transcription factor 7-like 2 polymorphism and colon cancer, Cancer epidemiology, 
biomarkers & prevention : a publication of the American Association for Cancer Research, 
cosponsored by the American Society of Preventive Oncology 17, 978-982. 

209. Hoogeboom, D., Essers, M. A., Polderman, P. E., Voets, E., Smits, L. M., and Burgering, B. M. 
(2008) Interaction of FOXO with beta-catenin inhibits beta-catenin/T cell factor activity, J Biol 
Chem 283, 9224-9230. 

210. Biggs, W. H., 3rd, Meisenhelder, J., Hunter, T., Cavenee, W. K., and Arden, K. C. (1999) Protein 
kinase B/Akt-mediated phosphorylation promotes nuclear exclusion of the winged helix 
transcription factor FKHR1, Proc Natl Acad Sci U S A 96, 7421-7426. 

211. Nakai, J., Biggs, W. H., Kitamura, T., Cavenee, W. K., Wright, C. V. E., Arden, K. C., and Accili, 
D. (2002) Regulation of insulin action and pancreatic beta-cell function by mutated alleles of 
the gene encoding forkhead transcription factor Foxo1, Nat Genet 32, 245-253. 

212. McCrea, P. D., and Gumbiner, B. M. (1991) Purification of a 92-kDa cytoplasmic protein 
tightly associated with the cell-cell adhesion molecule E-cadherin (uvomorulin). 
Characterization and extractability of the protein complex from the cell cytostructure, J Biol 
Chem 266, 4514-4520. 

213. McCrea, P. D., Turck, C. W., and Gumbiner, B. (1991) A homolog of the armadillo protein in 
Drosophila (Plakoglobin) associated with E-cadherin, Science 254, 1359-1361. 



 

234 
 

214. Meng, W., and Takeichi, M. (2009) Adherens junction: molecular architecture and regulation, 
Cold Spring Harbor perspectives in biology 1, a002899. 

215. Lehembre, F., Yilmaz, M., Wicki, A., Schomber, T., Strittmatter, K., Ziegler, D., Kren, A., Went, 
P., Derksen, P. W. B., Berns, A., Jonkers, J., and Christofori, G. (2008) NCAM-induced focal 
adhesion assembly: a functional switch upon loss of E-cadherin, Embo Journal 27, 2603-2615. 

216. Nanes, B. A., and Kowalczyk, A. P. (2012) Adherens junction turnover: regulating adhesion 
through cadherin endocytosis, degradation, and recycling, Sub-cellular biochemistry 60, 197-
222. 

217. Zamir, E., and Geiger, B. (2001)  Molecular complexity and dynamics of cell-matrix adhesions, 
Journal of Cell Science 114, 3583-3590. 

218. Brieher, W. M., and Yap, A. S. (2013) Cadherin junctions and their cytoskeleton(s), Current 
Opinion in Cell Biology 25, 39-46. 

219. Collinet, C., and Lecuit, T. (2013) Chapter Two - Stability and Dynamics of Cell–Cell Junctions, 
In Progress in molecular biology and translational science (Frans van, R., Ed.), pp 25-47, 
Academic Press. 

220. Wei, Q., and Huang, H. (2013) Chapter Five - Insights into the Role of Cell–Cell Junctions in 
Physiology and Disease, In International review of cell and molecular biology (Kwang, W. J., 
Ed.), pp 187-221, Academic Press. 

221. Grammont, M. (2007) Adherens junction remodeling by the Notch pathway in Drosophila 
melanogaster oogenesis, J Cell Biol 177, 139-150. 

222. Nelson, W. J., and Nusse, R. (2004) Convergence of Wnt, ß-Catenin, and Cadherin Pathways, 
Science 303, 1483-1487. 

223. Sorrenson, B., Cognard, E., Lee, K. L., Dissanayake, W. C., Fu, Y., Han, W., Hughes, W. E., and 
Shepherd, P. R. (2016) A Critical Role for beta-Catenin in Modulating Levels of Insulin 
Secretion from beta-Cells by Regulating Actin Cytoskeleton and Insulin Vesicle Localization, J 
Biol Chem 291, 25888-25900. 

224. Parnaud, G., Lavallard, V., Bedat, B., Matthey-Doret, D., Morel, P., Berney, T., and Bosco, D. 
(2015) Cadherin engagement improves insulin secretion of single human beta-cells, Diabetes 
64, 887-896. 

225. Bosco, D., Rouiller, D. G., and Halban, P. A. (2007) Differential expression of E-cadherin at the 
surface of rat beta-cells as a marker of functional heterogeneity, J Endocrinol 194, 21-29. 

226. Krill, D., Thomas, A., Wu, S. P., Dhir, R., and Becich, M. J. (2001) E-cadherin expression and 
PSA secretion in human prostate epithelial cells, Urological research 29, 287-292. 

227. Van den Bossche, J., Laoui, D., Naessens, T., Smits, H. H., Hokke, C. H., Stijlemans, B., Grooten, 
J., De Baetselier, P., and Van Ginderachter, J. A. (2015) E-cadherin expression in macrophages 
dampens their inflammatory responsiveness in vitro, but does not modulate M2-regulated 
pathologies in vivo, Sci Rep-Uk 5, 12599. 

228. Lilien, J., and Balsamo, J. (2005) The regulation of cadherin-mediated adhesion by tyrosine 
phosphorylation/dephosphorylation of beta-catenin, Curr Opin Cell Biol 17, 459-465. 

229. Roura, S., Miravet, S., Piedra, J., Garcia de Herreros, A., and Dunach, M. (1999) Regulation of 
E-cadherin/Catenin association by tyrosine phosphorylation, J Biol Chem 274, 36734-36740. 

230. Xing, Y., Takemaru, K.-I., Liu, J., Berndt, J. D., Zheng, J. J., Moon, R. T., and Xu, W. (2008) 
Crystal Structure of a Full-Length β-Catenin, Structure (London, England : 1993) 16, 478-487. 

231. Aberle, H., Butz, S., Stappert, J., Weissig, H., Kemler, R., and Hoschuetzky, H. (1994) Assembly 
of the cadherin-catenin complex in vitro with recombinant proteins, J Cell Sci 107 ( Pt 12), 
3655-3663. 

232. Aberle, H., Schwartz, H., Hoschuetzky, H., and Kemler, R. (1996) Single amino acid 
substitutions in proteins of the armadillo gene family abolish their binding to alpha-catenin, J 
Biol Chem 271, 1520-1526. 



 

235 
 

233. Fang, D., Hawke, D., Zheng, Y., Xia, Y., Meisenhelder, J., Nika, H., Mills, G. B., Kobayashi, R., 
Hunter, T., and Lu, Z. (2007) Phosphorylation of beta-catenin by AKT promotes beta-catenin 
transcriptional activity, J Biol Chem 282, 11221-11229. 

234. Zhao, J. X., Yue, W. F., Zhu, M. J., Sreejayan, N., and Du, M. (2010) AMP-activated protein 
kinase (AMPK) cross-talks with canonical Wnt signaling via phosphorylation of beta-catenin 
at Ser 552, Biochem Bioph Res Co 395, 146-151. 

235. Yamagata, K., Nammo, T., Moriwaki, M., Ihara, A., Iizuka, K., Yang, Q., Satoh, T., Li, M., 
Uenaka, R., Okita, K., Iwahashi, H., Zhu, Q., Cao, Y., Imagawa, A., Tochino, Y., Hanafusa, T., 
Miyagawa, J.-i., and Matsuzawa, Y. (2002) Overexpression of Dominant-Negative Mutant 
Hepatocyte Nuclear Factor-1α in Pancreatic β-Cells Causes Abnormal Islet Architecture With 
Decreased Expression of E-Cadherin, Reduced β-cell Proliferation, and Diabetes, Diabetes 51, 
114-123. 

236. Jaques, F., Jousset, H., Tomas, A., Prost, A. L., Wollheim, C. B., Irminger,  J. C., Demaurex, N., 
and Halban, P. A. (2008) Dual effect of cell-cell contact disruption on cytosolic calcium and 
insulin secretion, Endocrinology 149, 2494-2505. 

237. Johansson, J. K., Voss, U., Kesavan, G., Kostetskii, I., Wierup, N., Radice, G. L., and Semb, H. 
(2010) N-cadherin is Dispensable for Pancreas Development but Required for beta-cell 
Granule Turnover, Genesis 48, 374-381. 

238. Wheelock, M. J., Shintani, Y., Maeda, M., Fukumoto, Y., and Johnson, K. R. (2008) Cadherin 
switching, J Cell Sci 121, 727-735. 

239. Heisler, F. F., Lee, H. K., Gromova, K. V., Pechmann, Y., Schurek, B., Ruschkies, L., Schroeder, 
M., Schweizer, M., and Kneussel, M. (2014) GRIP1 interlinks N-cadherin and AMPA receptors 
at vesicles to promote combined cargo transport into dendrites, P Natl Acad Sci USA 111, 
5030-5035. 

240. Stan, A., Pielarski, K. N., Brigadski, T., Wittenmayer, N., Fedorchenko, O., Gohla, A., Lessmann, 
V., Dresbach, T., and Gottmann, K. (2010) Essential cooperation of N-cadherin and 
neuroligin-1 in the transsynaptic control of vesicle accumulation, P Natl Acad Sci USA 107, 
11116-11121. 

241. Dabernat, S., Secrest, P., Peuchant, E., Moreau-Gaudry, F., Dubus, P., and Sarvetnick, N. 
(2009) Lack of beta-catenin in early life induces abnormal glucose homeostasis in mice, 
Diabetologia 52, 1608-1617. 

242. Feng, W., and Zhang, M. J. (2009) Organization and dynamics of PDZ-domain-related 
supramodules in the postsynaptic density, Nature Reviews Neuroscience 10, 87-99. 

243. Kanamori, M., Sandy, P., Marzinotto, S., Benetti, R., Kai, C., Hayashizaki, Y., Schneider, C., and 
Suzuki, H. (2003) The PDZ Protein Tax-interacting Protein-1 Inhibits β-Catenin Transcriptional 
Activity and Growth of Colorectal Cancer Cells, J Biol Chem 278, 38758-38764. 

244. Meyer, G., Varoqueaux, F., Neeb, A., Oschlies, M., and Brose, N. (2004) The complexity of PDZ 
domain-mediated interactions at glutamatergic synapses: a case study on neuroligin, 
Neuropharmacology 47, 724-733. 

245. Guilmatre, A., Huguet, G., Delorme, R., and Bourgeron, T. (2014) The emerging role of SHANK 
genes in neuropsychiatric disorders, Dev Neurobiol 74, 113-122. 

246. Boeckers, T. M., Bockmann, J., Kreutz, M. R., and Gundelfinger, E. D. (2002) ProSAP/Shank 
proteins - a family of higher order organizing molecules of the postsynaptic density with an 
emerging role in human neurological disease, J Neurochem 81, 903-910. 

247. Martinez, E., Schroeder, G. N., Berger, C. N., Lee, S. F., Robinson, K. S., Badea, L., Simpson, N., 
Hall, R. A., Hartland, E. L., Crepin, V. F., and Frankel, G. (2010) Binding to Na(+) /H(+) 
exchanger regulatory factor 2 (NHERF2) affects trafficking and function of the 
enteropathogenic Escherichia coli type III secretion system effectors Map, EspI and NleH, 
Cellular microbiology 12, 1718-1731. 



 

236 
 

248. Tolias, K. F., Bikoff, J. B., Burette, A., Paradis, S., Harrar, D., Tavazoie, S., Weinberg, R. J., and 
Greenberg, M. E. (2005) The Rac1-GEF Tiam1 couples the NMDA receptor to the activity-
dependent development of dendritic arbors and spines, Neuron 45, 525-538. 

249. Tolias, K. F., Bikoff, J. B., Kane, C. G., Tolias, C. S., Hu, L., and Greenberg, M. E. (2007) The 
Rac1 guanine nucleotide exchange factor Tiam1 mediates EphB receptor-dependent dendritic 
spine development, P Natl Acad Sci USA 104, 7265-7270. 

250. Hamelers, I. H. L., Olivo, C., Mertens, A. E. E., Pegtel, D. M., van der Kammen, R. A., 
Sonnenberg, A., and Collard, J. G. (2005) The Rac activator Tiam1 is required for α3β1-
mediated laminin-5 deposition, cell spreading, and cell migration, The Journal of Cell Biology 
171, 871-881. 

251. Oliva, C., Escobedo, P., Astorga, C., Molina, C., and Sierralta, J. (2012) Role of the maguk 
protein family in synapse formation and function, Developmental Neurobiology 72, 57-72. 

252. Alewine, C., Olsen, O., Wade, J. B., and Welling, P. A. (2006) TIP-1 has PDZ scaffold 
antagonist activity, Mol Biol Cell 17, 4200-4211. 

253. Regazzi, R., Wollheim, C. B., Lang, J., Theler, J. M., Rossetto, O., Montecucco, C., Sadoul, K., 
Weller, U., Palmer, M., and Thorens, B. (1995) VAMP-2 and cellubrevin are expressed in 
pancreatic beta-cells and are essential for Ca(2+)-but not for GTP gamma S-induced insulin 
secretion, The EMBO journal 14, 2723-2730. 

254. Thurmond, D. C., Gonelle-Gispert, C., Furukawa, M., Halban, P. A., and Pessin, J. E. (2003) 
Glucose-Stimulated Insulin Secretion Is Coupled to the Interaction of Actin with the t-SNARE 
(Target Membrane Soluble N-Ethylmaleimide-Sensitive Factor Attachment Protein Receptor 
Protein) Complex, Molecular Endocrinology 17, 732-742. 

255. Toonen, R. F., and Verhage, M. (2007) Munc18-1 in secretion: lonely Munc joins SNARE team 
and takes control, Trends Neurosci 30, 564-572. 

256. Toonen, R. F., Kochubey, O., de Wit, H., Gulyas-Kovacs, A., Konijnenburg, B., Sorensen, J. B., 
Klingauf, J., and Verhage, M. (2006) Dissecting docking and tethering of secretory vesicles at 
the target membrane, Embo Journal 25, 3725-3737. 

257. Diao, J., Su, Z., Lu, X., Yoon, T.-Y., Shin, Y.-K., and Ha, T. (2010) Single-Vesicle Fusion Assay 
Reveals Munc18-1 Binding to the SNARE Core Is Sufficient for Stimulating Membrane Fusion, 
ACS Chemical Neuroscience 1, 168-174. 

258. Perego, C., Vanoni, C., Massari, S., Longhi, R., and Pietrini, G. (2000) Mammalian LIN‐7 PDZ 

proteins associate with β‐catenin at the cell–cell junctions of epithelia and neurons, The 
EMBO journal 19, 3978-3989. 

259. Nishimura, W., Yao, I., Iida, J., Tanaka, N., and Hata, Y. (2002) Interaction of synaptic 
scaffolding molecule and Beta -catenin, J Neurosci 22, 757-765. 

260. Toonen, R. F. G., and Verhage, M. Munc18-1 in secretion: lonely Munc joins SNARE team and 
takes control, Trends in Neurosciences 30, 564-572. 

261. Zhang, W., Efanov, A., Yang, S.-N., Fried, G., Kolare, S., Brown, H., Zaitsev, S., Berggren, P.-O., 
and Meister, B. (2000) Munc-18 associates with syntaxin and serves as a negative regulator 
of exocytosis in the pancreatic beta-cell, J Biol Chem. 

262. Dong, Y., Wan, Q., Yang, X., Bai, L., and Xu, P. (2007) Interaction of Munc18 and Syntaxin in 
the regulation of insulin secretion, Biochem Biophys Res Commun 360, 609-614. 

263. Peca, J., Feliciano, C., Ting, J. T., Wang, W., Wells, M. F., Venkatraman, T. N., Lascola, C. D., 
Fu, Z., and Feng, G. (2011) Shank3 mutant mice display autistic-like behaviours and striatal 
dysfunction, Nature 472, 437-442. 

264. Durand, C. M., Betancur, C., Boeckers, T. M., Bockmann, J., Chaste, P., Fauchereau, F., Nygren, 
G., Rastam, M., Gillberg, I. C., Anckarsater, H., Sponheim, E., Goubran-Botros, H., Delorme, R., 
Chabane, N., Mouren-Simeoni, M. C., de Mas, P., Bieth, E., Roge, B., Heron, D., Burglen, L., 
Gillberg, C., Leboyer, M., and Bourgeron, T. (2007) Mutations in the gene encoding the 
synaptic scaffolding protein SHANK3 are associated with autism spectrum disorders, Nat 
Genet 39, 25-27. 



 

237 
 

265. Henquin, J. C., Nenquin, M., Stiernet, P., and Ahren, B. (2006) In vivo and in vitro glucose-
induced biphasic insulin secretion in the mouse: pattern and role of cytoplasmic Ca2+ and 
amplification signals in beta-cells, Diabetes 55, 441-451. 

266. Rorsman, P., Eliasson, L., Renstrom, E., Gromada, J.,  Barg, S., and Gopel, S. (2000) The Cell 
Physiology of Biphasic Insulin Secretion, News in physiological sciences : an international 
journal of physiology produced jointly by the International Union of Physiological Sciences 
and the American Physiological Society 15, 72-77. 

267. Ostenson, C. G., Gaisano, H., Sheu, L., Tibell, A., and Bartfai, T. (2006) Impaired gene and 
protein expression of exocytotic soluble N-ethylmaleimide attachment protein receptor 
complex proteins in pancreatic islets of type 2 diabetic patients, Diabetes 55, 435-440. 

268. Romeo, S., Sentinelli, F., Cavallo, M. G., Leonetti, F., Fallarino, M., Mariotti, S., and Baroni, M. 
G. (2007) Search for genetic variants of the SYNTAXIN 1A (STX1A) gene: the -352 A>T variant 
in the STX1A promoter associates with impaired glucose metabolism in an Italian obese 
population, Int J Obes 32, 413-420. 

269. Tsunoda, K., Sanke, T., Nakagawa, T., Furuta, H., and Nanjo, K. (2001) Single nucleotide 
polymorphism (D68D, T to C) in the syntaxin 1A gene correlates to age at onset and insulin 
requirement in Type II diabetic patients, Diabetologia 44, 2092-2097. 

270. Lam, P. P. L., Leung, Y. M., Sheu, L., Ellis, J., Tsushima, R. G., Osborne, L. R., and Gaisano, H. Y. 
(2005) Transgenic mouse overexpressing syntaxin-1A as a diabetes model, Diabetes 54, 
2744-2754. 

271. Guo, Q., Wu, M., Lian, P., Liao, M., Xiao, Z., Wang, X., and Shen, S. (2009) Synergistic effect of 
indomethacin and NGX6 on proliferation and invasion by human colorectal cancer cells 
through modulation of the Wnt/beta-catenin signaling pathway, Molecular and cellular 
biochemistry 330, 71-81. 

272. Schuit, F. C., In't Veld, P. A., and Pipeleers, D. G. (1988) Glucose stimulates proinsulin 
biosynthesis by a dose-dependent recruitment of pancreatic beta cells, Proc Natl Acad Sci U S 
A 85, 3865-3869. 

273. Leibiger, B., Wahlander, K., Berggren, P. O., and Leibiger, I. B. (2000) Glucose-stimulated 
insulin biosynthesis depends on insulin-stimulated insulin gene transcription, J Biol Chem 275, 
30153-30156. 

274. Treier, M., Staszewski, L. M., and Bohmann, D. (1994) Ubiquitin-Dependent C-Jun 
Degradation in-Vivo Is Mediated by the Delta-Domain, Cell 78, 787-798. 

275. Ozcan, U., Cao, Q., Yilmaz, E., Lee, A. H., Iwakoshi, N. N., Ozdelen, E., Tuncman, G., Gorgun, C., 
Glimcher, L. H., and Hotamisligil, G. S. (2004) Endoplasmic reticulum stress links obesity, 
insulin action, and type 2 diabetes, Science 306, 457-461. 

276. Matsuoka, T. A., Kaneto, H., Miyatsuka, T., Yamamoto, T., Yamamoto, K., Kato, K., 
Shimomura, I., Stein, R., and Matsuhisa, M. (2010) Regulation of MafA expression in 
pancreatic beta-cells in db/db mice with diabetes, Diabetes 59, 1709-1720. 

277. Inagaki, N., Maekawa, T., Sudo, T., Ishii, S., Seino, Y., and Imura, H. (1992) C-Jun Represses 
the Human Insulin Promoter Activity That Depends on Multiple Camp Response Elements, P 
Natl Acad Sci USA 89, 1045-1049. 

278. Susini, S., Roche, E., Prentki, M., and Schlegel, W. (1998) Glucose and glucoincretin peptides 
synergize to induce c-fos, c-jun, junB, zif-268, and nur-77 gene expression in pancreatic 
beta(INS-1) cells, Faseb J 12, 1173-1182. 

279. Ausserer, W. A., Bourratfloeck, B., Green, C. J., Laderoute, K. R., and Sutherland, R. M. (1994) 
Regulation of C-Jun Expression during Hypoxic and Low-Glucose Stress, Mol Cell Biol 14, 
5032-5042. 

280. Zayzafoon, M., Stell, C., Irwin, R., and McCabe, L. R. (2000)  Extracellular glucose influences 
osteoblast differentiation and c-jun expression, J Cell Biochem 79, 301-310. 

281. Grotewold, L., and Ruther, U. (2002) The Wnt antagonist Dickkopf-1 is regulated by Bmp 
signaling and c-Jun and modulates programmed cell death, Embo Journal 21, 966-975. 



 

238 
 

282. Gan, X. Q., Wang, J. Y., Xi, Y., Wu, Z. L., Li,  Y. P., and Li, L. (2008) Nuclear Dvl,  c-Jun, beta-
catenin, and TCF form a complex leading to stabilization of beta-catenin-TCF interaction, J 
Cell Biol 180, 1087-1100. 

283. Kida, A., Kakihana, K., Kotani, S., Kurosu, T., and Miura, O. (2007) Glycogen synthase kinase-3 
beta and p38 phosphorylate cyclin D2 on Thr280 to trigger its ubiquitin/proteasome-
dependent degradation in hematopoietic cells, Oncogene 26, 6630-6640. 

284. Wertz, I. E., O'Rourke, K. M., Zhang, Z. M., Dornan, D., Arnott, D., Deshaies, R. J., and Dixit, V. 
M. (2004) Human De-etiolated-1 regulates c-Jun by assembling a CUL4A ubiquitin ligase, 
Science 303, 1371-1374. 

285. Peifer, M., Pai, L. M., and Casey, M. (1994) Phosphorylation of the Drosophila adherens 
junction protein Armadillo: roles for wingless signal and zeste-white 3 kinase, Dev Biol 166, 
543-556. 

286. Fox, K. E., Colton, L. A., Erickson, P. F., Friedman, J. E., Cha, H. C., Keller, P., MacDougald, O. 
A., and Klemm, D. J. (2008) Regulation of Cyclin D1 and Wnt10b Gene Expression by cAMP-
responsive Element-binding Protein during Early Adipogenesis Involves Differential Promoter 
Methylation, J Biol Chem 283, 35096-35105. 

287. Wolf, D., Rodova, M., Miska, E. A., Calvet, J. P., and Kouzarides, T. (2002) Acetylation of beta-
catenin by CREB-binding protein (CBP), J Biol Chem 277, 25562-25567. 

288. He, T. C., Sparks, A. B., Rago, C., Hermeking, H., Zawel, L., da Costa, L. T., Morin, P. J., 
Vogelstein, B., and Kinzler, K. W. (1998) Identification of c-MYC as a target of the APC 
pathway, Science 281, 1509-1512. 

289. Fragoso, M. A., Patel, A. K., Nakamura, R. E., Yi, H., Surapaneni,  K., and Hackam, A. S. (2012) 
The Wnt/beta-catenin pathway cross-talks with STAT3 signaling to regulate survival of 
retinal pigment epithelium cells, PloS one 7, e46892. 

290. Armanious, H., Gelebart, P., Mackey, J., Ma, Y., and Lai, R. (2010) STAT3 upregulates the 
protein expression and transcriptional activity of beta-catenin in breast cancer, International 
journal of clinical and experimental pathology 3, 654-664. 

291. Jean, G., Pascal Ferré, a., and Fabienne, F. (1997) MECHANISMS BY WHICH CARBOHYDRATES 
REGULATE EXPRESSION OF GENES FOR GLYCOLYTIC AND LIPOGENIC ENZYMES, Annual 
Review of Nutrition 17, 325-352. 

292. Alonso, L. C., Yokoe, T., Zhang, P., Scott, D. K., Kim, S. K., O'Donnell, C. P., and Garcia-Ocana, 
A. (2007) Glucose infusion in mice: a new model to induce beta-cell replication, Diabetes 56, 
1792-1801. 

293. Salpeter, S. J., Klein, A. M., Huangfu, D., Grimsby, J., and Dor, Y. (2010) Glucose and aging 
control the quiescence period that follows pancreatic beta cell replication, Development 137, 
3205-3213. 

294. Flick, K. M., Spielewoy, N., Kalashnikova, T. I., Guaderrama, M., Zhu, Q., Chang, H. C., and 
Wittenberg, C. (2003) Grr1-dependent inactivation of Mth1 mediates glucose-induced 
dissociation of Rgt1 from HXT gene promoters, Mol Biol Cell 14, 3230-3241. 

295. Horak, J., Regelmann, J., and Wolf, D. H. (2002) Two distinct proteolytic systems responsible 
for glucose-induced degradation of fructose-1,6-bisphosphatase and the Gal2p transporter in 
the yeast Saccharomyces cerevisiae share the same protein components of the glucose 
signaling pathway, J Biol Chem 277, 8248-8254. 

296. Horak, J., and Wolf, D. H. (2001) Glucose-induced monoubiquitination of the Saccharomyces 
cerevisiae galactose transporter is sufficient to signal its internalization, J Bacterio l 183, 
3083-3088. 

297. Pulverer, B. J., Kyriakis, J. M., Avruch, J., Nikolakaki, E., and Woodgett, J. R. (1991) 
Phosphorylation of c-jun mediated by MAP kinases, Nature 353, 670-674. 

298. Zhang, D., Suganuma, T., and Workman, J. L. (2013) Acetylation regulates Jun protein 
turnover in Drosophila, Biochimica et biophysica acta 1829, 1218-1224. 



 

239 
 

299. Muller, S., Berger, M., Lehembre, F., Seeler, J. S., Haupt, Y., and Dejean, A. (2000) c-Jun and 
p53 activity is modulated by SUMO-1 modification, J Biol Chem 275, 13321-13329. 

300. Cowburn, D. (1997) Peptide recognition by PTB and PDZ domains, Current opinion in 
structural biology 7, 835-838. 

301. Nagamatsu, S., Fujiwara, T., Nakamichi, Y., Watanabe, T., Katahira, H., Sawa, H., and 
Akagawa, K. (1996) Expression and functional role of syntaxin 1/HPC-1 in pancreatic beta 
cells - Syntaxin 1A, but not 1B, plays a negative role in regulatory insulin release pathway, J 
Biol Chem 271, 1160-1165. 

302. Nakamura, K., Anitha, A., Yamada, K., Tsujii, M., Iwayama, Y., Hattori, E., Toyota, T., Suda, S., 
Takei, N., Iwata, Y., Suzuki, K., Matsuzaki, H., Kawai, M., Sekine, Y., Tsuchiya, K. J., Sugihara, 
G. I., Ouchi, Y., Sugiyama, T., Yoshikawa, T., and Mori, N. (2008) Genetic and expression 
analyses reveal elevated expression of syntaxin 1A (STX1A) in high functioning autism, Int J 
Neuropsychoph 11, 1073-1084. 

303. Saegusa, M., Hashimura, M., Kuwata, T., Hamano, M., and Okayasu, I. (2005) Upregulation 
of TCF4 expression as a transcriptional target of [beta]-catenin//p300 complexes during 
trans-differentiation of endometrial carcinoma cells, Lab Invest 85, 768-779. 

304. Donehower, L. A., Harvey, M., Slagle, B. L., Mcarthur, M. J., Montgomery, C. A., Butel, J. S., 
and Bradley, A. (1992) Mice Deficient for P53 Are Developmentally Normal but Susceptible to 
Spontaneous Tumors, Nature 356, 215-221. 

305. Testa, G., Schaft, J., van der Hoeven, F., Glaser, S., Anastassiadis, K., Zhang, Y. M., Hermann, 
T., Stremmel, W., and Stewart, A. F. (2004) A reliable lacZ expression reporter cassette for 
multipurpose, knockout-first alleles, Genesis 38, 151-158. 

306. Wu, S. P., Lee, D. K., DeMayo, F. J., Tsai, S. Y., and Tsai, M. J. (2010) Generation of ES Cells for 
Conditional Expression of Nuclear Receptors and Coregulators in Vivo, Molecular 
Endocrinology 24, 1297-1304. 

307. Doyle, A., McGarry, M. P., Lee, N. A., and Lee, J. J. (2012) The construction of transgenic and 
gene knockout/knockin mouse models of human disease, Transgenic Research 21, 327-349. 

308. Lewandoski, M. (2001) Conditional control of gene expression in the mouse, Nat Rev Genet 2, 
743-755. 

309. Matthaei, K. I. (2007) Genetically manipulated mice: a powerful tool with unsuspected 
caveats, J Physiol 582, 481-488. 

310. van Veelen, W., Le, N. H., Helvensteijn, W., Blonden, L., Theeuwes, M., Bakker, E. R., Franken, 
P. F., van Gurp, L., Meijlink, F., van der Valk, M. A., Kuipers, E. J., Fodde, R., and Smits, R. 
(2011) beta-catenin tyrosine 654 phosphorylation increases Wnt signalling and intestinal 
tumorigenesis, Gut 60, 1204-1212. 

311. Kahn, S. E., Hull, R. L., and Utzschneider, K. M. (2006) Mechanisms linking obesity to insulin 
resistance and type 2 diabetes, Nature 444, 840-846. 

312. Wang, C. Y., and Liao, J. K. (2012) A mouse model of diet-induced obesity and insulin 
resistance, Methods Mol Biol 821, 421-433. 

313. Winzell, M. S., and Ahren, B. (2004) The high-fat diet-fed mouse: a model for studying 
mechanisms and treatment of impaired glucose tolerance and type 2 diabetes, Diabetes 53 
Suppl 3, S215-219. 

314. Heydemann, A. (2016) An Overview of Murine High Fat Diet as a Model for Type 2 Diabetes 
Mellitus, Journal of Diabetes Research. 

315. Chowdhury, M. K., Montgomery, M. K., Morris, M. J., Cognard, E., Shepherd, P. R., and Smith, 
G. C. (2015) Glucagon phosphorylates serine 552 of beta-catenin leading to increased 
expression of cyclin D1 and c-Myc in the isolated rat liver, Arch Physiol Biochem 121, 88-96. 

316. D'Alessio, D. (2011) The role of dysregulated glucagon secretion in type 2 diabetes, Diabetes 
Obes Metab 13 Suppl 1, 126-132. 



 

240 
 

317. Larsson, H., and Ahren, B. (2000) Islet dysfunction in insulin resistance involves impaired 
insulin secretion and increased glucagon secretion in postmenopausal women with impaired 
glucose tolerance, Diabetes Care 23, 650-657. 

318. Inoki, K., Li, Y., Zhu, T. Q., Wu, J., and Guan, K. L. (2002) TSC2 is phosphorylated and inhibited 
by Akt and suppresses mTOR signalling, Nature Cell Biology 4, 648-657. 

319. Mora, A., Sakamoto, K., McManus, E. J., and Alessi, D. R. (2005) Role of the PDK1-PKB-GSK3 
pathway in regulating glycogen synthase and glucose uptake in the heart, FEBS Lett 579, 
3632-3638. 

320. Hajduch, E., Litherland, G. J., and Hundal, H. S. (2001) Protein kinase B (PKB/Akt) --a key 
regulator of glucose transport?, FEBS Lett 492, 199-203. 

321. Alessi, D. R., Andjelkovic, M., Caudwell, B., Cron, P., Morrice, N., Cohen, P., and Hemmings, B. 
A. (1996) Mechanism of activation of protein kinase B by insulin and IGF-1, EMBO J 15, 6541-
6551. 

322. Seppala-Lindroos, A., Vehkavaara, S., Hakkinen, A. M., Goto, T., Westerbacka, J., Sovijarvi, A., 
Halavaara, J., and Yki-Jarvinen, H. (2002) Fat accumulation in the liver is associated with 
defects in insulin suppression of glucose production and serum free fatty acids independent 
of obesity in normal men, Journal of Clinical Endocrinology & Metabolism 87, 3023-3028. 

323. Song, W. J., Mondal, P., Wolfe, A., Alonso, L. C., Stamateris, R., Ong, B. W., Lim, O. C., Yang, K. 
S., Radovick, S., Novaira, H. J., Farber, E. A., Farber, C. R., Turner, S. D., and Hussain, M. A. 
(2014) Glucagon regulates hepatic kisspeptin to impair insulin secretion, Cell Metab 19, 667-
681. 

324. Woods, S. C., Lotter, E. C., McKay, L. D., and Porte, D., Jr. (1979) Chronic 
intracerebroventricular infusion of insulin reduces food intake and body weight of baboons, 
Nature 282, 503-505. 

325. Hallschmid, M., Higgs, S., Thienel, M., Ott, V., and Lehnert, H. (2012) Postprandial 
administration of intranasal insulin intensifies satiety and reduces intake of palatable snacks 
in women, Diabetes 61, 782-789. 

326. Bruning, J. C., Gautam, D., Burks, D. J., Gillette, J., Schubert, M., Orban, P. C., Klein, R., Krone, 
W., Muller-Wieland, D., and Kahn, C. R. (2000) Role of brain insulin receptor in control of 
body weight and reproduction, Science 289, 2122-2125. 

327. Scherer, T., O'Hare, J., Diggs-Andrews, K., Schweiger, M., Cheng, B., Lindtner, C., Zielinski, E., 
Vempati, P., Su, K., Dighe, S., Milsom, T., Puchowicz, M., Scheja, L., Zechner, R., Fisher, S. J., 
Previs, S. F., and Buettner, C. (2011) Brain insulin controls adipose tissue lipolysis and 
lipogenesis, Cell Metab 13, 183-194. 

328. Ramnanan, C. J., Kraft, G., Smith, M. S., Farmer, B., Neal, D., Williams, P. E., Lautz, M., 
Farmer, T., Donahue, E. P., Cherrington, A. D., and Edgerton, D. S. (2013) Interaction Between 
the Central and Peripheral Effects of Insulin in Controlling Hepatic Glucose Metabolism in the 
Conscious Dog, Diabetes 62, 74-84. 

329. Chan, O., and Sherwin, R. S. (2012) Hypothalamic Regulation of Glucose-Stimulated Insulin 
Secretion, Diabetes 61, 564-565. 

330. Condello, S., Cao, L. Y., and Matei, D. (2013) Tissue transglutaminase regulates beta-catenin 
signaling through a c-Src-dependent mechanism, Faseb Journal 27, 3100-3112. 

331. Huber, A. H., and Weis, W. I. (2001) The structure of the beta-catenin/E-cadherin complex 
and the molecular basis of diverse ligand recognition by beta-catenin, Cell 105, 391-402. 

332. Iwai, Y., Hirota, Y., Ozaki, K., Okano, H., Takeichi, M., and Uemura, T. (2002) DN-cadherin is 
required for spatial arrangement of nerve terminals and ultrastructural organization of 
synapses, Molecular and Cellular Neuroscience 19, 375-388. 

333. Jungling, K., Eulenburg, V., Moore, R., Kemler, R., Lessmann, V., and Gottmann, K. (2006) N -
cadherin transsynaptically regulates short-term plasticity at glutamatergic synapses in 
embryonic stem cell-derived neurons, Journal of Neuroscience 26, 6968-6978. 



 

241 
 

334. Robertson, R. P. (2004) Chronic oxidative stress as a central mechanism for glucose toxicity in 
pancreatic islet beta cells in diabetes, Journal of Biological Chemistry 279, 42351-42354. 

335. Christodoulides, C., Lagathu, C., Sethi, J. K., and Vidal-Puig, A. (2009) Adipogenesis and WNT 
signalling, Trends Endocrinol Metab 20, 16-24. 

336. Prestwich, T. C., and Macdougald, O. A. (2007) Wnt/beta-catenin signaling in adipogenesis 
and metabolism, Curr Opin Cell Biol 19, 612-617. 

337. Kahn, B. B., and Flier, J. S. (2000) Obesity and insulin resistance, J Clin Invest 106, 473-481. 
338. Rosen, E. D., and Spiegelman, B. M. (2006) Adipocytes as regulators of energy balance and 

glucose homeostasis, Nature 444, 847-853. 
339. Chan, O., and Sherwin, R. S. (2012) Hypothalamic regulation of glucose-stimulated insulin 

secretion, Diabetes 61, 564-565. 

 

 

 


	coversheet.pdf
	General copyright and disclaimer


