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Abstract 

 

Glycogen synthase kinase 3β (GSK-3β) was subsequently shown to function in a 

wide range of cellular processes.  GSK-3β is a multifunctional serine/threonine kinase 

which performs a role in several signaling pathways including Wnt signal transduction.  

Recently, the activity of membrane-localized GSK-3β has been shown to be crucial for 

initiation of Wnt cascade.  In our study, the membrane localization of GSK-3β was 

found on the apical membrane of normal epithelium, where co-localized and directly 

bound with MUC1.  In colorectal cancer, depolarized cells showed the aberrant 

distribution of GSK-3β on the cellular membrane with β-catenin nuclear accumulation.  

The aberrant distribution of the membrane-localized GSK-3β may contribute to the 

development of colorectal cancer.   
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1. Introduction 

 

The serine/threonine kinasa glycogen synthase kinase 3β (GSK-3β) was first 

described for a metabolic pathway for glycogen synthesis regulation that is sensitive to 

insulin-mediated inhibition [1].  GSK-3β has subsequently been shown to regulate 

various physiological responses, including protein synthesis, gene expression, 

subcellular localization of proteins, and protein degradation, in mammalian cells by 

phosphorylating many substrates [2-4].  GSK-3β plays a central role in Wnt pathway 

[5].  In colorectal neoplasm, the activation of the Wnt signaling [6,7] or the dysfunction 

of the so-called β-catenin destruction complex are reported [8-10].  Upon activation of 
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the Wnt signaling pathway or by abnormalities/deviations in the β-catenin degradation 

process, β-catenin accumulates in the nucleus, where it functions as a transcriptional 

regulator by interacting with T-cell transcription factor (TCF) to activate Wnt-specific 

target genes [5].  In the cytoplasm, GSK-3β takes in a part of the β-catenin destruction 

complex, which regulates the level of β-catenin by targeting it for ubiquitin-mediated 

proteasomal degradation [11].  However, it was reported that GSK-3β also had 

important function in tumor cell proliferation via the NF-κΒ pathway [12,13] and the 

increased expression of GSK-3β was reported in colorectal cancer [14].  These data 

show discrepancy with regard to the role of GSK-3β in the colorectal cancer 

development.  There are only limited studies examining the involvement of GSK-3β 

expression in tumor development and the findings are occasionally contradictory 

[14-16].  

In this study, GSK-3β was found on the apical membrane of normal colon epithelium 

with MUC1.  The distribution of GSK-3β was aberrant on the membrane in cancer 

tissue.  We speculated that the aberrant distribution of active GSK-3β may be 

associated to colorectal cancer development.  

 

 

2. Materials and Methods 

 

2.1. Antibodies 

 

For detection of GSK-3β, we obtained mouse monoclonal anti-GSK-3β from BD 

Bioscience (San Jose, USA) and polyclonal rabbit anit-GSK-3β from Santa Cruz 

Biotechnology (Santa Cruz, USA).  Monoclonal mouse anti-phosphorylated-GSK-3β 

(ser9) was obtained from Cell Signaling Technologies (Beverly, USA).  Monoclonal 

mouse antibody for β-catenin was from BD Bioscience.  Monoclonal mouse and 
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polyclonal goat antibody for MUC1 were from Santa Cruz Biotechnology.  

 

2.3. Immunohistochemistry 

 

Surgical specimens were subjected to this study, which were done pathological 

diagnosis in our institution from 2005 to 2007.  All investigations were approved by 

our institutional review board and informed consent was obtained from all participants.  

Immunohistochemistry was performed on 4-μm thick sections prepared from 

formalin-fixed, paraffin-embedded tissue blocks using the avidin-biotin complex 

detection system (Vector Laboratories, Burlingame, USA).  For antigen retrieval, 

sections were incubated in Tris-EDTA buffer (pH 9.0) at 121°C for 15 min.  The 

sections were examined using a Nikon Eclipse 50/inverted microscope (Nikon, Tokyo, 

Japan) with 10x, 20x, 40x and 100x objective lens.  Histofine DAB kit (Nichirei, Tokyo, 

Japan) (brown) was used for  detection.  Control sections were incubated with 

isotype-matched IgG.  The specificity of immunoreactivity of GSK-3β was confirmed by 

pre-incubation of mouse monoclonal anti-GST-3β antibody with 0.1 μg or 1 μg of 

GST-GSK-3β recombinant protein (Cell Signaling Technologies).  The images were 

captured with a Nikon digital sight Fi1 camera (Nikon). 

 

2.4. Immunofluorescence 

 

After incubating with primary antibodies, the sections were incubated with 

secondary antibodies (Alexa 488 conjugated affinipure goat anti-mouse IgG and Alexa 

555 conjugated affinipure goat anti-rabbit IgG) obtained from Molecular Probes 

(Eugene, OR).  Slides were then mounted with Vectashield mounting medium 

containing 4,6-diamidino-2-phenylindole (DAPI) nuclear counterstain (Vector 

Laboratories, Burlingame, CA).  The fluorescence images were examined using a 

MD2500 microscope (Leica Microsystems, Tokyo, Japan) with a x100 objective lens.  
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The pictures were captured with a Leica DC500 camera (Leica Microsystems). 

 

2.5. Immunoprecipitation and immunoblotting 

 

Cancer tissue was homogenized in ice-cold lysis buffer (50 mM Tris-Cl [pH 7.6], 150 

mM NaCl, 0.1% Nonidet P-40, and 1 tablet of Complete protease inhibitor cocktail 

(Roche Diagnostics, Indianapolis, USA) and incubated on ice for 30 min.  Lysates were 

cleared by centrifugation at 15,000 rpm for 20 min and 200 μg of total protein was used 

for immunoprecipitation.  Anti-GSK-3β rabbit polyclonal and anti-MUC1 mouse 

monoclonal antibodies were used for Seize X Protein G Immunoprecipitation Kit (Pierce, 

Rockford, USA) according to the manufacture’s methods.  The immunoprecipitates 

were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and then the proteins were transferred to nitrocellulose membranes.   

The membranes were blocked with 5% nonfat dry milk in phosphate-buffered saline 

(PBS) containing 0.05% Tween 20 and then incubated with goat polyclonal anti-MUC1 

(1:100), mouse monoclonal anti-GSK-3β (1:500), or monoclonal mouse 

anti-phosphorylated-GSK-3β (1:250) antibodies.  Reactivity was detected by the use of 

horseradish peroxidase-conjugated secondary antibodies and chemiluminescence (ECL, 

Amersham Pharmaceuticals, Amersham, UK). 

 

3. Results 

 

3.1. Apical membrane localization of GSK-3β in colon and other epithelium 

 

The localization of GSK-β was on the apical membrane.  We also found the 

expression of GSK-β in the cytoplasm and the nucleus.  Normal epithelium of small 

intestine and the ducts of breast also expressed GSK-β on the apical side of the 
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membrane (Figs. 1-3). 

 

3.2. Specificity of the immunoreactivity of the apical membrane localization of GSK-3β 

 

To confirm the specificity of anti-GSK-3β antibody, anti-GSK-3β antibody was 

incubated with 0.1 μg or 1 μg of GST-GSK-3β recombinant protein (Cell Signaling 

Technologies) (Fig. 4).  

 

3.3. Co-distribution of GSK-3β and MUC1 in colon epithelial cells 

 

  In our study, the distribution of GSK-3β was similar to MUC1 and the molecular 

interaction of GSK-3β and MUC1 was shown previously [17].  In normal colon 

epithelium and colorectal cancer, MUC1 is known to be located on the apical 

membrane, and is often used for detection of this polarity for clinical diagnosis [18-21].  

We speculated that GSK-3β and MUC1 are co-distributed on the cellular membrane. 

In our study, we found that both GSK-3β and MUC1 on the apical membrane.  

Immunoprecipitation with colorectal cancer tissues showed the direct binding of 

GSK-3β and MUC1.  However, no phosphorylated GSK-3β (Ser9) was 

immunoprecipitated with MUC1 antibody.  

 

3.4. Distribution of GSK-3β and association to β-catenin nuclear accumulation in 

colorectal cancer 

 

In this study, clusters of cancer cells at the invasive front, known as tumor budding, 

frequently showed β-catenin nuclear accumulation (Fig. 4B2).  Histopathological 

findings of tumor budding is reported to be related to the malignant behavior of 

colorectal cancer [22,23]  Those cells showed aberrant GSK-3β expression, notably on 
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the cellular membrane (Fig. 4C), where cancer cells got an unusual interaction with 

extracellular matrix.   

 

Discussion 

This is the first report to show the distribution of membrane-localized GSK-3β with 

MUC1 on the apical side of normal epithelium with human tissue.  MUC1 is a 

glycoprotein normally located on the apical membrane of normal glandular epithelium 

[18] and aberrant expression of MUC1 was reported various cancers [18-21].  We found 

the aberrant of GSK-3β, which is associated to the β-catenin nuclear accumulation.  

Numerous reports showed that the β-catenin nuclear accumulation at the invasive 

front contributes to poor prognosis [24,25].  However, nothing is known about why the 

nuclear accumulation of β-catenin was detected mainly at the invasive front of cancer.  

Recently, a novel mechanism of GSK-3β for the activation of Wnt signaling was 

reported.  GSK-3β was reported to phosphorylate low-density-lipoprotein-related 

protein (LRP), co-receptor of Wnt protein [26].  On the cellular membrane, 

phosphorylation of LRP by GSK-3β and casein kinase (CKI) -γ recruits axin to the 

plasma membrane, where it is inactivated and/or targeted for degradation, resulting in 

the β-catenin stability [27].  In the model, the activity of membrane-localized GSK-3β 

is considered crucial for initiation of Wnt cascade.   

In our study, depolarized cells at the invasive front, which lost apical/basal polarity, 

showed unusual interaction of membrane-localized GSK-3β and extracellular matrix.  

Most Wnt proteins transmit signals locally, since their secretion is under tight control 

in normal epithelium.  Heparan sulfate proteoglycans, extracellular matrix protein, 

are considered to regulate the transport of Wnt proteins [28-30].  The Wnt of secreted 

signal proteins were reported to play a key role in numerous aspects of embryogenesis, 

as well as in carcinogenesis [31-33].  We speculated that the particular distribution of 

GSK-3β may have an unusual interaction with Wnt protein storage of extracellular 
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matrix, resulting in Wnt signaling activation.  Further investigation is needed to 

clarify the role of GSK-3β on tumor progression. 
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Figure legends 

 

 

 

Figure 1. 

Cellular distribution of GSK-3β in normal epithelium. (A) normal colon epithelium. 

(B) Nomal small intestine. (C) Ducts of mammary gland. The immunoreactivity of 

GSK-3β was on the apical side of the membrane of epithelial cells. Bar, 100 μm. 
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Figure 2. 

The specificity of immunoreactivity of GSK-3β in normal colon epithelium (A1-D1) 

and colorectal cancer (A2-D2). (A-D) The immunoreactivity of GST-3β was 

predominantly on the cellular membrane. (B), (C) The antibody was pre-incubated 

with GST-GSK-3β recombinant protein or normal mouse IgG. (B) 0.1 μg of 

GST-GSK-3β recombinant protein. (C) 1 μg of GST-GSK-3β recombinant protein. 

(D) Normal mouse IgG1. Bar, 25 μm. 
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Figure 3. 

Interaction of GSK-3β and MUC1. Immunohistochemistry of GSK-3β and 

MUC1(A-D). (A) and (C) MUC1 expressed on the apical side. (A) Central area of 

cancer tissue. (C) Invasive front. (B) and (D) GSK-3β was expressed on the apical 

side. (B) Central area of cancer tissue. (D) Invasive front. Bar, 100 μm. (E)-(G) 

Double immunofluorescence in normal colon mucosa. Monoclonal MUC1 (green) and 

polyclonal GSK-3β (red) antibodies were used. (E) MUC1 was detected on the apical 

membrane. (F) GSK-3β was found on the apical membrane and in the cytoplasm and 

the nucleus in normal epithelium. (G) Co-distribution of both MUC1 and GSK-3β was 

detected on the apical membrane. Bar, 25 μm. 
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Figure 4. 

Low and high magnification of immunostaining for GSK-3β and β-catenin in 

colorectal cancer. (A) The expression of GSK-3β (A1) GSK-3β was detected on the 

apical side of cancer cell in the central area of cancer tissue. (A2) The aberrant 

distribution of GSK-3β was on the membrane of depolarized cancer cell at the invasive 

front. (B1) β-catenin was detected on the cellular membrane in the central area. (B2) 

the nuclear accumulation of β-catein was found at the invasive front. Bar, 100 μm. 




