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Abstract. p120-catenin (p120) contains a large central 
armadillo repeat domain, via which it binds to E-cadherin to 
stabilize the latter, thereby regulating cell-to-cell adhesion. 
A previous study by our group demonstrated that O-linked 
N-acetylglucosamine (O-GlcNAc) is involved in the regula-
tion of the interaction between p120 and E-cadherin. As 
O-GlcNAc transferase (OGT) is able to directly bind to the 
majority of its target proteins, the present study hypoth-
esized that OGT may additionally regulate the formation of 
the E-cadherin/catenin complex independent of its catalytic 
activity. To verify this hypothesis, a catalytically inactive OGT 
mutant was expressed in H1299 cells, and its effects on the 
formation of the E-cadherin/catenin complex were assessed. 
A cytoskeleton‑binding protein extraction assay confirmed 
that OGT inhibited the formation of the E-cadherin/catenin 
complex independent of its catalytic activity. In addi-
tion, co-immunoprecipitation and pull-down assays were 
used to evaluate the interaction between OGT and p120. 
Immunoblotting indicated that OGT was able to directly bind 
to p120. To determine the domain of p120 involved in binding 
to OGT, a series of deletion mutants of p120 were constructed 
and subjected to protein binding assays by pull-down assays. 
Immunoblotting showed that OGT bound to the regulatory 
and armadillo domains of p120, which might interfere with 
the interaction between p120 and E-cadherin. Finally, OGT, 
p120 and E-cadherin cytoplasmic domains (ECD) were 
recombinantly expressed in BL21 (DE3) recombinant E. coli 

cells, and a glutathione S-transferase (GST) pull-down assay 
was performed to assess the interactions among the puri-
fied recombinant proteins. Immunoblotting indicated that 
maltose-binding protein (MBP)-OGT inhibited the binding 
of His-p120 to GST-ECD in a dose-dependent manner. All of 
these results suggested that OGT inhibited the formation of the 
E-cadherin/catenin complex through reducing the interaction 
between p120 and E-cadherin. The present study provided a 
novel underlying mechanism of the regulation of the interaction 
between p120 and E-cadherin, and thus E-cadherin-mediated 
cell-cell adhesion, which has essential roles in cancer develop-
ment and progression.

Introduction

Members of the classical cadherin family are transmembrane 
glycoproteins that mediate calcium-dependent homophilic 
adhesion via trans-dimerization of cadherin ectodomains 
between adjacent cells. They are essential for establishing tissue 
organization as well as maintaining tissue homeostasis, cell 
migration and wound healing (1). Among the large number of 
the classic cadherin family members, E-cadherin in epithelial 
tissues has been studied most extensively. The distal portion of 
the cadherin cytoplasmic tail binds to β-catenin, which in turn 
binds to α-catenin and thereby links the adhesive complex to 
the actin cytoskeleton (2). Like β-catenin, p120-catenin (p120) 
binds to the cytoplasmic tail of all classic cadherins; however, 
p120 interacts with the juxtamembrane domain (JMD) to 
stabilize cadherin-catenin complexes at the cell surface (3-5). 
It has been demonstrated that a reduction in p120 protein levels 
or uncoupling of the p120-JMD interaction in cultured cells 
significantly increases the internalization of cadherin, thereby 
reducing the amount of cadherin available to facilitate cell-cell 
adhesion (3,6). Therefore, p120 is a gatekeeper of cadherin 
turnover in vertebrates (7), and the balancing of the interac-
tion between p120 and E-cadherin is an important underlying 
mechanism of the regulation of E-cadherin-mediated cell-cell 
adhesion.

Multiple mRNA variants of p120 exist, encoding different 
isoforms, which all consist of a large central armadillo repeat 
domain flanked by an N‑terminal and a C‑terminal region (8). 
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This central domain has ten armadillo repeats, which is used to 
bind E-cadherin, and thus to stabilize E-cadherin and regulate 
cell-to-cell adhesion. The N-terminal domain of the longest 
p120 isoform (p120 1ABC) contains a coiled-coil domain 
and a regulatory phosphorylation domain. The phosphoryla-
tion domain comprises an abundance of Ser, Thr and Tyr 
residues, which are phosphorylated under certain conditions. 
The phosphorylation of p120 is involved in protein-protein 
interactions and the regulation of cell adhesion (9-11). The 
C-terminal region contains potential nuclear localization and 
export signals.

N-acetylglucosamine transferase (OGT) catalyzes the 
O-GlcNAcylation of proteins, which is an O-linked glycosyl-
ation involving attachment of β-GlcNAc to Ser/Thr residues, 
and whose removal is catalyzed by O-GlcNAcase (OGA). A 
previous study by our group demonstrated that O-GlcNAc 
enhanced breast cancer metastasis, which was mainly caused 
by the decrease of cell surface E-cadherin. Moreover, p120 
was shown to be modified by O‑GlcNAc, which was likely 
to be involved in the regulation of the E-cadherin/catenin 
complex (12).

As OGT has been demonstrated to be able to directly 
bind to the majority of its target proteins, the present study 
hypothesized that OGT may additionally regulate the forma-
tion of the E-cadherin/catenin complex independent of its 
catalytic activity. To verify this hypothesis, a catalytically 
inactive OGT mutant was expressed in H1299 cells, and its 
effects on the formation of the E-cadherin/catenin complex 
were assessed. In addition, the interaction between OGT and 
p120 was analyzed by co-immunoprecipitation and pull-down 
assays. Furthermore, a series of deletion mutants of p120 were 
constructed to determine the domain of p120 binding to OGT. 
Finally, a pull-down assay was performed to evaluate the role 
of OGT in the interaction between purified recombinant p120 
and ECD. This interaction may represent a novel underlying 
mechanism of the regulation of the interaction between p120 
and E-cadherin, and thus E-cadherin-mediated cell-cell adhe-
sion, which has essential roles in cancer development and 
progression.

Materials and methods

Cell lines and culture. HEK293T human embryonic kidney 
cells (Baili Biological Technology Co., Ltd., Shanghai, 
China) were cultured in Dulbecco's modified Eagle's 
medium (DMEM; Lonza Group, Ltd., Basel, Switzerland) 
containing high glucose and 10% (v/v) fetal calf serum (FBS; 
Gibco, Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
The H1299 human lung carcinoma cells (Baili Biological 
Technology Co., Ltd., Shanghai, China) with low E-cadherin 
expression was cultured in RPMI-1640 medium (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS. 
The 4T1 cell line was kindly provided by Professor Fred R. 
Miller prior to 2006 (Department of Oncology, Barbara Ann 
Karmanos Cancer Institute, Wayne State University, Detroit, 
MI, USA), which is derived from a mammary tumor that arose 
spontaneously in a wild-type (wt) BALB/c mouse (13). 4T1 
cells were cultured in DMEM supplemented with 10% FBS, 
1 mM mixed non-essential amino acids and 2 mM l-glutamine. 
The generation of OGT-silenced 4T1 cells was performed as 

reported previously (12). Cells were maintained in a humidi-
fied atmosphere containing 5% CO2 at 37˚C. To elevate the 
global levels of O-GlcNAc, cells were treated with 10 µM 
Thiamet-G (Sigma-Aldrich, St. Louis, MO, USA), a selective 
OGA inhibitor, for 24 h. The A549 human lung carcinoma 
cell line was cultured in F12K medium supplemented with 
10% FBS. Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) was used for cell transfection according to the 
manufacturer's instructions.

Plasmid construction. A cytomegalovirus (CMV) vector 
expressing Flag-tagged human nuclear/cytoplasmic (nc)OGT 
(pCMV-Flag-OGT) was kindly provided by Professor Jin 
Won Cho (Department of Integrated OMICS for Biomedical 
Science, Yonsei University, Seoul, South Korea) (14). A 
vector expressing a Flag-tagged human mutant OGT, H558A 
(His558 to Ala), was constructed by site-directed mutagenesis. 
The full-length sequence of the expression vector of mutant 
OGT was amplified by polymerase chain reaction (PCR) 
amplification of the pCMV‑Flag‑OGT plasmid, using Phusion 
High‑Fidelity DNA Polymerase (Thermo Fisher Scientific), 
a Juhao JH-9600 PCR machine (Taizhou Juhao Import and 
Export Co., Ltd., Taizhou, China) and the following primers: 
Forward, 5'-TGC TCC TAC TTC TCA CCT TAT GCA-3' and 
reverse, 5'-TTC CCA AAG TCG GAA CTCAC-3'. The PCR 
product was phosphorylated and then self-ligated to obtain the 
vector pCMV-Flag-OGT H558A by using a Blunting Kination 
Ligation kit (Takara, Otsu, Japan). Maltose-binding protein 
(MBP)-tagged OGT-expressiong vector (pMAL-c2X-OGT) 
was a generous gift from Professor David J. Vocadlo 
(Department of Molecular Biology and Biochemistry, 
Simon Fraser University, Burnaby, BC, Canada) (15). A 
pGEX-2T-ECD (pGEX-ECD) vector expressing the gluta-
thione S-transferase-tagged complete E-cadherin cytoplasmic 
domain (GST-ECD), including the JMD domain, was obtained 
as described as previously (12). A linker (5'-AAG CTT ACC ATG 
 GAC TAC AAG GAC GAC GAT GAC AAG GGA TCC GGT GGT  
ACC GCG GCC GCT GAT ATC TGA TCT AGA-3'), containing 
a Flag tag coding sequence and multiple restriction enzyme 
sites, was inserted between the HindIII and XbaI sites of a 
pcDNA3.1 vector, creating a vector named pcDNA3-Flag. 
The full‑length coding region of p120 was amplified by PCR 
from the LZRS-murine p120 1A-neo vector (obtained from 
Professor Albert Reynolds, Vanderbilt University Medical 
Center, Nashville, TN, USA), using the forward primer 5'-GGT 
ACC ATG GAC GAC TCA GAG-3' carrying a KpnI site at the 
5' end and the reverse primer 5'-GAT ATC CTA AAT CTT CTG 
CAT CAA-3' with an EcoRV site at the 5' end. The DNA 
fragment was cut using restriction endonucleases KpnI and 
EcoRV, and ligated into the pcDNA3-Flag vector, resulting 
in an N-terminal Flag-fused p120 expression vector named 
pcDNA3-Flag-p120. The PCR product was also cloned into 
the pET30a vector using the same restriction sites as above, 
and the His-tagged p120 expression vector pET30a-p120 was 
obtained.

To construct p120 mutants, DNA fragments encoding 
amino acids 1-101 at the N-terminus of p120 (F1), amino 
acids 102-323 at the regulatory domain (F2), amino acids 
324-832 encompassing the armadillo repeat domain (F3) and 
amino acids 833-933 at the C-terminus (F4), respectively, 
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were amplified by PCR using the corresponding primers: F1 
forward, 5'-GGT ACC ATG GAC GAC TCA GAG-3' and reverse, 
5'-GAT ATC TCA CCT GGG GAT AGT GCT-3'; F2 forward, 
5'-GGT ACC ATG CAG GAG CCAG-3' and reverse, 5'-GAT ATC 
TCA GTC TTC ATA GCT CCT GAG-3'; F3 forward, 5'-GGT 
ACC ATG ATT GGT GAA GAGG-3' and reverse, 5'-GAT ATC 
TCA TGG CTT CCG AAG CTC-3'; F4 forward, 5'-GGT ACC 
CTG GAA AAA GAAGG-3' and reverse, 5'-GAT ATC CTA 
AAT CTT CTG CAT CAA-3'. The 5' ends of all forward primers 
contain the KpnI site and the 5' ends of all reverse primers 
contain the EcoRV site. The PCR products were cut using 
KpnI and EcoRV. The fragment between BamHI and EcoRI 
in the pGEX-2T vector (Addgene; Cambridge, MA, USA)  
containing the GST tag was replaced by a linker (5'-GGA 
TCC GGT GGT ACC GCT AGC GCG GCC GCT CCC GGG GAA 
TTC-3') containing restriction sites for BamHI, KpnI, NheI, 
NotI, SmaI and EcoRI, followed by digestion with KpnI and 
SmaI. The digested PCR products were cloned into the modi-
fied pGEX‑2T vector. A total of four p120 mutant expression 
vectors, pGEX-F1, pGEX-F2, pGEX-F3 and pGEX-F4, were 
obtained.

The coding sequences for GST-fused p120 mutants were 
amplified by PCR using the fixed forward primer 5'-GAA TTC 
ATG TCC CCT ATA CTA GGTT-3' carrying an EcoRI restric-
tion site at the 5' end and one of the corresponding reverse 
primers (F1, F2, F3 and F4 reverse) as described above, and 
the vectors of pGEX-F1, pGEX-F2, pGEX-F3 and pGEX-F4, 
respectively, were used as templates. The PCR products were 
cloned into the EcoRI and EcoRV sites of pcDNA3.1 and 
the resulting vectors were named as pcDNA3-GST-p120 
mutants. The constructed vectors were transfected into 4T1 
mammary cancer cells to express GST-fused p120 mutants. 
All primers and nucleotide linkers were purchased from BGI 
(Shanghai, China). All restriction enzymes were purchased 
from Takara Bio, Inc. (Otsu, Japan) and were used according 
to the manufacturer's instructions.

Protein expression and purif ication. pET30a-p120, 
pGEX-ECD, pMal-c2X-OGT, pGEX-p120 mutants and 
negative control vectors pMal-c2X and pGEX-2T were 
individually transfected into BL21 (DE3) Escherichia 
(E.) coli cells (Novagen, Inc., Madison, WI, USA) to obtain 
the proteins: His tagged p120 (His-p120), GST-tagged ECD 
(GST-ECD), MBP-tagged OGT (MBP-OGT), GST-tagged 
F1-F4 (GST-F1, GST-F2, GST-F3, GST-F4), MBP and GST. 
Single clones were selected in the presence of 100 µg/ml 
ampicillin (pGEX-2T and pMal-c2X systems) or 50 µg/ml 
kanamycin (pET30a system). All selected clones were grown 
in Lysogeny broth containing antibiotics (kanamycin or 
ampicillin) at 37˚C to an optical density at 600 nm of 0.6, 
followed by addition of 0.2 mM isopropyl-1-β-d-thiogala
ctopyranoside (Invitrogen; Thermo Fisher Scientific, Inc.) 
and incubation at room temperature overnight. Cells were 
harvested and lysed by sonication (300 W, 80 Hz, 15 min) 
and the lysate was cleared by centrifugation (12,000 x g for 
30 min). The respective proteins were purified using HisTrap 
HP (GE Healthcare, Little Chalfont, UK), glutathione sepha-
rose 4B (GS4B) beads (GE Healthcare) or amylose resin 
(New England BioLabs, Ipswich, MA, USA) following the 
manufacturer's protocols.

p c D NA 3 - F l a g- p12 0,  p C M V- F l a g- O G T  a n d 
pcDNA3-GST-p120 mutants were transfected into HEK293T 
cells for 48 h, followed by purification of the proteins using 
anti-Flag antibody agarose (Abmart, Berkeley Heights, NJ, 
USA) or GS4B beads. OGT-silenced 4T1 cells mediated by the 
pLKO.1-small hairpin OGT (pLKO.1-shOGT) lentiviral vector 
and selected with 8 µg/ml puromycin for 2 weeks, were stored 
in our laboratory.

Antibodies. Immunoblotting and immunoprecipitation (IP) were 
performed with the following primary antibodies: Polyclonal 
rabbit anti-OGT (1:500; O6264; Sigma-Aldrich), monoclonal 
mouse anti-GST (1:1,000; sc-138; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), monoclonal mouse anti-β-catenin 
(1:1,000; sc-7963; Santa Cruz Biotechnology, Inc.), polyclonal 
rabbit anti-p120 (1:1,000; sc-1101; Santa Cruz Biotechnology, 
Inc.), monoclonal mouse anti-glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH; 1:5,000; sd-137179; Santa Cruz 
Biotechnology, Inc.), polyclonal rabbit anti-β-actin (1:5,000; 
sc-130657; Santa Cruz Biotechnology, Inc.), monoclonal 
mouse anti-O-GlcNAc (1:2,000; ab24687; Abcam, Cambridge, 
MA, USA), polyclonal rabbit anti-His-tag (1:1,000; 2365S; 
Cell Signaling Technology, Inc., Danvers, MA, USA), 
monoclonal mouse anti-Flag-tag (1:5,000; M20008; Abmart) 
and monoclonal mouse anti-E-cadherin (1:5,000; 610181; 
BD Biosciences, Franklin Lakes, NJ, USA).

IP, pull‑down and immunoblot (IB) analyses. For immuno-
precipitation, cells were lysed in radioimmunoprecipitation 
assay (RIPA) buffer [25 mmol/l Tris-HCl (pH 7.4), 150 mmol/l 
NaCl, 1% Nonidet-P40, 0.1% sodium dodecyl sulfate (SDS), 
1 mmol/l ethylenediaminetetraacetate (EDTA), 1 mmol/l 
Na3VO4 and 10 mmol/l NaF] containing a protease inhibitor 
cocktail (Roche, Basel, Switzerland), 5 µM glycosidase inhib-
itor PUGNAc (Toronto Research Chemicals Inc., Toronto, OT, 
Canada) and 10 mM streptozotocin (STZ; Sigma-Aldrich); 
for co-immunoprecipitation, the cell lysate in RIPA buffer 
was diluted two-fold with phosphate-buffered saline (PBS). 
The indicated antibodies were added, followed by incubation 
overnight at 4˚C. Subsequently, protein A/G agarose beads 
(Abmart) were added, followed by incubation for another hour 
at 4˚C. Beads were collected by centrifugation (300 x g for 
3 min at 4˚C) and washed three times with binding buffer 
[50 mM Tris-HCl, pH 7.3, 150 mM NaCl, 3 mM MgCl2, 1 mM 
EDTA, 1 mM dithiothreitol, and 0.1% (w/v) Triton X-100, 
1 mM Na3VO4, 10 mM NaF and protease inhibitor cocktail]. 
The collected beads were boiled in 50 µl of SDS loading buffer 
and detected by IB analysis.

For the pulldown assay, the indicated proteins were incu-
bated in the binding buffer (final volume, 200 µl) for 45 min at 
room temperature. The protein complexes were then isolated 
by incubation with GS4B beads or anti-Flag antibody agarose 
beads. After 30 min of gentle agitation, beads were collected 
by centrifugation and washed three times with binding buffer.

IB was performed according to established protocols and 
developed using enhanced chemiluminescence reagent (GE 
Healthcare). In brief, the cell supernatants were recovered, 
separated by 12% SDS-polyacrylamide electrophoresis 
(Shanghai Bogoo Biotechnology, Co., Ltd., Shanghai, China) 
and transferred onto a 0.45 µM polyvinylidene difluoride 
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membrane (EMD Millipore, Billerica, MA, USA). Following 
blocking the membrane with Tris-buffered saline-Tween-20 
containing 5% non-fat milk for 1 h at room temperature, 
the membrane was incubated with the following primary 
antibodies: Anti‑OGT, anti‑GST, anti‑β‑catenin, anti‑p120, 
anti‑GAPDH, anti‑β‑actin, anti‑O‑GlcNAc, anti‑His‑tag, 
anti-Flag-tag, and anti-E-cadherin antibodies overnight at 
4˚C. The membrane was incubated with horseradish peroxi-
dase (HRP)-conjugated goat anti-mouse IgG (1:5,000; 7076; 
Cell Signaling Technology, Inc.) or HRP-conjugated goat 
anti-rabbit IgG (1:5,000; 7074; Cell Signaling Technology, 
Inc.) for 1 h at room temperature and the bands were detected 
using the SignalFire™ Enhanced Chemiluminescence reagent 
(Cell Signaling Technologies, Inc.) in a dark room.

The experiment was repeated a minimum of three times 
and the images shown are representative of the three repeti-
tions.

Extraction of cytoskeleton‑binding proteins. To separate cyto-
skeleton-binding proteins from other cell constituents, H1299 
and 4T1 cells were washed twice in PBS, lysed on ice for 
15 min in Triton X-100 lysis buffer [300 mM sucrose, 10 mM 
piperazine-N,N '-bis(2-ethanesulfonic acid) (pH 6.8), 50 mM 
NaCl, 3 mM MgCl2, 0.5% Triton X-100, 0.1 mg/ml DNase I, 
0.1 mg/ml RNase A, 1.2 mM phenylmethanesulfonyl fluoride, 
the protease inhibitor cocktail, 5 µM glycosidase inhibitor 
PUGNAc and 10 mM STZ], passed through a 26-gauge needle 
(Beckman Coulter, Shanghai, China) four times and then 
subjected to centrifugation at 48,000 x g for 10 min at 4˚C. 
The pellet was solubilized in loading buffer containing 10% 
SDS, and the supernatant and pellet fractions were loaded on 
separate gels (Shanghai Bogoo Biotechnology, Co., Ltd.) and 
processed as above (16).

The experiment was repeated a minimum of three times 
and the images shown are representative of the three repeti-
tions.

Results

OGT inhibits the formation of the E‑cadherin/catenin complex. 
A previous study by our group demonstrated that O-GlcNAc is 
involved in the regulation of the interaction between p120 and 
E-cadherin (12). As OGT was able to directly bind to most of its 
target proteins, the present study hypothesized that OGT may 
also regulate the formation of the E-cadherin/catenin complex 
independent of its catalytic activity. To verify this hypothesis, 
catalytically inactive OGT mutant was expressed in H1299 
cells, and its effects on the formation of the E-cadherin/catenin 
complex were assessed. For this, H558A, a His558-to-Ala 
mutant of OGT was generated, which is known to be void of 
any catalytic activity (17). An immunoblotting assay indicated 
that the expression of wtOGT resulted in a marked increase in 
global cellular O-GlcNAc levels, while H558A only slightly 
increased O-GlcNAc levels (Fig. 1A). A Co-IP assay showed 
that in endogenous OGT-silenced cells, the interaction of p120 
with wtOGT was similar to that with or H558A (Fig. 1B). 
Endogenous OGT was not detectable by anti-OGT antibody 
in OGT-silenced cells, which excluded the possibility that 
endogenous OGT associated with p120 or heterooligomerized 
with H558A. These results indicated that H558A was suitable 

for use in experiments aiming to elucidate the effect of OGT 
protein on the formation of the E-cadherin/p120 complex.

As a previous study demonstrated that the binding 
of the E-cadherin/catenin complex to the cytoskeleton 
is essential for strong cell-cell adhesion (18), the present 
study investigated the effects of OGT on the formation of 
the E-cadherin/catenin/cytoskeleton complex. wtOGT or 
H558A expression vectors were transfected into H1299 cells, 
followed by isolation of the E-cadherin/catenin complex as 
the Triton X-100-insoluble fraction. Immunoblotting demon-
strated that the expression of H558A mutant inhibited the 
formation of the E-cadherin/catenin complex to a similar 
extent to wtOGT (Fig. 1C), which suggested that OGT may 
also regulate the formation of the E-cadherin/catenin complex 
independent of its catalytic activity. By detection of GAPDH, 
which is not able to bind to the cytoskeleton, it was confirmed 
that the extracted E-cadherin adhesion complex was not 
contaminated by any Triton X-100-soluble proteins. β-Actin 
was detected as a loading control.

To verify the above findings, Thiamet-G was used to 
inhibit OGA activity and thereby increase O-GlcNAc levels 
in OGT-knockdown 4T1 cells. A previous study by our 
group proved that the elevation of O-GlcNAc by Thiamet-G 
effectively reduced the amount of cytoskeleton-associated 
E-cadherin compared with that in control cells (12). As 
shown in Fig. 1D, OGT silencing reduced the global 
O-GlcNAc levels and markedly increased the amount of 
cytoskeleton-associated E-cadherin; however, Thiamet-G 
treatment did not obviously decrease the amount of 
cytoskeleton-associated E-cadherin, while it partly restored 
the global O-GlcNAc levels in the OGT-silenced 4T1 cells. 
These results implied that OGT protein itself was able to 
modulate cytoskeleton-associated E-cadherin, independent 
of its catalytic activity.

These results suggested that OGT directly bound to certain 
proteins which are relevant to the function of E-cadherin, 
and thus inhibited the formation of the E-cadherin adhesion 
complex.

OGT binds to p120. A previous study by our group found that 
p120 was modified by O‑GlcNAc (12). To clarify whether 
OGT directly binds to p120, co-IP and pull-down assays 
were performed. As the available anti-p120 antibody was 
inefficient in co‑IP assays, the anti‑OGT antibody was used 
for co-IP of endogenous proteins in 4T1 cells. The results 
indicated that p120 was able to be co-precipitated with OGT 
(Fig. 2A). As the transfection efficiency was low for 4T1 cells, 
the expression vectors of Flag-OGT and Flag-p120 were 
individually transfected into HEK293T cells, which were 
then subjected to co-IP assays using the anti-Flag antibody 
to verify the interaction between OGT and p120. IB analysis 
showed that OGT was able to be co-precipitated with p120 
(Fig. 2B), and vice versa (Fig. 2C). In addition, a pull-down 
assay was performed to determine the interaction between 
p120 and OGT. GST and GST-p120 were recombinantly 
expressed in BL21 (DE3) E. coli cells and purified, and 
Flag‑OGT was immunopurified from HEK293T cells trans-
fected with plasmid encoding Flag-OGT by using anti-Flag 
antibody agarose. Purification was performed under harsh 
conditions (using RIPA buffer) to exclude the co‑purification 
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of p120-binding molecules. Flag-OGT immobilized to 
anti-Flag antibody agarose was incubated with GST or 
GST-p120, and a subsequent immunoblotting assay indicated 
that GST-p120 but not GST was able to bind to Flag-OGT 
(Fig. 2D). These results demonstrated that OGT was able to 
bind to p120. In addition, a pull-down assay demonstrated 
that OGT mutant H558A was able to bind to p120 in a similar 
manner to that of wtOGT (Fig. 2E).

OGT binds to the regulatory and armadillo domains of p120. 
In order to identify the OGT-binding domain in p120, several 
deletion mutants of p120 were constructed, as illustrated in 
Fig. 3. It was first attempted to express p120 deletion mutants 
as Flag-tagged proteins in HEK293T cells; however, the 
expression levels of certain mutants were very low (data 
not shown). To overcome this shortcoming, the mutants 
were fused to GST and effectively expressed in HEK293T 

Figure 1. OGT inhibits the formation of E-cadherin adhesion complex. (A-C) The Ctrl, Flag-tagged wtOGT and mutant OGT H558A were respectively 
transfected into H1299 cells for 48 h, which were subjected to analysis. (A) Total cellular O-GlcNAc as well as exogenous and endogenous Flag-OGT 
levels were determined by immunoblotting with GAPDH detected as an internal standard. (B) wtOGT and H558A plasmids were respectively transfected 
into OGT-silenced cells, and empty plasmid-transfected cells served as the control. Cells were subjected to CoIP with anti-Flag antibody agarose. The 
precipitated Flag-OGT was immunoblotted with anti-Flag, anti-OGT or anti-p120 antibodies, and immunoblotting for p120 was performed. Input Flag-OGT 
and endo-OGT were immunoblotted by anti-OGT antibody as indicated by the arrows. (C) Cytoskeleton-binding proteins from cells of various transfection 
groups (Ctrl, wtOGT and H558A) were obtained as the Triton X-100-insoluble fraction and subjected to immunoblot detection of E-cadherin, p120, β-catenin, 
β-actin and GAPDH alongside the Triton X-100-soluble protein fraction. β-Actin and GAPDH were detected as loading controls and internal references. 
O-GlcNAc antibody CTD110.6 was used to detect the global O-GlcNAc levels. (D) Control and OGT-silenced 4T1 cells were treated with or without selec-
tive O-GlcNAcase inhibitor Thiamet-G, and the cytoskeleton-binding proteins (Triton X-100-insoluble) and supernatant fractions (Triton X-100-soluble) 
were subjected to immunoblotting with antibodies against E-cadherin, p120, β-actin, GAPDH and O-GlcNAc. Immunoblotting with CTD110.6 revealed the 
differences in O-GlcNAc levels among the three samples. O-GlcNAc, O-linked N-acetylglucosamine; OGT, O-GlcNAc transferase; Ctrl, empty plasmid; wt, 
wild‑type; H558A, mutant OGT; endo, endogenous; shOGT, small‑hairpin RNA specific for OGT; β-cat, β-catenin; Ecad, E-cadherin; ThiaG, Thiamet-G; 
CoIP, co-immunoprecipitation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

  A   B

  D  C
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cells. GS4B agarose beads were used to precipitate the GST 
fusion proteins from the cell lysate. An immunoblot assay 
demonstrated that OGT interacted with the GST-tagged F2 
and F3 mutants but not with GST-tagged F1 and F4 mutants 
(Fig. 4A). In another experiment, GST-tagged p120 mutants 
were overexpressed and purified from BL21 (DE3) recombi-
nant E. coli cells, bound to GS4B agarose and incubated with 
HEK293T-cell lysate. Consistent with the above results, OGT 
was able to efficiently bind to GST‑tagged F2 and F3 mutants 
(Fig. 4B).

To exclude the possibility that OGT binds to the regulatory 
and armadillo domains of p120 depending on the participa-
tion of other protein partners, an OGT binding assay was 
performed. Flag-OGT from HEK293T cells was immobilized 
to anti-Flag antibody agarose and washed with a harsh lysis 
buffer in order to inhibit any protein-protein interactions, 
followed by incubation with an equal amount of the respec-
tive GST-tagged p120 mutants, which were overexpressed 
and purified from BL21 (DE3) recombinant E. coli cells. A 
Flag pull-down assay showed that only GST-tagged F2 and F3 

Figure 2. OGT binds to p120. (A) Rabbit OGT antibody was used for CoIP of endogenous proteins. (B) Flag-p120 or (C) Flag-OGT was overexpressed in 
HEK293T cells and the anti-Flag antibody was used for CoIP assays. IgG was used as a negative control. Anti-OGT and anti-p120 antibodies were respectively 
used for immunoblotting of the co-precipitated OGT and p120. (D) For the in vitro pull-down assay of p120 and OGT, GST and GST-p120 were recombinantly 
expressed and purified from BL21 (DE3) Escherichia coli cells with GS4B beads, and Flag‑OGT was immunopurified from HEK293T cells by using anti‑Flag 
antibody agarose, followed by incubation with GST or GST-p120, respectively. GST was used as a negative control. OGT and the bound p120 were detected 
using anti-Flag or anti-GST antibodies. (E) Pull-down assay of p120 and OGT mutant H558A performed as above. OGT, O-linked N-acetylglucosamine 
transferase; H558A, mutant OGT; IgG, immunoglobulin G; CoIP, co-immunoprecipitation; GST, glutathione S-transferase.

Figure 3. Construction of p120 deletion mutants. Four alternative translation initiation sites within the N-terminal globular domain are shown as F1-F4. The 
central part of p120 contains 10 armadillo repeats. One alternatively spliced exon A resides within the C-terminal domain. The N-terminal domain of p120 
contains a CC domain and a regulatory phosphorylation domain. The phosphorylation domain comprises a large amount of Ser, Thr and Tyr residues, which 
are phosphorylated under certain conditions. The phosphorylation of p120 is involved in protein-protein interactions and the regulation of cell adhesion. This 
Armadillo domain binds with E-cadherin, thus stabilizing E-cadherin and regulating cell-to-cell adhesion. The C-terminal region is usually associated with 
potential nuclear localization and export signaling. The p120-1A coding sequence was divided into four segments, which were attached to the N-terminal 
glutathione S-transferase-tag and cloned into pcDNA3 or pGEX-2T vectors. AA, amino acid; CC, coiled coil; Pi, phosphate.
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mutants were able to bind to Flag-OGT (Fig. 4C). In another 
experiment, equal amounts of MBP-OGT and GST-p120 
mutants, which had been purified from the corresponding BL21 
(DE3) recombinant E. coli cells, were co-incubated. Protein 
immobilized to GS4B agarose beads was then subjected to a 
GST pull-down assay with an identical result to that of the 
above assay (Fig. 4D). These results demonstrated that OGT 
was able to directly bind to regulatory as well as armadillo 
domains of p120. Considering that the armadillo domain of 
p120 was crucial for the binding of E-cadherin, the above 
findings suggested that OGT inhibited the interaction between 
p120 and E-cadherin.

OGT inhibits the interaction between p120 and E‑cadherin. 
To elucidate whether OGT was able to inhibit the binding of 
p120 to E-cadherin, a GST pull-down assay was performed 
(Fig. 5). GST, GST-ECD, MBP, MBP-OGT and His-p120 were 
all purified from the corresponding BL21 (DE3) recombinant 
E. coli cells and the given recombinant proteins were incubated 
at the indicated doses. GST and MBP were used as negative 
controls in the GST pull-down assays in order to exclude 
the potential interference of GST and MBP tags. As shown 
in Fig. 5A, MBP-OGT inhibited the binding of His-p120 to 
GST-ECD in a dose-dependent manner, and MBP-OGT was 
not able to bind to GST-ECD in the presence or absence of 
p120. The results suggested that p120 was not able to interact 

with OGT and E-cadherin simultaneously, indicating that 
OGT and E-cadherin may compete for p120 binding. To verify 
this hypothesis, the present study examined whether OGT 
was able to bind to E-cadherin in cultured cells. A549 cells, 
which exhibit high endogenous E-cadherin expression, were 
subjected to a co-IP assay with anti-E-cadherin antibody. The 
results indicated that p120 and β-catenin, but not OGT, were 
able to bind to E-cadherin, or rather that the co-precipitated 
E-cadherin-bound p120 did not bind with OGT (Fig. 5B). 
Therefore, it was speculated that E-cadherin was not able 
to bind to p120 when the latter was bound to OGT, and vice 
versa. In conclusion, these results suggested that the binding 
of OGT to p120 may be the underlying molecular mecha-
nism of the regulatory role of OGT on the formation of the 
E-cadherin/catenin complex, independent of its catalytic 
activity.

Discussion

E-cadherin is expressed mainly in epithelial cells and has a 
fundamental role in establishing and maintaining homotypic 
cell-cell adhesion, thereby contributing to normal develop-
ment, epithelial cell polarity and carcinoma progression (19). 
The formation and stabilization of adhesion complexes are 
dynamic and highly regulated processes (20,21). Endocytosis 
is a major regulatory mechanism for E-cadherin dynamics. 

Figure 4. OGT binds to the regulatory and armadillo domains of p120, F1-F4. (A) GST-fused p120 mutants F1-F4 were expressed in HEK293T cells. GS4B 
agarose beads were used to precipitate the GST fusion proteins from the cell lysate. The bound OGT at the top or GST-fused p120 mutants were immunoblotted 
using anti‑OGT or anti‑GST antibodies. (B) The GST‑p120 mutants purified from BL21 (DE3) recombinant E. coli cells were immobilized on GS4B agarose 
beads, which were then incubated with HEK293T cell lysate, and the bound OGT was detected by immunoblotting with anti-OGT antibody as shown in the 
top panel. GST‑p120 mutants were detected by using anti‑GST antibody. (C) Flag‑OGT, purified from HEK293T cells, was immobilized to anti‑Flag antibody 
agarose, followed by incubation with GST‑p120 mutants purified from BL21 (DE3) recombinant E. coli cells. Anti-Flag and anti-GST antibodies were used for 
immunoblotting of Flag‑OGT and the bound GST‑p120 mutants as shown in the top panel. (D) The GST‑p120 mutants purified from BL21 (DE3) recombinant 
E. coli cells were immobilized to GS4B agarose beads and were then incubated with MBP‑tagged OGT (MBP‑OGT) purified from BL21 (DE3) recombinant 
E. coli cells. Anti-GST and anti-OGT antibodies were used for detecting GST-p120 mutants and the bound MBP-OGT. Lanes F1-F4: Cells transfected 
with plasmids containing the mutant fragments of the p120-1A coding sequence. E. coli, Escherichia coli; MBP, maltose-binding protein; OGT, O-linked 
N-acetylglucosamine transferase; GST, glutathione S-transferase.
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E-cadherin endocytosis is regulated via complex mechanisms 
and depends on small G proteins, ubiquitination, cleavage 
events, the actomyosin cytoskeleton and other trans molecules 
in adherens junctions (22). These endocytic processes are 
required to be tightly regulated, as untimely de-stabilization 
of cadherin-mediated adhesion may modify the growth and 
architecture of tissues, resulting in pathological conditions, 
including cancer (23).

Association with p120 has been shown to be critical for the 
stability of E-cadherin-mediated adhesion. Multiple factors 
are involved in this stability control, including the masking 
of E-cadherin endocytic domains by p120 and the regulation 
of Rho pathway signaling (24). The armadillo repeat domain 
of p120 contains modular binding pockets, which are comple-
mentary to the hydrophobic and electrostatic properties of the 
JMD core of cadherin. Hence, p120 regulates the stability of 
cadherin by associating with the majority of its JMDs, subse-
quently masking residues implicated in clathrin-mediated 
endocytosis (dileucine motif) and Hakai-dependent ubiquiti-
nation of E-cadherin (4,22).

It is well known that growth factor stimulation elevates the 
tyrosine phosphorylation of components of the E-cadherin cell 
adhesion complex, including p120, β-catenin and E-cadherin, 
which is accompanied by the endocytosis of E-cadherin (9). 
When the E-cadherin JMD was phosphorylated on tyrosine 
residues by tyrosine kinase, Hakai replaced p120 and bound 
to the E-cadherin JMD, inducing endocytosis of E-cadherin 
by ubiquitination of the latter (25). In addition, the phosphory-
lation of multiple serine and threonine residues in p120 was 
implicated in the regulation of E-cadherin function (26). In 
spite of the large number of studies available, the underlying 

mechanisms of the regulation of the dynamic interaction 
between p120 and E-cadherin have largely remained elusive.

O‑GlcNAc is known to the involved in the modification 
of >1,000 proteins involved in a wide range of biological 
processes, including transcription, signal transduction, metab-
olism and cell cycle progression (27). OGT and OGA as 
enzymes of the O‑GlcNAc modification process are unique in 
terms of being encoded by single genes each, while enzymes 
involved in phosphorylation processes are encoded by several 
genes. To date, almost all available studies have highlighted 
the roles of OGT and OGA in the regulation O-GlcNAc 
cycling (12,14,28-31). However, OGT and OGA interact with 
thousands of target proteins, indicating that they may regulate 
protein functions independent of their enzyme activity (15). 
For example, it has been reported that OGT can bind to the 
host cell factor C1 (HCF-1) PRO repeat to N-acyl glycosylate 
the HCF-1N sub-unit as well as directly cleave the HCF-1 PRO 
repeat (32).

The present study found that OGT was able to directly 
bind to p120, although this complex was weak and unstable 
and the interaction was likely resolved by factors including 
surface-active agents in the cell lysate and kinetic factors 
during sample processing. Therefore, these samples were 
prepared as rapidly and gently as possible with low detergent 
concentrations of the cell lysates and handling on ice.

The results of the present study showed that wtOGT as well 
as the catalytically inactive OGT mutant H558A were able to 
decrease the levels of cytoskeleton-associated E-cadherin, p120 
and β‑catenin in H1299 cells, which was further confirmed 
in 4T1 cells. These results indicated that OGT is a negative 
regulator of the formation of the E-cadherin/catenin complex. 

Figure 5. OGT inhibits the interaction between p120 and E‑cadherin. (A) The purified GST, MBP, MBP‑OGT, His‑p120 or GST‑ECD from BL21 (DE3) 
recombinant Escherichia coli cells were pre-incubated as indicated, following addition of GS4B agarose beads for pull-down assay. 150 ng MBP and GST 
were used for negative control experiments. Immunoblotting was performed for OGT, His and GST. Lanes: 1, 2, 3 and 10, negative controls; 4 and 5, 150 ng 
GST-ECD and 500 ng His-p120 were added to the system; 6-9, MBP-OGT was added in a dose gradient at 65 ng, 165 ng, 335 ng, 500 ng, respectively. 
(B) CoIP assays in A549 cells were performed using anti-E-cadherin antibody. IgG was used as a negative control. Endogenous OGT, p120 and β-catenin 
co-precipitated with E-cadherin were immunoblotted using anti-OGT, anti-p120 and anti-β-catenin antibodies. ECD, E-cadherin cytoplasmic domain; OGT, 
O-linked N-acetylglucosamine transferase; H558A, mutant OGT; IgG, immunoglobulin G; CoIP, co-immunoprecipitation; GST, glutathione S-transferase; 
β-cat, β-catenin; Ecad, E-cadherin; MBP, maltose-binding protein.
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A previous study by our group found that total E-cadherin 
was elevated following OGT silencing, while it was reduced 
by OGA inhibitors (12). In the present study, E-cadherin and 
p120 were assessed in the Triton X-100-insoluble or -soluble 
cell fractions. The results showed that E-cadherin levels in 
the Triton X-100-insoluble fraction were reduced following 
OGT overexpression and increased by OGT silencing, while 
E-cadherin levels in the Triton X-100-soluble fraction were 
not detectable or low and not markedly affected by OGT. As 
a multi-functional protein, p120 stabilizes cadherin-mediated 
cell-cell adhesion, releases Kaiso-mediated transcriptional 
suppression and maintains the Ras-related C3 botulinum 
toxin substrate 1/Cell division control protein 42/Ras homolog 
gene family, member A (RhoA) balance (33). The regulatory 
and armadillo domains of p120 are essential for its func-
tions (4,34). The present study demonstrated that OGT was 
able to bind to p120 and inhibit the interaction between p120 
and E-cadherin. However, the present study did not investigate 
whether the binding of OGT to p120 may also affect the roles 
of RhoA and Kaiso. It has been reported that the activity of 
RhoA is regulated by O-GlcNAc in certain cell lines (35,36), 
suggesting the likelihood of the hypothesized mechanism 
stated above. In addition, the activity of RhoA is an important 
regulatory factor for the E-cadherin adhesion complex (33), 
through which the binding of OGT to p120 may also affect 
E-cadherin-based cell-cell adhesion.

In conclusion, the present study revealed that OGT was 
able to inhibit the formation of the E-cadherin/catenin 
complex independent of its catalytic activity, and to reduce 
the interaction between p120 and E-cadherin by binding to 
p120. Together with the findings of previous studies indicating 
regulatory roles of OGT and global O-GlcNAc levels during 
development and cancer progression (12,29-31), the present 
study indicated that OGT inhibited E-cadherin-mediated 
cell-cell adhesion by O-GlcNAcylation as well as by directly 
binding to proteins relevant to the regulation of the E-cadherin 
adhesion complex, such as p120. OGT was indicated to 
effectively and adjustably exert its roles via several parallel 
mechanisms to regulate E-cadherin-mediated cell-cell adhe-
sion in development and cancer progression.
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