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a b s t r a c t

JUP, a homologue of b-catenin, is a cell-cell junction protein involved in adhesion junction and desmo-
some composition. JUP may have a controversial role in different malignancies dependence of its compe-
tence with or collaboration with b-catenin as a transcription factor. In this study, we reveal that the
function of JUP is related to its cellular location in GC development process from epithelium-like, low
malignant GC to advanced EMT-phenotypic GC. Gradual loss of membrane and/or cytoplasm JUP is clo-
sely correlated with GC malignancy and poor prognostics. Knockdown of JUP in epithelium-like GC cells
causes EMT and promotes GC cell migration and invasion. Ectopic expression of wild JUP in malignant GC
cells leads to an attenuated malignant phenotype such as reduced cell invasive potential. In mechanism,
loss of membrane and/or cytoplasm JUP abolishes the restrain of JUP to EGFR at cell membrane and
results in increased p-AKT levels and AKT/GSK3b/b-catenin signaling activity. In addition, nuclear JUP
interacts with nuclear b-catenin and TCF4 and plays a synergistic role with b-catenin in promoting
TCF4 transcription and its downstream target MMP7 expression to fuel GC cell invasion.
� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Gastric cancer (GC) is one of the most common malignant
tumor and has a high carcinogenic mortality rate with a 5-year
overall survival of less than 25%, suffering an approximately 70%
of disease recurrence or metastasis [1,2]. The occurrence of gastric
cancer is a continuous process of progress from superficial gastritis
to intestinal metaplasia, carcinoma in situ, eventually to invasive
adenocarcinoma [3]. There are many signal pathways, including
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Wnt/b-catenin signaling, involved in the progression and develop-
ment of gastric cancer. Invasion and metastasis are the cancer cells
escaped from the basement membrane to distant tissues and con-
tinue to grow metastases [4]. However, the mechanisms underly-
ing metastasis of GC are not well defined.

Escaping the cell adhesion system is an important mechanism
for tumor cells to obtain the abilities of migration and invasion
[5]. JUP, a member of catenin families, contains the conserved
armadillo repeat protein. It acts as a desmosome connection and
an adhesive component whose classical function is to attach cad-
herin to the cytoskeleton in maintenance of cell structure stability
[6]. JUP can also act as a cross-talk between cell-cell junction and
signal transduction as same as its homologue b-catenin. They can
share the same complexes with APC and AXIN, which can be both
degraded by the proteasome-mediated degradation [7]. Besides,
JUP also has a TCF/LEF-dependent transcriptional activity, same
as b -catenin in b-catenin-deficient cells [8]. Conversely, several
lines of evidence suggest that JUP and b-catenin have different
activities in regulating tumorigenesis. JUP was shown to be a novel
regulator of HAI-1 that regulates HGF/c-MET-signal in a P53-
dependent manner which induces anti-migratory effects [9]. Fur-
thermore, JUP has a tumor suppressive activity through inhibition
of b -catenin/TCF-dependent transcription in non-small-cell lung
cancer whereas b-catenin has an oncogenic signaling activity
[10]. Moreover, previous studies revealed a controversial role of
JUP in tumors. Ectopic expression of JUP can sustain the expression
of markers of naïve pluripotency in embryonic stem cell [11]. An
aberrant JUP expression and higher level of nuclear JUP are uncov-
ered to be associated with poor clinical outcome in acute myeloid
leukemia [12]. However, other study displays that overexpression
of JUP can decrease the expression of oncogenic STAB1 which inhi-
bits the migration and invasion of the human tongue squamous
cell carcinoma [13]. Here, we focused on the role of JUP in tumor
progress and metastasis of GC.
Materials and methods

Cell culture, RNA interference, plasmids and engineered cells

MGC-803, NUGC-3 and NCL-87 cell lines were kindly donated
by Prof. Yang Ke of the Beijing Institute of Cancer Research (Beijing,
China). NCI-87, NUGC-3 cells were cultured in RPMI-1640 medium
with 10% FBS (Gibco, Australia); MGC-803 cells were cultured in
DMEM with 10% FBS. The shRNA against JUP and its control shRNA
were obtained from GenePharma (Shanghai, China). The sequences
of these shRNA are listed in Supplementary Table 1. The construct
encoding JUP were purchased from Addgene (Plasmid #32228),
and the corresponding 11-13 armadillo repeats mutant JUP (Mut
JUP ARM11-13) and pcDNA-b-catenin constructs were generated
by GenePharma (Shanghai, China). The TOP-Flash reporter and
control reporter plasmids were the gifts from Dr. Richard Pestell
Lab. The engineered NCI-87, NUGC-3, and MGC-803 with a stable
expression of shJUP or control shRNA; the engineered MGC-803,
NUGC-3 with ectopic JUP or control construct were established
using the lentivirus infection as described elsewhere. The trans-
duced cells were selected with puromysin.
RNA extraction and quantitative real time PCR (qRT-PCR)

RNA extraction and qRT-PCR were done as previously described
[14]. Briefly, Trizol (Cat# 15596018; Invirogen) was used to isolate
total RNA according to the manufacture’s instruction. qRT-PCR was
performed using the SYBR Premix Ex Taq II (Cat# RR820A; TaKaRa,
Dalian, China) after the purified RNAs being reverse transcription
(Cat# RR037B; TaKaRa, Dalian, China) according to the manufac-
ture’s protocol. The b-actin was used as a normalized standard.
The used primers were listed in Supplementary Table 2. All exper-
iments were done at least three times. Relative gene expression
was measured as 2Ct (internal control) – Ct (gene).

Wound-healing and cell invasion assay

Wound-healing was done following the previously described
method [15]. The mobility of the cells was determined by measur-
ing the wounded area using Image J Software as previously
described at the designed time point [16].

Tumor cell invasion assay was performed using the transwell
assay as described previously [15]. Cells (5 � 104) in 200 lL of
FBS-free media were seeded on the upper Boyden chambers
(8 lm, Millipor, MA, USA) coated with ECM (1:7.5) (Sigma, St.
Louis, MO). The invaded cells were captured and counted under
the microscopy (Nikon TE-2000U, Tokyo, Japan).

Cell proliferation

The proliferation rate of tumor cells was determined by CCK8
(Cell counting kit-8) experiment. Cells were seeded in 96-well-
plates at a density of 2 � 103 cells per well. Next day, 10 lL of
CCK8 reagents (Cat# C0038; Beyotime, China) were added into
each well in dark and incubated for 2 h at 37 �C. Then the absor-
bance was read by the ultraviolet spectrophotometric reader at
the wavelength of 450 nm. The experiments were repeated three
times.

Tissue specimens

Tissue microarrays (TMAs) derived from progressive gastric car-
cinoma tissue were purchased from Shanghai Outdo Biotech Co.
Ltd., which were approved by the Medical Ethics Committee for
the Use of Human or Animal Subjects of Taizhou Hospital, Zhejiang
Province. And the investigation was also approved by the ethics
committee of Chongqing Medical University. These TMAs include
34 normal adjacent tissues (NATs), and 182 gastric adenocarcino-
mas. Of these cases, 164 patients with complete clinical informa-
tion and 70 cases with survival data were used to statistically
analysis. Gastric tumor tissues with different degrees of differenti-
ation used in this study were obtained from patients with gastric
cancer without previous radiotherapy or chemotherapy at the First
Affiliated Hospital of Chongqing Medical University. The investiga-
tion was approved by the ethics committee of Chongqing Medical
University.

Immunofluorescence (IF) and immunohistochemistry (IHC) analysis

Immunofluorescence was performed as described previously
[16]. Cells were grown on sterilized glass coverslips for 24 h. After
fixed in 4% paraformaldehyde, penetrated using the 0.1% Triton
and treated with 10% goat serum, cells were incubated with pri-
mary antibodies at 37 �C overnight. The used antibodies are
as follow: anti-JUP antibody (Cat# ab15153, Abcam, 1:150),
anti-b-catenin antibody (Cat# ab16051, Abcam, 1:200); normal
rabbit IgG was used as a negative control. The coverslips were then
incubated with a FITC-labeled secondary antibody (Cat# ZF-0311,
ZSBiO, 1:1000) and seated with 70% glycerin containing DAPI.
Immunofluorescent images were captured using a Nikon Eclipse
80i microscope (Tokyo, Japan).

For IHC, briefly, tumor tissues (4 lm) were gradually dewaxed
in xylene and rehydrated in graded alcohols and distilled water.
After cooking for 5 min in a specific cooker with 0.1 mol/L sodium
citrate (pH 6.0) at 70 kPa pressure for antigen retrieval, and
blocked with 3% hydrogen peroxide to neutralize the endogenous
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peroxidase activity, sections were then incubated with primary
antibody JUP (Cat# ab15153; Abcam, 1:200) or antibody
b-catenin (Cat# ab16051; Abcam, 1:200) at 4 �C overnight. Then
tissues were sequentially incubated with HRP-conjugated goat
anti-rabbit IgG (Cat# ZDR-5306; ZSBiO, 1:1000), Diaminobenzidine
(DAB) (Cat# ZLI-9017; ZSBiO) and hematoxylin (Baso, China). After
mounted with neutral resins, pictures were taken with Nikon
Eclipse 80i microscope (Tokyo, Japan).

Co-Immunoprecipitation (Co-IP)

Co-IP was performed according to the manufacturer protocol
using recombinant Protein A/G immune precipitation magnetic
beads (Cat# B23202; Biotool, China). Cell lysates were incubated
with 30 lL of recombinant Protein A/G beads and 4 lL anti-EGFR
antibody (Cat# ab52894; Abcam, 1:50) overnight at 4 �C. The com-
plexity of beads-antibody-protein was collected and washed with
PBST, and western blotting was used to detect the co-
immunoprecipitated proteins with anti-JUP antibody (Cat#
ab15153; Abcam, 1:1000).

Luciferase reporter assay

For promoter reporter assay, cells were seeded at a density of
1x105 cells in 24-well plates. TOP-Flash reporter or control repor-
ter plasmid, b-catenin, JUP and mutant JUP were cotransfected
alone or combined into 293 T cells; or TOP-Flash reporter plasmid,
were cotransfected with Renilla luciferase pRL-TK (internal control
for transfection efficiency) into JUP-knocked down NUGC-3, MGC-
803 cells and their control cells. Luciferase activities were per-
formed by using a Dual-Luciferase Reporter System (Promega,
USA) after 36–48 h.

Western blot analysis

Western blot was performed as described previously [17].
Briefly, total cell proteins were obtained using RIPA lysis buffer
(P0013B, Beyotime, China), quantified with the BCA protein assay
kit (Cat# P0012; Beyotime). 50 lg of cell lysates in RIPA buffer
were separated by electrophoresis with 8% to 10% SDS-PAGE gel
and subjected to Western blotting. The specific primary antibodies
used in this study included rabbit anti-JUP (Cat# ab15153; Abcam,
1:1000), rabbit anti-AKT (Cat# ab8805; Abcam, 1:1000), rabbit
anti-p-AKT (Cat# ab38449; Abcam, 1:1000), rabbit anti–GAPDH
(Cat# 5174; Cell Signaling Technology, 1:1000); mouse anti-E-
cadherin (Cat# ab1416; Abcam, 1:1000); rabbit anti-Fibronectin
(Cat# ab2413; Abcam, 1:1000), rabbit anti-b-catenin (Cat#
ab16051; Abcam, 1:1000), rabbit anti-p-b-catenin (Cat#
ab27798; Abcam, 1:1000), rabbit anti-EGFR (Cat# ab52894;
Abcam, 1:1000), rabbit anti-p-EGFR (Cat# ab40815; Abcam,
1:1000), rabbit anti-p-GSK3b (Cat# ab75745; Abcam, 1:1000); rab-
bit anti-GSK3b (Cat# ab32391; Abcam, 1:1000); rabbit anti-MMP7
(Cat# ab5706; Abcam, 1:1000); rabbit anti-Vimentin (Cat#
ab92547; Abcam, 1:1000), rabbit anti-b-tublin (Cat# ab179513;
Abcam, 1:1000), rabbit anti-Histone H3 (Cat# ab1791; Abcam,
1:1000); rabbit anti-TCF4 (Cat# ab217668; Abcam, 1:1000); rabbit
anti-PCNA (Cat# BS1289; Bioworld, 1:1000). The appropriate
horseradish peroxidase (HRP)-conjugated anti-mouse or rabbit
IgG (ZSGBBIO, China) was used as secondary antibodies. The pro-
tein bands were visualized using the enhanced chemiluminescence
system (Amersham Pharmacia Biotech, Tokyo, Japan).

Statistical analysis

Statistical analysis was performed using the SPSS 17.0. The
independent Student’s t-test was used to compare the continuous
variables between two groups. The association analysis of JUP with
clinical features was investigated using chi-square test. A p-value
less than 0.05 was considered to be statistically significant.
Results

Distribution of JUP in gastric tumor tissues is closely related to
malignant pathological features and worse prognostics of gastric
cancer

To understand the relationship among JUP expression, distribu-
tion and malignancy of gastric tumors, we assessed JUP protein
levels in gastric tumor tissues by IHC staining. We found that JUP
expression was gradually decreased accompanied with the
increased malignancy of GC (Fig. 1 and Table 1). Compared with
carcinoma in situ (PTs), the gradually decreased membrane/cyto-
plasmic JUP protein and enhanced nuclear JUP protein were
detected from lymph node metastasis tissues (N0–N3) to distant
metastasis tissues (M) (Fig. 1A–C). Furthermore, it was found that
GC patients with lower level of JUP had worse 10-year survival rate
than those with higher level of JUP evaluated by Kaplan-Meier Sur-
vival curves (Fig. 1D).

After analyzing JUP levels and pathological indicators of GC, we
also found that membrane JUP levels were inversely associated
with tumor size (v2 = 47.79, P < 0.001), distant metastasis
(v2 = 10.59, P < 0.001), histologic grade (v2 = 19.95, P < 0.01)
and clinical stage (v2 = 34.06, P < 0.01) (Table 1). Cytoplasmic
JUP was negative correlation with tumor size (v2 = 6.03,
P = 0.049) and clinical stage (v2 = 8.90, P = 0.031). Loss of mem-
brane JUP or cytoplasmic JUP, which accompanied with increased
nuclear JUP, was significantly related with tumor size (v2 = 9.45,
P = 0.009), distant metastasis (v2 = 40.24, P < 0.001), histologic
grade (v2 = 11.38, P = 0.010) and clinical stage (v2 = 48.50,
P < 0.001). These data suggest that lower level of membrane/cyto-
plasmic JUP or higher level of nuclear JUP is closely related to clin-
ical malignant pathological features of GC.
The differentially distributed JUP has a heterogeneous function in
different differentiated-GC cells and tumor tissues

Based on the aforementioned pathological findings in GC tis-
sues, we detected JUP expression and distribution in three repre-
sentative gastric cancer cells in different differentiated stage, NCI-
87 (well differentiated GC cell), NUGC-3 (moderately differenti-
ated GC cell) and MGC-803 (poorly differentiated cell). We found
that higher level of JUP protein in NCI-87, but lower in NUGC-3
and MGC-803 (Fig. 2A). Interestingly, a gradually reduced cyto-
plasmic JUP, while increased nuclear JUP, was detected from
NCI-87 to NUGC-3 and MGC-803 dependent on poorly differenti-
ated GC status (Fig. 2B). Similar results were proved by
immunofluorescence staining in GC cells, in which a strong mem-
brane JUP was in NCI-87, cytoplasmic JUP in NUGC-3, weakly
expressed cytoplasmic JUP with strong nuclear JUP in MGC-803,
which is the most malignant cell among these GCs (Fig. 2C). To
confirm these findings acquired from in vitro cells, the JUP
expression and distribution in cohort of clinical GC tissues were
assessed using IHC (Fig. 2D) and western blotting (Fig. 2E). As
expected, JUP, like its homologue of b-catenin, showed a gradu-
ally decreased membrane/cytoplasmic distribution and increased
nuclear distribution from G1 (well differentiated), to G2 (moder-
ately differentiated) and G3 (poorly differentiated), confirming
that the decreased membrane/cytoplasmic JUP and enhanced
nuclear JUP are closely related with GC development and tumor
differentiation status. JUP is a component of cell-cell adhesion
and is related to EMT (epithelial-mesenchymal transition) [18],



Fig. 1. JUP expression and its location in gastric cancer tissues. (A) IHC staining to detect expression and location of JUP in different stages of gastric cancer tissues, such as
carcinoma in situ (PT), lymph node metastasis tissues (N0-N3), distant metastasis tissues (M) (Scale bars, 100 mm). (B) Quantification of JUP expression was determined by
IHC scores for carcinoma in situ (PT), lymph node metastasis tissues (N0-N3), distant metastasis tissues (M). (C) The ratio of nuclear JUP/cytoplasmic JUP in PT, N0-N3 and M.
(D) The Kaplan-Meier survival analysis reveals lower expression of JUP to be related with poor prognosis.
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thus EMT bio-markers were analyzed in GC cells. Indeed, the
epithelial marker E-cadherin was gradually reduced, however,
the mesenchymal marker Vimentin and Fibronectin were gradu-
ally acquired in these cells (Fig. 2F). Accordingly, cell invasive
potentials of these GC cells were increased in company with loss
of membrane and/or cytoplasm JUP and acquisition of nuclear
JUP from NCI-87, NUGC-3 to MGC-803 (Fig. 2G). These data indi-
cate that JUP distribution affects EMT status and invasive poten-
tials of GC cells.
Efficient knockdown of JUP by lentivirus-mediated shRNA
(Fig. 3A–B) led to a spindle-like morphologic change in comparison
with control NCI-87 with cobblestone-like (epithelium-like) mor-
phology (Fig. 3C). F-actin, the major component of the cytoskeleton
microfilament [19], was displayed to be tentacle-like and more
polarity detected by phalloidin staining in JUP-knocked down
NCI-87 cells (Fig. 3D), which accompanied with notably decreased
epithelial marker E-cadherin and b-catenin and enhanced mes-
enchymal marker Vimentin and Fibronectin in the JUP-knocked



Table 1
Correlation between clinicopathological features and cytomembrane/cytoplasmic/nuclear JUP expressions.

Characteristic No. of patients Cytomembrane JUP Cytoplasmic JUP Nuclear JUP

Total cases (N=164) X2 Negative P value Positive X2 Negative P value Positive X2 Negative P value Positive

Gender 0.93 0.336 0.003 0.867 0.13 0.719
Male 93 45 48 42 51 55 38
Female 71 29 42 33 38 40 31
Age (mean ± S.D.) 52.0 ± 10.3 56.1 ± 11.2 51.5 ± 10.7 49.5 ± 11.5 50.3 ± 9.7 53.3 ± 10.9 52.2 ± 10.7

Tumor size(cm) 47.79 <0.001 6.03 0.149 9.45 0.009
T1 45 5 40 12 33 23 22
T2 87 41 46 38 49 35 52
T3 32 29 3 17 15 23 9

Node status 1.64 0.650 4.33 0.228 6.02 0.111
N0 81 40 41 37 44 52 29
N1 27 15 12 10 17 15 12
N2 32 20 12 18 14 16 16
N3 24 13 11 15 9 9 15

Distant metastasis 10.59 0.001 0.52 0.471 40.24 <0.001
M0 123 48 75 61 62 97 26
M1 41 28 13 23 18 10 31

Histologic grade 19.95 <0.001 3.37 0.338 11.38 0.010
1 35 11 24 18 17 27 28
2 58 23 35 21 37 34 24
3 52 33 19 26 26 18 34
4 19 16 3 7 12 4 15

Clinical stage 34.06 <0.001 8.90 0.031 48.50 <0.001
I 57 15 42 19 38 48 9
II 36 22 14 11 25 13 23
III 44 34 10 23 21 14 30
IV 27 21 6 16 11 4 23

P values <0.05 in bold were considered statistically significant.
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down NCI-87 cells (Fig. 3E–G). Although knockdown of JUP by
shRNA in NUGC-3 and MGC-803 (Fig. 4A–B) almost had no effects
on cell proliferation (Fig. 4C–D), but caused a heterogeneous effects
on cell mobility and invasion. Silence of JUP increased cell mobility
and invasion potentials in NUGC-3, however, obviously decreased
cell mobility and invasion abilities in MGC-803 (Fig. 4E–F).
Together, these data indicate a different JUP function in GC, in
which membrane JUP endows NCI-87 cells an epithelial-like phe-
notype, cytoplasmic JUP in NUGC-3 blunts malignancy in some
degree, and nuclear JUP in advanced MGC-803 cells acts as a pro-
moter to tumor malignancy.

Next, ectopic JUP was stably transfected into NUGC-3 and MGC-
803 using lentivirus-mediated encoding constructer (Fig. 5A–B).
We found that ectopic JUP had no significant influence on nuclear
JUP accumulation in comparison with the vector (Fig. 5B), which
mainly located at cell membrane or in cytoplasm of NUGC-3 and
MGC-803 cells checked by IF staining (data not shown). Corre-
spondingly, the cytoplasmic b-catenin and epithelial marker E-
cadherin were increased, while the mesenchymal marker Vimentin
and Fibronectin were down-regulated in ectopic JUP-expressing
NUGC-3 and MGC-803 cells (Fig. 5B). Furthermore, ectopic JUP in
NUGC-3 and MGC-803 led to a compromised cell mobility and
invasion compared with their control cells (Fig. 5C–D). These data
suggest that JUP location at membrane and/or in cytoplasm halts
malignancy of gastric carcinoma.

Differentially distributed JUP affects b-catenin localization and activity
to regulate MMP7 expression

JUP is known as a homolog of b-catenin and collaborates with
b -catenin to maintain cell-cell tight-junction [20]. Given previous
observations, changed JUP may affect b-catenin stability and its
nuclear translocation in AML cells [12]. We asked whether JUP
directly affects the activity and function of b-catenin in GC cells,
thus plays a role on GC malignancy. Actually, interfering JUP
expression by shRNA in NCI-87 and NUGC-3 cells obviously
reduced phosphorylated b-catenin (p-b-catenin) and promoted
nuclear translocation of b-catenin (n-b-catenin) to enhance
MMP7 levels (Fig. 6A, left and middle panels), a known down-
stream target of b-catenin signaling in charge of tumor cell inva-
sion [21]. Interestingly, loss of JUP in MGC-803 resulted in non-
significant change of phosphorylated b-catenin in cytoplasm and
nuclear b-catenin levels, but decreased MMP-7 proteins (Fig. 6A).
Over-expression of ectopic JUP in NUGC-3 and MGC-803 cells
increased phosphorylated b-catenin to result in notable reduce of
nuclear b -catenin and MMP7 (Fig. 6B), indicating that location of
JUP might play a role to b-catenin signaling or its activity in differ-
ent differentiated GC cells.

Next, we tried to understand why nuclear JUP, the homolog of
b-catenin, can positively activate b-catenin signaling. We found
that nuclear JUP could interact with nuclear b-catenin and TCF4,
a key transcription factor of Wnt/b-catenin signaling, in MGC-803
cells (Fig. 6C). Both JUP and b-catenin have a conserved 13 amino
acid repeats, the armadillo (ARM)-type domain, which is predicted
to interact with another protein or nucleic acid, and the armadillo
of 11 to 13 is essential for the protein interaction [20]. Thus, we
guessed that 11-13 armadillo may mediate the collaboration of
nuclear JUP and b-catenin in synergistic regulating TCF4 transcript
activities. As expected, mutation of 11-13 armadillo repeats (Mut
JUP ARM11-13) dissociated JUP with TCF-4 (Fig. 6D). Furthermore,
we proved JUP and b-catenin could synergistically promote TCF4
transcript activity compared with b-catenin or JUP alone, however,
mutant JUP (Mut JUP ARM11-13) cancelled the synergistic function
of JUP and b-catenin in regulating TCF4 transcription activity
(Fig. 6E) checked by luciferase reporter assay. In parent MGC-803
cells with high level of nuclear b-catenin or JUP, robust transcript
activity was detected in comparison with NUGC-3 (Fig. 6F). Silence
of endogenous JUP in NUGC-3 promoted transcript activity of TCF4,



Fig. 2. Expression and localization of JUP in three differently differentiated gastric cancer cells and tissues. (A) Western blot was done to show protein levels of JUP in NCI-87 (well
differentiated GC cells), NUGC-3 (moderately differentiated GC cells), MGC-803 (poorly differentiated GC cells) cells. (B) Subcellular expression levels of JUP and b -catenin in different
differentiated gastric cancer cells were analyzed by western blotting. PCNA is the loading control for nuclear proteins. b-tubulin, a loading control of the cytoplasmic proteins. (C)
Immunofluorescence staining was performed to detect the expression and localization of JUP in GC cells (Scale bars, 50 mm). (D) IHC staining to detect expression and location of JUP
and b -catenin in gastric cancer tissues with different degrees of differentiation (G1, well differentiated, n = 7; G2, moderately differentiated, n = 13; G3, poorly differentiated, n = 10).
Representative images of IHC staining are presented in left panel (Scale bars, 100 mm). The ratio of nuclear/cytoplasmic JUP and b -catenin in right panel (*P < 0.05, **P < 0.01). (E)
Western blot to show subcellular levels of JUP and b -catenin in gastric cancer tissues with different degrees of differentiation (G1, G2, and G3). PCNA is the loading control for nuclear
proteins. b-tubulin, a loading control of the cytoplasmic proteins. (F) The protein levels of E-cadherin, Vimentin and Fibronectin were detected by Western blotting. GAPDH is the
loading control. (G) Cell migration was determined by Transwell assay for NCI-87, NUGC-3 and MGC-803 cells. The experiment was repeated three times (**P < 0.01, vs NCI-87 cells).
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Fig. 3. Knockdown of JUP in NCI-87 induces EMT phenotypes. (A, B) Interference efficiencies of JUP gene by shRNA in NCI-87 was measured by qRT-PCR (A) and Western blot
(B) (*P < 0.05, **P < 0.01 vs control shRNA). GAPDH acts as a loading control. (C) A picture to show the morphological changes of NCI-87 treated with shJUP in comparison with
cells with control shRNA (Scale bars, 100 mm). (D) The expression and localization of F-actin was stained with phalloidine (Scale bars, 50 mm). (E–G) The indicated mRNA and
protein levels of EMT-related markers were detected by qRT-PCR (E, F) and Western blot (G). GAPDH worked as loading control (**P < 0.01, vs control).
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and notable decreased-TCF4 luciferase activity in MGC-803; ecto-
pic JUP could hamper TCF4 luciferase activities in NUGC-3 and
MGC-803 (Fig. 6F), suggesting an impedimental role of cytoplasmic
JUP to Wnt/b-catenin signaling in NUGC-3 and synergistic function
of nuclear JUP to Wnt/b-catenin signaling in MGC-803. Taken
together, these data demonstrate that different distribution of
JUP in GC cells endows JUP a different role to Wnt/b-catenin signal-
ing activity.
JUP causes b-catenin stability and nuclear translocation via AKT/
GSK3b signaling axis

To further gain insights into the mechanism of JUP on b-catenin
stability thus fueling GC cell migration and invasion, we investi-
gated the potential interacting proteins of JUP using bioinformat-
ics. Based on the bio-information analysis using the database
from protein interaction network (https://string-db.org/) and our

https://string-db.org/


Fig. 4. Knockdown of JUP promotes Gastric cancer cell migration and invasion. (A, B) Knockdown efficiencies of JUP by shJUP in NUGC-3 and MGC-803 were detected by qRT-
PCR (A) and Western blot (B) (**P < 0.01 vs control shNC). GAPDH is a loading control. (C, D) Growth curves of NUGC-3 (C) and MGC-803 (D) with shJUP or shNC were
performed with CCK-8 assay for 5 days. (E, F) The cell mobility and invasion potentials were tested by Wound healing assay (E) and Transwell assay (F) (*P < 0.05, **P < 0.01 vs
control shRNA).
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previous LC-MS/MS data, we identified 12 proteins including EGFR,
GSK3b, AXIN3 and APC which may have a close relationship with
JUP (Fig. 7A). EGFR is a known membrane protein and induces
tyrosine-phosphorylation of JUP in an EGF dependent manner
[22]. Thus, we detected the direct interaction between JUP and
EGFR. After analyzing their potential affinity using GEPIA database
(http://gepia.cancer-pku.cn/), a close interaction of JUP and EGFR
was identified (Fig. 7B). Indeed, JUP and EGFR were found to co-

http://gepia.cancer-pku.cn/


Fig. 5. Overexpression of JUP in NUGC-3 and MGC-803 inhibits gastric cancer cell migration and invasion during the process of MET. (A) qRT-PCR (A) was done to show the
overexpression efficiency of JUP in NUGC-3 and MGC-803 (**P < 0.01 vs vector). (B) Western blotting was used to detect the indicated protein levels of EMT-related markers.
GAPDH acts as a loading control. (C, D) Wound healing assay (C) and Transwell assay (D) were performed to analyze the cell migration and invasion capacities of gastric
cancer cells transfected with JUP or Vector (*P < 0.05, **P < 0.01 vs vector).
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locate at cell membrane of NCI-87 cells by immunofluorescence
staining (Fig. 7C). And the direct binding between JUP and EGFR
was further confirmed using Co-IP western blotting (Fig. 7D).

Next, we wondered whether JUP interacting with EGFR has an
effect on EGFR and its downstream signaling activities. Interest-
ingly, we found the enhanced phosphorylated EGFR (p-EGFR)
was in JUP-knocked down NCI-87 cells (Fig. 7E, left panel), while
decreased in ectopic JUP-overexpressing NUGC-3 and MGC-803
cells (Fig. 7F, left panel). Administration of JUP-knocked down
NCI-87 cells with EGFR inhibitor PD153035 (10 lM) decreased



Fig. 6. JUP mediates MMP7 expression via the interaction of JUP/b -catenin/TCF4. (A, B) Levels of phosphorylated b-catenin (p-b-catenin), nuclear b-catenin (n-b-catenin),
total b-catenin (T-b-catenin) and MMP7 were determined by Western blot in the JUP knocked-down (A) and overexpressing (B) gastric cancer cells and its control cells.
Histone H3 and GAPDH are the loading control. (C, D) Whole-cell lysates from WT MGC-803 (C) and JUP ARM11-13 mutant MGC-803 cell (D) were immunoprecipitated with
anti-JUP and anti-b-catenin antibodies. Western blot showed the interaction of JUP, b-catenin and TCF4. IgG was used as a control antibody. (E) 293 T cells were co-
transfected with control luciferase reporter or TOP-Flash reporter and indicated constructs, relative reporter activity were measured for TCF4 (a, P < 0.01 vs vector; b, P < 0.01,
b -catenin/JUP vs b -catenin alone; c, P < 0.01, b -catenin/mutant JUP vs b -catenin/JUP). (F) NUGC-3 and MGC-803 and their engineered cells (JUP-knocked down cells and
ectopic JUP-overexpressed cells) were transfected with control luciferase reporter or TOP-Flash reporter. Endogenous TCF4 transcript activity was detected using luciferase
assay (*P < 0.05, **P < 0.01 vs Control reporter; a, P < 0.01, TOP-Flash reporter vs control reporter; b, P < 0.01, MGC-803 vs NUGC-3).
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p-EGFR levels (Fig. 7F, right panel). It has been known that GSK3b/
APC/AXIN/b-catenin complex closely affects Wnt/b-catenin activity
via GSK3b-mediated phosphorylation and ubiquitinylation of cyto-
plasmic b-catenin in tumor cells. Thus, activities GSK3b in JUP-
knocked down and JUP-overexpressing GC cells were analyzed.
As expected, p-GSK3b was increased in JUP-knocked down NCI-



Fig. 7. JUP regulates the activity of EGFR/AKT/GSK3b to stable b-catenin. (A) A network to show the interaction of JUP and other proteins identified by TOF-MS. Red represents
JUP, blue represents EGFR, green represents GSK3b. (B) The correlation coefficient of JUP and EGFR was calculated by Pearson’s correlation analysis. (C) JUP co-localizing with
EGFR at cellular membrane in NCI-87 was determined by immunofluorescence (Green: JUP; Red: EGFR; Blue: DAPI. Scale bars, 50 mm). (D) IP-Western blot to show the
interaction of JUP and EGFR in cell lysates of NCI-87. IgG was used as a control antibody. (E, F) Western blotting was used to determine the protein levels of p-EGFR, T-EGFR, p-
AKT, T-AKT, p-GSK3 b and T-GSK3 b in the indicated cells. NCI-87 with shJUP was treated with EGFR inhibitor, PD153035 (10 lmol/L); NUGC-3 and MGC-803 with ectopic JUP
were treated with IGF-1 (100 ng/mL). GAPDH was used as a loading control. (G) The total and phosphorylated EGFR, AKT, and GSK3b levels in representative gastric cancer
tissues with different degrees of differentiation (G1, G2 and G3) were analyzed by western blotting. GAPDH was used as a loading control. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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87 cells (Fig. 7E, left panel), and decreased in JUP-overexpressing
NUGC-3 and MGC-803 cells (Fig. 7F, left panel). AKT is a down-
stream target of EGFR, which directly regulates GSK3b activity
through phosphorylating serine 9 site of GSK3b, and lead to inac-
tive GSK3b [23]. In line with previous findings, loss of JUP relieved
its binding effect on EGFR and led to augmented p-AKT levels in
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NCI-87; otherwise, overexpression of ectopic JUP decreased p-AKT
levels in NUGC-3 and MGC-803 cells (Fig. 7E–F, left panels).
Inhibiting EGFR activity using PD153035 (10 lM) in JUP-knocked
down NCI-87 partially eliminated the effect of silenced JUP on
downstream AKT signaling activity (Fig. 7E, right panel). Inversely,
IGF-1 (an agonist of PI3K/AKT, 100 ng/mL) antagonized the inacti-
vation of AKT signaling in ectopic JUP overexpressed-NUGC-3 or
MGC-803 cells. To further validate the molecular mechanism
in vivo, we measured the total and phosphorylated protein levels
of EGFR/AKT/GSK3b signaling molecules in representative tumor
tissues with different degrees of differentiation. Consistently,
accompanied with progressively reduce of membrane/cytoplasmic
JUP, phosphorylated EGFR, AKT and GSK3b were gradually
increased in GC tissues from G1, G2 to G3 (Fig. 7G). Collectively,
loss of JUP leads to activation of EGFR/AKT/GSK3b signaling and
b-catenin stability, nuclear JUP facilitates b-catenin to enhance
TCF4 transcript activity in GC to promote tumor invasion and
metastasis (see Fig. 8).
Discussion

GC is a highly fatal disease with a very poor 5-year overall sur-
vival of less than 35% due to its high invasion and metastasis
[24,25]. In the current study, we demonstrated that gradual loss
of JUP, a major component of cell-cell adhesion, is closely related
with differentiation status and malignancy of GC. Our data showed
that JUP located at membrane or cytoplasma is positively corre-
lated with lower-grade, well-differentiated and well prognostic
GC; however, nuclear JUP is more likely to be expressed in patients
with poorly clinical stage of GC. Loss of membrane or cytoplasma
JUP partially or completely activated EGFR/AKT/GSK3b signaling
which is involved in EMT and cell motility of GC cells. Thus, our
data may provide a new insight on the biological function of JUP
associated with its distribution in GC.
Fig. 8. A working model of different distributed-JUP in regulating cell invasion via activa
differently differentiated GC cells. In the well differentiated GC cells (left panel), JUP loc
EGFR and its downstream signaling. In moderately differentiated GC cells (middle pa
downstream AKT/GSK3b/b-catenin signaling. In the poorly differentiated GC cells (right
catenin signaling, and location of JUP in nuclear, which collaborates with nuclear b-cate
As a homologue of b-catenin, JUP is a cytoplasmic peripheral
membrane protein whose classical function is as a cell junction
component both in adhesion junction and desmosome assembly
[26]. At the adherence junction, JUP links the transmembrane pro-
tein E-cadherin to the actin cytoskeleton, whereas it links desmo-
gleins and desmocollins to intermediate filaments of the actin
cytoskeleton at the desmosomes. Overexpression of JUP upregu-
lated E-cadherin, which in turn catches JUP located at cytoplasma.
Cell-cell junction is essential for maintaining cellular polarity, cre-
ates barriers for gastric tissues and provides proper functionality
[27]. To fully understand the impact of JUP on cell-cell adhesion,
we knocked down JUP located at membrane of NCI-87, which
induced EMT phenotype. And this is coincided with enhanced
nuclear b -catenin which is well confirmed involving in EMT
[28]. Our data suggest that as a cell adhesive member, loss of mem-
brane JUP affects cell polarity and induces EMT.

Both JUP and b -catenin are armadillo family proteins. It has
been reported that b-catenin has an abnormal distribution and
appears to have pathologic and prognostic significance in hepato-
cellular carcinoma [29]. Many studies have concentrated on b-
catenin and defined it as an oncogenic; however, the role of JUP
is often overlooked. Previous reports have divided JUP into soluble
and insoluble pool, which could be differently phosphorylated and
endowed various functions [30]. Interestingly, here we found that
membrane or cytoplasmic JUP plays a tumor suppressor; however,
nuclear JUP synergizing nuclear b-catenin allows GC cells with an
advanced migration and invasion ability. These data suggest that
JUP might have various functions in different differentiated GC
cells associated with its distribution.

In the current study, we demonstrate that JUP/EGFR/AKT/GSK3b
is involved in tumor metastasis via inducing nuclear b-catenin
translocation to up-regulation of MMP7 expression in gastric can-
cer. Loss of membrane or cytoplasmic JUP activates EGFR, which
induces phosphorylation of AKT and GSK3b to inhibit phosphoryla-
tion of b-catenin, thus induces nuclear localization of b-catenin and
promotes EMT of GC cells to acquire an advanced invasion poten-
tion of b-catenin in gastric cancer cells. The proposed model shows the role of JUP in
ates at cell membrane and links with E-cadherin and -catenin to block activation of
nel), loss of partial membrane JUP leads phosphorylated EGFR and activation of
panel), complete loss of membrane JUP triggers an enhanced EGFR/AKT/GSK3b/b-
nin, further promotes MMP7 expression and cell invasion potential.
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tial. Ectopic JUP could interact with EGFR, which decreases phos-
phorylation of AKT and GSK3b, enhances phosphorylation of
b-catenin and reduces its nuclear accumulation. Our data support
previous finding that loss of JUP activates AKT/GSK3b/b-catenin
signaling to promote the progression of cardiomyopathy [6].

Our data provide evidence that the membrane JUP interacts
with EGFR to blunt EGFR activation. Loss of membrane JUP led to
high level of phosphorylated EGFR which triggers the downstream
EGFR/AKT/GSK3b signaling. The cytoplasmic, non-junctional JUP
acts as a tumor suppressor. Loss of cytoplasmic JUP promoted
translocation of cytoplasmic b-catenin to nuclear thus induced
GC invasion. Ectopic overexpression of JUP mitigated the accumu-
lation of nuclear b-catenin and tumor cell invasion. This is sup-
ported by a previous study, in which overexpression of JUP
resulted in enhanced phosphorylation of b-catenin by GSK3b/
APC/AXIN complex, thus lead to its degradation by the ubiquitin-
proteasome system [31]. Furthermore, cytoplasmic JUP was con-
firmed as a tumor suppressor which interacts with metastasis sup-
pressor Nm23 or transcription factor p53 to repress the expression
of oncogenes [13,32]. In addition, our study reveal that the nuclear
JUP acts as an oncogenic function, in which nuclear JUP interacted
with nuclear b-catenin through armadillo domain and enhanced
nuclear b-catenin function in regulating TCF4 transcriptional acti-
vation in GC. Our study supports the finding in AML, in which
the aberrant overexpressed nuclear JUP promoted nuclear localiza-
tion of b-catenin and its oncogenic functions.

In summary, our results provide a new insight into the role of
JUP beyond cell-cell adhesion involving in tumor invasion and
metastasis. Different distribution of JUP was endowed heteroge-
neous functions to GC biological properties. In the mechanism,
EGFR/AKT/GSK3b signaling pathway is involved in JUP-mediated
tumor invasion. Targeting JUP may be a novel approach for clinical
treatment. Clearly, more clinical investigations are required to fur-
ther explore the role of JUP in both junctional and non-junctional
functions.

Conclusion

In the current study, we unraveled that JUP expression and dis-
tribution are closely related with GC differentiation and malignant
stages. JUP is mainly located in cell membrane or cytoplasm of high
or medium differentiation GC; while in low differentiation GC, JUP
is in nucleus. The membrane/cytoplasmic JUP affects b-catenin sta-
bility and nuclear translocation through EGFR/AKT/GSK3b signal
axis. Nuclear JUP has a synergic role with b-catenin to promote
GC cell invasion and EMT by up-regulating MMP7.
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