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p-Catenin is a central player in Wnt signaling, and activation of Wnt signaling is
associated with cancer development. E-cadherin in complex with p-catenin medi-
ates cell-cell adhesion, which suppresses p-catenin-dependent Wnt signaling.
Recently, a tumor-suppressive role for E-cadherin has been reconsidered, as
re-expression of E-cadherin was reported to enhance the metastatic potential of
malignant tumors. To explore the role of E-cadherin, we established an
E-cadherin-expressing cell line, EC96, from AGS cells that featured undetectable
E-cadherin expression and a high level of Wnt signaling. In EC96 cells, E-cadherin
re-expression enhanced cell proliferation, although Wnt signaling activity was
reduced. Subsequent analysis revealed that nuclear factor-xB (NF-kB) activation
and consequent c-myc expression might be involved in E-cadherin expression-
mediated cell proliferation. To facilitate rapid proliferation, EC96 cells enhance
glucose uptake and produce ATP using both mitochondria oxidative phosphoryla-
tion and glycolysis, whereas AGS cells use these mechanisms less efficiently.
These events appeared to be mediated by NF-kB activation. Therefore, E-cadherin
re-expression and subsequent induction of NF-kB signaling likely enhance energy

doi: 10.1111/cas.13321

E -cadherin, which acts as a cell-cell adhesion molecule by
connecting with cytoplasmic B-catenin to form cadherin/
catenin complexes, ’ functions in epithelial differentiation.®
Decreased E-cadherin expression and accompanying cell disso-
ciation are frequently observed during the early stage of cancer
cell development.m Because E-cadherin inhibits the invasion,
or metastasis, of tumors and a deficiency in E-cadherin
decreases tumor differentiation, E-cadherin is regarded as a
tumor-suppressive molecule.” Understanding the control of
E-cadherin expression is important for understanding the
development and carcinogenesis.‘>

B-Catenin plays an important role in Wnt signaling, which is
involved in malignant cancer development® and mediates the
connection between E-cadherin and actin microfilaments."”
B-Catenin is abundant in the cytoplasm and is degraded by the
proteasome after phosphorylation by the Axin/glycogen synthase
kinase 3p/adenomatous polyposis coli/casein kinase 1 destruc-
tion complex under normal conditions.®’ Activation of the Wnt
signaling pathway leads to disassembly of the B-catenin destruc-
tion complex and translocation of B-catenin from the cytoplasm
to the nucleus, where it functions as a transcriptional activator
for growth-stimulating factors.”” Therefore, association of
B-catenin with E-cadherin reduces the cytoplasmic [-catenin
level and negatively regulates the Wnt signaling pathway."'

Epithelial-mesenchymal transition (EMT) is a de-differentia-
tion program that occurs in the early stage of epithelial cancer
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production and cell proliferation.

and is frequently associated with reduced exPression of E-cad-
herin and dissociation of cell-cell junctions."' " Involvement of
B-catenin-dependent Wnt signaling is the dynamic equivalent
of EMT in colorectal cancer progression."* Therefore, varia-
tions in the expression or structure of cadherin and catenin
result in the impairment of adherens junctions (Als), triggering
of the EMT, and stimulation of cancer metastasis."' However,
E-cadherin may function as more than a tumor suppressor in
cancer development,”” and it may play an important role in
the metastatic seeding of cancer cells and in the mesenchy-
mal—epithelial transition (MET)."*'¥ Many metastatic carci-
nomas are less de-differentiated than the primary tumor from
which they derived."">'® Membrane E-cadherin staining in
metastases but not in the primary cancer has also been
reported.'”’ Therefore, the role of E-cadherin in cancer metas-
tasis is complex and requires further investigation.

Generally, to acquire ATP for energy, cancer cells preferen-
tially use aerobic glycolysis instead of mitochondrial oxidative
phosphorylation (OXPHOS). This glycolytic switching is fre-
quentlgf observed in the development of many malignant can-
cers."*!? For example, activation of Wnt signaling suppresses
mitochondrial respiration by suppressing transcription of cyto-
chrome ¢ oxidase and inducing glycolytic switching in cancer
cells.?” Although several studies have examined the associa-
tion between E-cadherin and cancer, few have investigated the
association between E-cadherin expression and cancer cell
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metabolism. Similar to its function in tumor development and
progression, the function of E-cadherin in energy metabolism
in malignant cancer is also probably complex. Hypoxia-induci-
ble factor-la, which is a key molecule for glycolytic switch-
ing,®"*? indirectly represses E-cadherin expression and
contributes to EMT.*® In contrast, E-cadherin knockdown
reduced glycolysis in inflammatory breast cancer cells, and
E-cadherin expression failed to induce hypoxia-inducible fac-
tor-lo. expression in vivo in a xenograft model.*¥ These
results indicate that E-cadherin expression could play diverse
roles in the energy metabolism of cancer cells.

The purpose of this study was to investigate the effect of
E-cadherin expression on the proliferation and energy metabo-
lism of AGS gastric cancer cells with undetectable E-cadherin
expression and a B-catenin mutation.

Materials and Methods

Cells, chemicals, and antibodies. AGS cell lines that were
established from gastric cancer tissue were purchased from the
Korean Cell Line Bank (Seoul, Korea) in 2003. Frozen aliquots
of cells were thawed and tested for post-freeze growth proper-
ties, morphology, and mycoplasma contamination prior to
experiments. EC96 cells were derived from AGS cells after
transfection of E-cadherin cDNA, neomycin selection, and sev-
eral rounds of single-cell cloning. Establishment of EC96 cells
was described previously.”> AGS and EC96 cells were main-
tained in DMEM supplemented with 10% FBS, penicillin, and
streptomycin in a humidified atmosphere of 5% CO,.

Bay11-7082 and triptolide were purchased from Invitrogen
(Carlsbad, CA, USA) and MGI132 from Calbiochem (San
Diego, CA, USA). Specific antibodies for E-cadherin and
B-catenin were obtained from BD Pharmingen (San Diego,
CA, USA). Axinl, c-myc, p-IkBa, IkBo, nuclear factor-xB
(NF-xB), Lamin A/C, GAPDH, and p-actin were obtained
from Santa Cruz Biotechnologies (Santa Cruz, CA, USA).

Oxygen consumption rate (OCR), extracellular acidification rate
(ECAR), and fuel flex assay. AGS and EC96 cells were plated at
20 000 cells/well in XF24 cell culture microplates (Seahorse
Bioscience, North Billerica, MA, USA). Oxygen consumption
rate (OCR) was measured on the following day using an XF24
analyzer (Agilent, Santa Clara, CA, USA). Cells were equili-
brated for 1 h at 37°C in XF assay medium supplemented with
25 mM glucose, 4 mM L-glutamine, and 1 mM sodium pyru-
vate (pH 7.4) before measurements. Oligomycin (2 uM), Car-
bonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP,
0.1 uM), antimycin A (1 pM), and rotenone (1 uM) were then
consecutively added to each well. Extracellular acidification
rate (ECAR) was measured on the day following culture using
an XF24 analyzer. Cells were equilibrated for 1 h at 37°C in
XF assay medium without supplements before measurement.
Glucose (10 mM), oligomycin (2 M), and 2-deoxyglucose
(2-DG) (0.1 M) were consecutively added to each well. Cells
were equilibrated for 1 h at 37°C in XF assay medium supple-
mented with 25 mM glucose, 4 mM L-glutamine, and 1 mM
sodium pyruvate (pH 7.4) before measurements.

Mitochondrial fuel flex was measured using an XF24 analyzer.
Cells were equilibrated for 1 h at 37°C in XF assay medium sup-
plemented with 25 mM glucose, 4 mM L-glutamine, and 1 mM
sodium pyruvate (pH 7.4) before measurements. A mixture of
2 uM UK5099 (glucose oxidation pathway inhibitor), 4 uM eto-
moxir (fatty acid oxidation inhibitor), and 3 pM Bis-2-(5-pheny-
lacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES, glutamine
oxidation pathway inhibitor) was then added to each well.
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Transient transfection with siRNAs and stable knockdown cell
line generation. To produce lentivirus expressing shRNA for
pLKO-shE-cadherin or pLKO-empty plasmids were co-trans-
fected with the lentivirus packaging plasmids (psPAX2,
pMD2G, and VSV-G) into 293T cells. The virus containing
cell culture supernatant was harvested, filtered through a 0.22-
pm pore-size filter and used to infect EC96 cells. To generate
stable E-cadherin knockdown cells, infected cells were selected
by puromycin (2 pg/mL) for 1 month.

Specific siRNAs, targeting NF-xB, and non-specific control
siRNAs were purchased from Santa Cruz Biotechnologies. For
transient transfection, cells were seeded at a density of
5 x 10* cells/mL in antibiotic-free medium, and siRNAs were
transfected using the transfection reagent (Santa Cruz Biotech-
nology), according to the manufacturer’s instructions. After
incubation for 72 h, the cells were analyzed using BrdU or
immunoblot assay.

Wnt reporter assay. Cells were seeded in a 12-well plate and
transfected in triplicate with the following plasmids: Super-
TOP-flash (500 ng) and pTK-Renilla luciferase (50 ng). The
transfected cells were assayed for luciferase activity using a
GloMax-multi Jr and the Dual Luciferase Reporter assay sys-
tem (Promega, Madison, WI, USA) according to the manufac-
turer’s protocols. Renilla luciferase activity was used to
normalize TOP-FLASH activity for transfection efficiency.

Assays and measurement of reactive oxygen species. The
MTT, BrdU incorporation, and ATP assays were carried out
using an MTT cell proliferation kit (Sigma-Aldrich, St. Louis,
MO, USA), BrdU cell Proliferation ELISA kit (Roche Applied
Science, Indianapolis, IN, USA) and Luminescence ATP
Detection Assay System (ATPlite; PerkinElmer, Waltham,
MA, USA) according to the manufacturer’s instructions,
respectively. For reactive oxygen species (ROS) measurement,
cells seeded on 96-well microplates (10* cells/well) were incu-
bated for 24 h, treated with 10 uM 2’,7'-dichlorofluorescein
diacetate (DCFH-DA) (Sigma-Aldrich) for 10 min at 37°C and
then the fluorescence intensity was assessed by a multimode
plate reader (EnSpire; PerkinElmer).

Detection of ROS, immunofluorescence, immunoblotting, and
immunoprecipitation. Cells were treated with DCFH-DA for
10 min, fixed with 4% para-formaldehyde for 20 min, and
washed with PBS, and the fluorescence intensity was assessed
by a fluorescence microscope (Axioscope, Zeiss, Oberkochen,
Germany). Immunofluorescence, immunoblot, and immunopre-
cipitation analyses were carried out as described previously.(%)

Quantitative RT-PCR. Total RNA was isolated, and 1 pg was
used for cDNA. The cDNAs were mixed with Power SYBR
Green Master Mix and amplified on an ABI7500 (Applied
Biosystems, Foster City, CA, USA). Primers used for the
quantitative RT-PCR of glucose transporter 1 (GLUT1),
GLUT3, GLUT4, c-myc, Axin2, cyclin D1, and B-actin are
listed in Table S1.

Statistical analysis. Student’s 7-tests were applied for compar-
isons. Data are expressed as mean + SD. The significance
threshold was 5% (*P < 0.05; **P < 0.01; ***P < 0.001). All
experiments were repeated three times.

Results

Effect of E-cadherin expression on AGS cells. AGS cells
showed E-cadherin expression at undetectable levels and
prominent nuclear f-catenin exgression (Fig. 1a,b), suggesting
activation of Wnt signaling.?"*® To determine the effects of
restoration of E-cadherin expression, we established AGS cells

Cancer Sci | September 2017 | vol. 108 | no.9 | 1770



www.wileyonlinelibrary.com/journal/cas

expressing high levels of E-cadherin and tested five clones for
E-cadherin expression, cellular proliferation, and ATP produc-
tion.®> Among those, AGS E-cadherinl was selected and
named EC96 as this cell line showed clear increases in cell
proliferation and ATP production than control parental AGS
cells (Fig. S1). As expected, Wnt activity and nuclear B-cate-
nin were decreased in EC96 cells in comparison to AGS cells
(Fig. 1c,d). In EC96 cells, B-catenin expression was clearly
observed at the cell—cell junctions, suggesting translocation of
B-catenin from the nucleus to the plasma membrane (Fig. 1d).
B-Catenin was immunoprecipitated from EC96 cells in associa-
tion with E-cadherin (Fig. le).

E-Cadherin expression stimulates cellular proliferation through
NF-kB activation in AGS cells. B-Catenin is associated with
E-cadherin at cell-cell adhesion junctions, which suppresses
Whnt signaling activity and cell growth by reducing the cyto-
plasmic B-catenin concentration."” Unexpectedly, proliferation
of EC96 cells was approximately 1.5-fold higher than that of
AGS cells (Fig. 2a,b). The increased proliferation of EC96
cells was not due to residual Wnt signaling activity because
Wnt inhibitors (such as ICG-001, inhibitor of beta-catenin-
response transcription [iCRT], and NSC668036) exerted lim-
ited effects on EC96 cell proliferation (Fig. S2). EC96 cells
were tolerant of inhibitors of other signaling pathways, with
the exception of NF-xB inhibitors. Treatment with NF-kB
inhibitors, such as MGI132, triptolide, and Bayl1-7082,
resulted in greater inhibition of the proliferation of EC96 cells
in comparison to AGS cells (Fig. S2). Further analysis
revealed that the proliferation of EC96 cells was inhibited by

(a)
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the NF-kB inhibitors in a dose-dependent manner (Fig. 2c).
Immunoblot analysis showed an increase of c-myc expression
in accordance with the increase of the phosphorylation of IkxBa
in EC96 cells (Fig. 2d). Immunofluorescence staining and sub-
cellular fractionation also revealed the nuclear translocation of
NF-«kB (Fig. 2e,f), suggesting the activation of NF-kB. Fur-
thermore, treatment with inhibitors of NF-xB signaling, such
as Bayl1-7082 and triptolide, resulted in a decrease in the c-
myc level in EC96 cells (Fig. 2g). Both AGS and EC96 cells
showed reduced expression of c-myc in the case of MG132.
Excess MG132 is cytotoxic, as it inhibits both the proteasome
and multiple signaling pathways.**>” To determine whether
restoration of E-cadherin expression enhances c-myc expres-
sion levels, AGS cells were transiently transfected with E-cad-
herin cDNA; increased c-myc expression was detected
(Fig. S3). Considering that expression of c-myc is also a target
of Wnt signaling and that Wnt signaling activity is reduced in
EC96 cells, the expression of other targets of Wnt signaling
was analyzed by real-time PCR; cyclin D1 and Axin2 mRNA
levels were not increased (Fig. 2h). These results suggested
that reduction of Wnt signaling activity downregulated cyclin
D1 and Axin2, but activation of NF-«xB signaling sustained
c-myc expression in EC96 cells, resulting in an increase in cell
proliferation.

E-cadherin expression in AGS cells stimulates cellular energy
metabolism. Because E-cadherin expression increases prolifera-
tion of AGS cells, we explored the effects of E-cadherin
expression on the energy-producing metabolism. EC96 cells
showed a higher ATP concentration than AGS cells (Fig. 3a).

Pretreated (b)

AGS

EC96

AGS

(c)

1.2 -
1.0 -
0.8 -
0.6 -
0.4 -
0.2 -

(d} Pretreated

Fig. 1. E-cadherin expression suppresses Wnt
signaling in AGS gastric cancer cells. (a) AGS and
EC96 cells were subjected to immunofluorescence
staining for E-cadherin. Scale bar = 30 um. (b) Cell
lysates were subjected to immunoblotting analysis
of E-cadherin and f-actin. Band intensity was (e)

normalized to B-actin. (c) Wnt signaling activities AGS
were measured by dual luciferase reporter assay. &
*P<0.05. (d) Cells were subjected to R \¢§9Q20

immunofluorescence staining for B-catenin. Scale
bar = 30 um. (e) Cell lysates were precipitated using
an anti-p-catenin antibody, and the levels of
E-cadherin and antibody-bound proteins were
determined by immunoblot analysis using anti-f-
catenin (BCTN) and anti-E-cadherin antibodies. IP,
immunoprecipitant. IP
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Fig. 2. E-cadherin expression enhances cell proliferation through the nuclear factor-kB (NF-«B) signaling pathway. (a) Gastric cancer cells were
cultured for 24, 48, and 72 h and subjected to direct cell counting by Trypan blue dye exclusion staining. (b) Proliferation of AGS and EC96 cells
over 24, 48 and 72 h subjected to BrdU assay. (c) Cells were treated with MG132 (5-20 uM), triptolide (100-400 nM), and Bay11-7082 (4-10 uM)
for 24 h, and cell viability was measured by MTT assay. (d) Cell lysates were subjected to immunoblot analysis for E-cadherin, c-myc, p-lkBa, 1xBa,
and B-actin. E-cadherin and ¢-myc band intensities were normalized to B-actin and p-lkBa band intensity was normalized to IkBa. (e) Cells were
fractionated into cytosol and nucleus and then subjected to immunoblot analysis using the indicated antibodies. Cytosol protein band intensity
was normalized to B-actin and nuclear protein band intensity was normalized to Lamin A/C. (f) Cells were subjected to immunofluorescence
staining for NF-«xB. Scale bar = 30 um. (g) Total RNA extracted from AGS and EC96 cells subjected to RT-PCR for c-myc, cyclin D1, and Axin2 using
the indicated gene-specific primers. Averages of three independent experiments with error bars are presented. (h) Cells were treated with trip-
tolide (200 nM), Bay11-7082 (4 uM), and MG132 (5 uM) for 24 h and then subjected to immunoblot analysis for E-cadherin, c-myc, and GAPDH.
Band intensity was normalized to GAPDH. *P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant.

To evaluate fuel utilization for ATP production by AGS and
EC96 cells, fuel flex assays were carried out. Fuel dependency
refers to the energy dependency of a target fuel throughout
energy metabolism, and fuel capacity refers to the maximum
energy utility of a particular energy source when other energy
pathways are inhibited. Fuel flexibility is the ability to use

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

another energy source when the preferred energy source is
inhibited. Fuel flex assays showed that glucose capacity was
high but dependency was low in AGS cells. Also, dependency
on glutamine was high in AGS cells. However, glucose depen-
dency was increased in EC96 cells, and glutamine dependency
was decreased (Fig. 3b). These results show that EC96 cells
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Fig. 3. E-cadherin expression enhances mitochondrial oxidative phosphorylation and glycolysis. (a,b) Gastric cancer cells were subjected to cellu-

lar ATP measurement (a) and fuel flex measurement (b). Fuel flex responses to 2 uM UK5099 (glucose oxidation pathway inhibitor), 4 uM eto-
moxir (fatty acid oxidation inhibitor), and 3 uM is-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfideChange to Bis-2-(5-phenylacetamido-
1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES, glutamine oxidation pathway inhibitor) were measured. (c) Cells were plated in XF24 culture plates for
24 h using medium containing glucose, glutamine, and pyruvate. Oxygen consumption rate responses to oligomycin (2 uM), Carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazoneChange to Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 0.1 uM), antimycin A (1 uM), and
rotenone (1 uM) were measured. (d) Cells were plated in XF24 culture plates using nutrient-free base medium. (e,f) Cells were subjected to cellu-
lar ATP measurement (e) and BrdU incorporation (f) by treatment with 2-deoxyglucose (2-DG; 0.1 uM) for 24 h. *P < 0.05; ***P < 0.001. n.s., not

significant.

were more dependent on glucose than were AGS cells,
whereas AGS cells were more dependent on glutamine, indi-
cating that the two cell lines use different energy sources.
Glycolysis plays an important role in providing energy, and
ATP production is mediated by oxygen-independent glycolysis
and oxygen-dependent respiration, also known as mitochon-
drial OXPHOS. Therefore, we carried out cellular OCR and
ECAR, which measure OXPHOS and glycolysis, respectively,
using a Seahorse XF24 analyzer. Following growth in the pres-
ence of glucose, glutamine, and sodium pyruvate, the OCR of
ECO96 cells was higher than that of AGS cells, and the oligo-
mycin-induced reduction in the OCR was more prominent in
ECO96 cells than in AGS cells (Fig. 3c), suggesting greater uti-
lization of OXPHOS. Under nutrient-depleted conditions, the
baseline OCR was also increased in EC96 cells compared to
AGS cells (Fig. S4). The OCR decreased markedly following
addition of glucose to EC96 cells, whereas AGS cells showed
no such effect (Fig. S4). Under the same conditions, there was
no difference in the basal ECAR of AGS and EC96 cells, but
glucose addition substantially increased the ECAR in EC96
cells (Fig. 3d). These results suggested that EC96 cells gener-
ate energy using OXPHOS; however, the importance of glycol-
ysis for energy production is increased under glucose-rich
conditions. Next, ATP and BrdU assays were undertaken to
determine whether energy production through glucose metabo-
lism is correlated with cellular energy production in EC96
cells. After treatment with 2-DG, a glucose derivative, energy

Cancer Sci | September 2017 | vol. 108 | no.9 | 1773

production was decreased, in a dose-dependent manner, in
EC96 cells compared to AGS cells (Fig. 3e). The BrdU assay
indicated that 2-DG treatment reduced the proliferation of
EC96 cells (Fig. 3f). Therefore, E-cadherin expression
increased cell proliferation by enhancing glycolysis and
OXPHOS.

E-cadherin expression activates glucose metabolism through
GLUT1 expression in AGS cells. We speculated that increased
glucose metabolism would be associated with activation of a
glucose transporter in EC96 cells because the expression of
some glucose transporters is regulated by NF-xB and c-myc
signaling.(31’32) Therefore, we measured the mRNA levels of
the GLUTI, 3, and 4 glucose transporters, which have been
reported to be expressed in cancers. 33 The GLUTI, 3, and 4
mRNA levels were higher in EC96 cells, and that of GLUT1
showed the greatest increase (Fig. 4a). Also, triptolide treat-
ment showed a decrease of GLUT1 expression in EC96 cells
(Fig. 4b), suggesting that NF-xB was involved in GLUTI
expression. To confirm the involvement of NF-«B, knockdown
experiments for NF-kB were carried out. The results showed
decreases in EC96 cell proliferation (Fig. 5a) and GLUT1
expression (Fig. 5b), consistent with the result of NF-xB inhi-
bitors (Figs. 2c,4b). Next, the OCR of EC96 cells was mea-
sured after knockdown of E-cadherin using an E-cadherin
shRNA vector. The OCR increased in EC96 cells, but the
OCR in E-cadherin knockdown cells was similar to that in
AGS cells (Fig. 6a). The OCR in cells transfected with the

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.



Original Article
E-cadherin expression in AGS cells

(a) kk
5001 = AGS = EC96

.
400 - *s
300
200 -
100
0.

®) ags

Cc T c T
1.2 0.9
0.7 0.6 1.0 0.2

C : Control
T : Triptolide 200 nM

Fig. 4. E-cadherin expression enhances glucose transporter (GLUT)
expression. (a) Total RNA extracted from AGS and EC96 gastric cancer
cells were subjected to RT-PCR with GLUT1-, GLUT3-, and GLUT4-speci-
fic primers. Averages of three independent experiments with error
bars are presented. *P < 0.05; **P < 0.01; ***P < 0.001. (b) Cells were
treated with triptolide (200 nM) for 24 h, and the lysates were then
subjected to immunoblot analysis for E-cadherin, GLUT1, and B-actin.
Band intensity was normalized to B-actin.

control vector was similar to that in non-transfected EC96
cells. These results indicate that the measured differences in
OCR were due to the E-cadherin expression level (Fig. 6a).
Furthermore, the expression levels of c-myc and GLUT1 were
substantially decreased in E-cadherin knockdown cells
(Fig. 6b). These results suggested that E-cadherin expression
led to increased expression of GLUT1 through NF-«kB signal-
ing, which resulted in increased ATP production by increasing
glucose uptake and metabolism (OXPHOS and glycolysis).
These events enhance cell proliferation through NF-xB signal-
ing, which compensates for the E-cadherin-mediated suppres-
sion of Wnt signaling.

Discussion

E-cadherin mediates epithelial cell-cell adhesion to form Als.
Together with tight junctions, AJs limit the access of growth
factors to the basolateral spaces and breakage of cell-cell
adhesion to allow the basolateral surface of cells to access
growth factor and enhance the proliferation and migration of
epithelial cells.*® Therefore, E-cadherin plays antiproliferative
and antitumorigenic roles, and downregulation of E-cadherin
expression at the cell surface is regarded as a hallmark of car-
cinoma EMT and tumor cell mesenchymal invasion in the ini-
tial step of cancer metastasis."" > Re-expression of E-cadherin
occurs following the metastasis of breast carcinoma cells to
the liver, lung, and brain, suggesting an important role in the
metastatic seeding of disseminated carcinomas.®**> In  this
study, to investigate the role of E-cadherin in cancer EMT,
E-cadherin was ectopically expressed in malignant gastric can-
cer AGS cells to know phenotypic changes. For this purpose,
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Fig. 5. Nuclear factor-kB (NF-kB) knockdown reduces cell prolifera-
tion and glucose transporter 1 (GLUT1) expression in EC96 gastric can-
cer cells. (a) AGS and EC96 cells were transfected by scrambled
(control) or NF-xkB siRNA and subjected to BrdU incorporation assay.
P < 0.01; ***P < 0.001. n.s., not significant. (b) AGS, EC96, EC96-con-
trol siRNA, and EC96-NF-kB siRNA cells were subjected to immunoblot
analysis for E-cadherin, GLUT1, NF-xB, and B-actin. Band intensity was
normalized to GAPDH.

AGS cells appeared appropriate because of elevated Wnt sig-
naling activity due to a mutation in B-catenin and low level of
E-cadherin expression (Fig. 1).

Initially, we speculated that E-cadherin expression reduces
Wnt signaling activity and cell proliferation. Although Wnt
signaling activity was decreased with reduction of nuclear
B-catenin (Fig. 1) and cell proliferation was enhanced (Fig. 2a,
b), c-myc expression was increased in both EC96 cells and
transiently E-cadherin-expressing AGS cells compared to AGS
cells. These results led us to speculate that the c-myc targeting
signal pathway might be induced by E-cadherin expression,
leading to an increase in cell proliferation. The proliferation
and c-myc expression of EC96 cells were suppressed by treat-
ment with NF-xB inhibitors (Fig. 2c,h). Nuclear factor-xB is
present in the cytoplasm bound to IxB, which inhibits the
nuclear translocation of NF-kB. However, phosphorylation of
IkB by IKK releases NF-kB, which then translocates to the
nucleus and activates transcription of various genes, including
c-myc, which is involved in cellular proliferation, movement,
and survival.®* Consistent with this paradigm, IxB phosphory-
lation was increased and intranuclear NF-kxB movement was
stimulated in EC96 cells. Therefore, our results suggested that
E-cadherin expression stimulates extranuclear [-catenin
translocation, resulting in the inhibition of Wnt signaling and
the compensatory stimulation of NF-kB nuclear translocation.
B-Catenin can form complexes with NF-kB, which represses
the transcriptional activity of NF-kB against target genes (such
as FAS and TRAF1) in colon and breast cancer.®® Generally,
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Fig. 6. E-cadherin knockdown reduces mitochondrial oxidative phos-
phorylation and glucose transporter 1 (GLUT1) expression in EC96 gas-
tric cancer cells. (a) EC96-, and shE-cadherin transfected EC96 cells
were seeded at 20 000 cells/well in XF24 culture plates for 24 h. The
oxygen consumption rate (OCR) response to assay medium including
glucose, glutamine, and sodium pyruvate. **P < 0.01; ***P < 0.001.
n.s., not significant. (b) EC96- and sh-Control and E-cadherin-knock-
down EC96 cell lysates were subjected to immunoblot analysis for
E-cadherin, c-myc, GLUT1, and B-actin. Band intensity was normalized
to B-actin.

E-cadherin binding elicits canonical survival signals, and
MAPK and Akt signaling have been investigated extensively
in this regard.®”” In this study, inhibitors of MAPK and
Akt/mTOR were less effective against EC96 than AGS cells
(Fig. S2).

Cancer cells are different from most normal cells in terms of
energy metabolism. Although mitochondrial OXPHOS is a
highly efficient energy production system, many cancer cells
metabolize glucose by aerobic glycolysis. To support their
high rates of proliferation, cancer cells avidly take up glucose
for aerobic glycol?/sis and/or metabolize additional nutrients,
such as glutamine.""®!'” Considering that downregulation of E-
cadherin and cell dissociation is an initial event for cancer
development,™ re-expression of E-cadherin in AGS cells is
expected to revert carcinoma EMT and release suppression of
OXPHOS. Our results revealed that E-cadherin expression
enhanced ATP production and an increased utility of OXPHOS
(Fig. 3c). It was observed that Wnt signaling suppresses mito-
chondrial respiration and induces glycolytic switching.?"
Also, one of the B-catenin destruction complexes, Axinl, is
present in the mitochondria of HeLa cells, where it influences
the activity of mitochondria complex IV and inhibits mito-
chondrial ATP synthesis.*” In this study, Axinl was
expressed in the mitochondria of AGS cells and, at a lower
level, in the mitochondria of EC96 cells (Fig. S5A).
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Furthermore, B-catenin and E-cadherin binding to Axinl was
detected by immunoprecipitation in EC96 cells (Fig. S4B).
These observations suggest that suppression of OXPHOS,
which is frequently observed in cancer EMT, is reduced by
E-cadherin expression.

E-cadherin expression also enhanced glycolysis (Fig. 3d).
Malignant cancer cells tend to show a higher rate of glycoly-
sis and glucose absorption; these processes are controlled by
glucose transport proteins, such as GLUT.“" Glucose trans-
porter 1 is overexpressed in many malignant tumors“**> and
a high level of GLUT1 expression was suggested as a predic-
tor of a poor prognosis.** The mRNA levels of GLUTI,
GLUT3, and GLUT4 increased, and the increase in that of
GLUT1 was most pronounced (Fig. 4a). Oxidative stress is
involved in controlling glucose transporter expression, and
GLUT1I mRNA levels increase with increasing oxidative
stress.*> Myc expression is associated with glycolysis and
GLUTI expression.®" In this study, E-cadherin knockout and
inhibition of NF-xB signaling reduced c-myc and GLUTI
expression in EC96 cells (Figs. 4,5), suggesting that E-cad-
herin expression enhances cancer-related metabolism. In addi-
tion, EC96 cells showed increases of cellular ROS production
(Fig. S6). Reactive oxygen species, primarily produced by
mitochondrial OXPHOS, are involved in various cellular sig-
naling pathways and, at proper concentrations, activate tran-
scription factors, such as NF-kB or AP-1, leading to cellular
proliferation.(46) Therefore, it is possible that E-cadherin
expression led to ROS production, resulting in NF-kB signal-
ing.

Additionally, myc expression is involved in glutamine con-
sumption.*” EC96 cells showed decreased dependence on
glutamine as an energy source, suggesting that glutamine use
and GLUT1 expression are regulated by different mechanisms.
E-cadherin is involved in cancer-associated MET at distant
metastatic sites. E-cadherin re-expression and MET occur
during metastatic seeding, and these events are influenced by
various cancer-associated cells in metastatic microenviron-
ments.®> After excluding the influence of various factors pre-
sent in the tumor microenvironment, we investigated the
effects of E-cadherin re-expression on cancer cells before
metastatic seeding. Our results showed that E-cadherin
re-expression induces the reverse of the EMT (as evidenced
by enhanced OXPHOS), and also enhances the malignant phe-
notype (as shown by increased glucose transport and glycoly-
sis), suggesting the requirement of the cancer-associated
microenvironment for further cell fate determination to reverse
EMT or MET.

In conclusion, this study showed that E-cadherin re-expres-
sion increases ATP production by glycolysis and mitochondrial
OXPHOS, which stimulates cellular proliferation. These cellu-
lar changes may be involved through the activation of NF-kB,
increase of GLUT1 expression, and intracellular glucose
absorption, sequentially.
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Additional Supporting Information may be found online in the supporting information tab for this article:

Fig. S1. Cell proliferation and ATP production is increased by E-cadherin expression in AGS gastric cancer cells. (A) AGS and E-cadherin
expressed AGS cell lysates subjected to immunoblotting analysis using E-cadherin and B-actin. AGS and E-cadherin-expressing AGS cells were
subjected to cell proliferation (B) and cellular ATP (C) measurement. *P < 0.05; **P < 0.01; ***P < 0.001. n.s., not significant.

Fig. S2. Effects of various small molecule inhibitors of signaling pathways on AGS and EC96 gastric cancer cell proliferation. Cell viability was
measured by MTT assay after treatment with the following inhibitors: ICG-001 (10 pM), inhibitor of beta-catenin-response transcription (iCRT)
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(25 pM), NSC668036 (10 uM) as Wnt signaling inhibitors; thiadiazolidinones (TDZD, 10 pM) as glycogen synthase kinase 3 inhibitor;
LY294002 (25 uM) as PI3K/Akt inhibitor; U0126 (25 uM), PD90859 (2.5 uM) as MAPK inhibitors; A23187 (5 uM) as Ca* ionophore; rapamy-
cin (20 pM) as mTOR inhibitor; cryptotanshinone (2.5 pM) as Stat3 inhibitor; SP600125 (5 pM) as JNK inhibitor; and MG132 (5 uM), triptolide
(200 nM), and Bay11-7082 (8 uM) as nuclear factor-kB inhibitors. *P < 0.05; **P < 0.01; ***P < 0.001.

Fig. S3. Effect of E-cadherin expression on c-myc expression. Lysates from AGS-, EC96-, and E-cadherin-transfected cells were subjected to
immunoblotting analysis for E-cadherin, nuclear factor-kB (NF-xB), c-myc, survivin, and GAPDH. Band intensity was normalized to GAPDH.

Fig. S4. E-cadherin increased basal oxygen consumption rate (OCR) levels. Cells were incubated on XF24 culture plates for 24 h using substrate-
free base medium. The kinetic OCR responses of AGS and EC96 cells to glucose (10 mM) oligomycin (2 uM), and 2-deoxyglucose (2-DG;
0.1 uM) were measured.

Fig. S5. Analysis of Axin expression in mitochondria. (A) Cells were fractionated into cytosol and mitochondria and subjected to immunoblot
analysis for the indicated proteins. (B) Cells were cultured for 24 h, and proteins were immunoprecipitated using an anti-Axinl antibody and sub-
jected to immunoblot analysis for Axinl, E-cadherin, and B-catenin.

Fig. S6. E-cadherin increased cellular reactive oxygen species levels. (A) Cells were incubated with 10 pM 2',7'-dichloro-dihydro-fluorescein
diacetate (DCFH-DA), and the fluorescence intensity was assessed by a luminometer. (B) Cells were incubated with 10 uM 2'.7'-dichloro-
dihydro-fluorescein diacetate (DCFH-DA), and the fluorescence intensity was assessed by a fluorescence microscope.

Table S1. Primer sequences for quantitative RT-PCR.
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