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LMW-PTP gene expression vector and then treated with or
without 0.5 nm PDGF-BB in the presence or absence of Trolox
or NAC. The phosphorylation of PDGFRSB was examined by
immunoblot analysis (Fig. 5B), and LM W-PTP activity was also
estimated as described under “Materials and Methods” (Fig.
5C). In the presence of Trolox or NAC, the PDGF-dependent
phosphorylation of PDGERS was apparently suppressed com-
pared with untreated controls. On the other hand, without
Trolox or NAC, LMW-PTP activity was significantly decreased
by PDGF-BB. However, with Trolox or NAC, LMW-PTP activ-
ity was up-regulated compared with untreated cells. As a result,
the PDGF-dependent decrease in LMW-PTP activity was
reversed by the reduction of peroxide with Trolox or NAC.

Peroxide Causes the Formation of DTT-reducible High
Molecular Weight Oligomers of LMW-PTP in Vitro with a Con-
comitant Decrease of PTP Activity—Next, to investigate the
redox-dependent effect of H,O, on LMW-PTP, the redox-de-
pendent structural change of LMW-PTP was examined in vitro
in the presence of H,O,. LMW-PTP was prepared using a bac-
terial GST fusion protein expression system as described under
“Materials and Methods.” For reduction, LMW-PTP was ini-
tially incubated with 50 msm DTT for 30 min, then excess DTT
was removed by gel filtration as described under “Materials and
Methods.” LMW -PTP was then treated for 10 min with various
concentrations of H,0,, and the samples were incubated with
AMS to see the status of thiols by blocking free sulfhydryls.
Then the samples were subjected to SDS-PAGE under non-
reducing or reducing conditions, and LMW-PTP was detected by
immunoblot analysis using specific antibodies (Fig. 64). With
H,0, treatment, LMW.-PTP showed a slower migration and
formed oligomers under non-reducing conditions (—DTT).
Under reducing conditions (+DTT), high molecular weight
protein bands (cligomers) disappeared, and a single low molec-
ular weight band (~25 kDa) was observed with or without
H,O,. In Fig. 6B, LMW-PTP was treated with H,O, as in Fig.
64, then the LMW-PTP activity in vitro was assayed. The
results showed that LMW -PTP was inactivated by H,0, in a
dose-dependent manner. These results indicate that H,O,
induces inactivation and oxidation-induced oligomer forma-
tion of LMW-PTP. Collectively, these results support that the
generation of ROS such as peroxide plays an important role in
regulating the redox state of LMW-PTP to down-regulate the
activity leading to an increase in the level of phosphorylated
PDGFRB in cells stimulated with PDGF-BB.

GRX Regqusires the GSH-regenerating System for the Redox-de-
pendent Regulation of LMW-PTP in Vitro—To further clarify
the molecular mechanism by which GRX regulates the redox
state of LMW-PTP, we examined whether GRX could protect
LMW-PTP from oxidation-induced structural change in the
presence of H,0, in vitro. GRX was purified using the GST
fusion protein expression system as described previously (20).
GST-fused GRX was affinity-purified from E. coli cell lysates
using glutathione-Sepharose 4B and then digested with Pre-
Scission protease. The cleaved GST was removed from gluta-
thione-Sepharose 4B, and GRX was purified for the experi-
ments. The LMW -PTP was incubated with or without 200 um
H,O, under various conditions. The treatment with H,O,
decreased the PTP activity of LMW-PTP with or without GRX
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FIGURE 6. Effect of peroxide an LMW-PTP in vitro. A, recombinant LMW-PTP
(2 pg) was reduced by incubation with 50 mm DTT for 30 min on ice. DTT was
then removed by gel filtration on NAP-10 columns (Amersham Biosciences).
Reduced LMW-PTP was incubated with the indicated concentration of H,0,
for 10 min at room temperature, The samples were modified with AMS as
described under “Materials and Methods” and subjected to non-reducing
and reducing SDS-PAGE followed by immunoblot analysis with anti-LMW-
PTP antibody. 8, reduced LMW-PTP was treated with the indicated concen-
tration of H,0, as in A. The activity for LMW-PTP in vitro was assayed as
described under “"Materials and Methods.” Each value represents the mean =
S.D. of three independent experiments.

(Fig. 74, left). However, in the presence of the GSH-regenerat-
ing system (GSH/GSSG and NADPH/GSSG reductase), GRX
significantly suppressed the oxidation-induced inactivation of
LMW-PTP, although the regenerating system itself also slightly
suppressed the inactivation (Fig. 74, right). Furthermore, in the
presence of the GSH-regenerating system, GRX protected
LMW-PTP from oxidation-induced inactivation in a dose-de-
pendent manner (Fig. 7B). Then we examined the effect of GRX
and/or the GSH-regenerating system on the redox state of
LMW-PTP after treatment with H,O, in vitro. In Fig. 7C, H,O,
caused oxidation-induced oligomer formation in LMV/-PTP.
The change was not suppressed solely by GRX. However, in the
presence of the GSH-regenerating system, GRX could reduce
the oxidation-induced change of LMW-PTP in a dose-depend-
ent manner. On the other hand, when LMW-PTP was initially
oxidized by H,Q,, it was completely inactivated and not reac-
tivated even in the presence of DTT or GRX with a GSH-regen-
erating system (data not shown). Taken together, these results
indicate that GRX regulates the redox state of LMW-PTP in
concert with the GSH-regenerating system to protect the activ-
ity against oxidative stress.

DISCUSSION

We have shown that when overexpressed, GRX suppressed
the tyrosine phosphorylation of PDGFRp through an up-regu-
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FIGURE 7. GRX regulates the redox state of LMW-PTP in vitro under the
conditions with peroxide. A, reduced LMW-PTP was prepared as in Fig. 6A
and incubated at room temperature for the periods indicated with 200 um
H,0, in buffer with or without the GRX (0-40 1g) and/or GSH-regenerating
system as described under “Materials and Methods.” The GSH regenerating
system was composed of GSH/GSSG (1 mm GSH and 0.05 mm GSSG), NADPH (1
mw), and GSSG reductase (GR) (1.2 units). The activity for LMW-PTP in vitro was
assayed as described under “Materials and Methods.” Each value represents
the mean * 5.D. of three independent experiments. *, p < 0.05 versus same
time point for GSH system. B, reduced LMW-PTP was incubated for 10 or 30
min with or without 200 M H,0, in buffer containing the GSH-regenerating
system and various concentrations of GRX. The activity for LMW-PTP in vitro
was assayed as described under “Materials and Methods.” Each value repre-
sents the mean = S.D. of three independent experiments. *, p < 0.05 versus
treatment with H,0, for 10 min without GRX. **, p < 0.05 versus treatment
with H,0, for 30 min without GRX. C, reduced LMW-PTP was incubated for 10
min with 200 um H, O, in buffer with or without the GRX and/or GSH-regen-
erating system as in A. The samples were modified with AMS and separated
by reducing and non-reducing SDS-PAGE as described under “Materials and
Methods.” Oxidation-induced conformational changes of LMW-PTP were
examined by immunaoblot analysis using anti-LMW-PTP antibody.

lation of the activity of LMW -PTP, resulting in a suppression of
proliferation in H9¢2 cells stimulated with PDGF-BB and that
the GSH/GRX system protected LMW-PTP from H,O,-in-
duced inactivation and structural changes.

GRX shows a variety of cellular functions by modulating the
redox status of a number of cellular proteins (4). In terms of cell
proliferation, there are several signaling pathways controlled by
redox-dependent regulation in the cell (45). However, it was
not clear how GRX could be involved in the regulation of cell
proliferation. Recent findings indicate that treatment with
growth factors or ROS promotes the tyrosine phosphorylation
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of growth factor receptors (48). This effect can be achieved by
the activation of protein tyrosine kinases and/or inactivation of
PTPs.It has been shown that ROS such as superoxide and H,0,
are transiently generated intracellularly when cells are stimu-
lated with cytokines or growth factors (49). In addition, exoge-
nous oxidants could be produced under various physiological
conditions such as during oxidative burst by neutrophils,
monocytes, and macrophages, or pathological conditions such
as during reperfusion after ischemia. PTPs have been shown to
be regulated by a redox mechanism, although there is no con-
vincing evidence that protein tyrosine kinases are activated by
ROS (37, 45). Oxidation of PTPs always takes place at the cata-
lytic site cysteine where the sulfhydryl residue is transformed to
sulfenic acid. Oxidized PTPs are catalytically inactive because
they cannot form the cysteinyl-phosphate intermediate during
the first step of the catalysis. These observations suggest that
PTPs might undergo ROS-dependent inactivation in cells,
resulting in a shift in the equilibrium of the protein tyrosine
kinases toward phosphorylation.

The PDGF pathway is a well characterized growth factor sig-
naling pathway, and its importance is also recognized in the
development of certain cell types. Gene knock-out experiments
in mice emphasized the importance of PDGF-BB/PDGFR sig-
naling in myocardiac development. Furthermore, PDGERS is
expressed in adult rat heart (29) and rat myocardiac H9¢2 cells
(30), and PDGF-BB/PDGFR signaling also controls the prolif-
eration of neonatal rat cardiomyocytes (31). These findings
suggest that the PDGF-BB/PDGFRB signaling pathway plays an
important role in the cellular physiology of myocardiac cells,
although the precise regulatory mechanism for the pathway has
yet to be clarified.

PDGER is a receptor-type tyrosine kinase, the activation of
which is regulated by PDGF-dependent autophosphorylation
and dephosphorylation by PTPs. On stimulation with PDGEF, a
number of tyrosine residues are phosphorylated in the cytosolic
domain of PDGEFR, leading to a site-specific recruitment of sig-
nal transduction molecules such as phosphatidylinositol 3-ki-
nase, phospholipase Cy, Src, Grb2, SHP-2, GTPase-activating
protein, and so forth (25). PTPs that were previously implicated
in the control of PDGFR phosphorylation include SHP-1 (50),
SHP-2 (51, 52), PTP-1B (19, 53), PTP-PEST (54), DEP-1 (55),
TC-PTP (38), and LMW-PTP (56, 57).

Among PTPs that are involved in PDGF signaling we focused
on LMW-PTP because the redox-dependent regulation of the
molecule and its role in PDGF-BB/PDGFRS signaling have
been studied extensively (39). LMW-PTP was expressed in
H9c2 cells, and the expression level was not affected by trans-
fecting the GRX gene expression vector (supplemental Fig. S2).
When the expression of LMW-PTP was suppressed by siRNA
transfection, PDGF-BB-induced tyrosine phosphorylation was
apparently enhanced compared with untransfected controls
(Fig. 2C). This strongly suggests that LMW-PTP is responsible
for the dephosphorylation of PDGFRB in H9¢c2 cells, although
other PTPs may also be involved in the mechanism. On the
other hand, the PDGF-induced phosphorylation of PDGERp
was apparently enhanced in GRX-overexpressing cells treated
with tyrosine phosphatase inhibitor PTPI-III but was not
enhanced in control cells treated with PTPI-III (Fig. 3C). In

VOLUME 281-NUMBER 39-SEPTEMBER 29, 2006

2002 ‘2 yoJle uo Aseiqgr Austaaun pesebe) 18 B1o oql mmm Lol papeojumoc]



The Journal of Bislogical Chemistiy

Redox-dependent Regulation of PDGF Signaling by Glutaredoxin

GRX-overexpressing cells, the enhancing effect of PTPI-III on
the PDGF-induced phosphorylation of PDGFRB was consist-
ent with the data using siRNA for LMW-PTP. However, at
present it is not clear why suppression of endogenous LMW -
PTP by PTPI-III does not much influence on the PDGF-BB-
induced phosphorylation of PDGFRS in control cells. It is
reported that e-bromoacetophenone derivatives such as PTPI-
111 act as PTP inhibitors by covalently allkylating the conserved
catalytic Cys residue in the PTP active site (58). Inthis respect it
is possible that the susceptibility of endogenous LMW-PTP to
PTPI-III could be changed when the redox state of endogenous
LMW-PTP is different between control and GRX-overexpress-
ing cells. This suggests that the effect of PTPI-III on endoge-
nous LMW-PTP may be highly enhanced in GRX-overexpress-
ing cells compared with controls.

LMW-PTP is an 18-kDa enzyme that is widely expressed (39,
59). Previous studies on the molecular biology of LMW-PTP in
NIH3TS3 cells demonstrated a well defined role for this enzyme in
PDGF-BB-induced mitogenesis showing that activated PDGFRf3
is a substrate for LMW-PTP (56). We showed that cellular LMW -
PTP was inactivated by peroxide, which could be generated with
PDGE-BB, and the inactivation was suppressed by antioxidants
such as Trolox or NAC (Figs. 5, B and C). These results support
previous findings that LMW -PTP is oxidized by ROS generated in
cells stimulated with PDGF-BB, resulting in up-regulation of the
phosphorylation of PDGFRB. We also showed that GRX could
up-regulatethe activity of LMW-PTP even in the cells treated with
PDGF-BB, resulting in an enhanced dephosphorylation of
PDGFRB. Furthermore, in vitro we found that treatment with
H,O, causes the formation of high molecular weight oligomers of
LMW-PTP in SDS-PAGE under non-reducing conditions. The
high molecular weight form disappeared and shifted to a single
molecule of 25 kDa in SDS-PAGE under reducing conditions. This
suggested that LMW-PTP forms DTT-reducible oligomers in
vitro through oxidation-induced disulfide-bond formation
between the molecules. In the presence of GRX- and GSH-regen-
erating systems, the H,O,-induced oligomer formation of LMW -
PTP was apparently suppressed, and the activity of LMW-PTP
was also protected from H,O,-induced inactivation. Collectively,
these results indicate that GSH/GRX systems effectively work to
protect against oxidation-dependent structural change and inac-
tivation of LMW-PTP.

During PDGF signaling, LMW-PTP is regulated by a redox-
dependent mechanism involving the two Cys residues of the
catalytic site, which change reversibly from the reduced to oxi-
dized state after PDGF treatment. The reversibility of in vivo
LMW-PTP oxidation is glutathione-dependent (35). The addi-
tional catalytic Cys-17 retains an interesting role in the forma-
tion of the S-S intramolecular bond, which protects the cata-
Iytic Cys-12 from further and irreversible oxidation. The
presence of an additional Cys near the catalytic one confers
upon LMW-PTP the ability to rapidly recover its activity and
finely regulate PDGF receptor activation. To investigate
whether specific Cys residues of the catalytic site of LMW-PTP
are involved in the oxidation-induced oligomer formation of
LMW.-PTP in vitro, the LMW-PTP mutant, in which Cys-17
was changed to Ser by site-directed mutagenesis, was produced
and characterized by non-reducing SDS-PAGE after treatment
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with H,O,. The results showed that high molecular weight oli-
gomers were formed by H,O, even with the mutant LMW .-
PTP, indicating that Cys-17 had no particular contribution to
oxidation-induced oligomer formation (data not shown). This
suggests that there is no direct correlation between the inacti-
vation status and formation of high molecular weight oligomers
of LMW-PTP under conditions with H,O, in vitro, although
oxidation-induced oligomer formation was effectively sup-
pressed by GRX- and GSH-regeneration systems. It is also
noteworthy that the oxidation-induced oligomer formation of
LMW-PTP was not detected in non-reducing SDS-PAGE of
cell lysate samples from LMW-PTP gene-transfected cells
treated with H,0, (data not shown). Thus, further investiga-
tion is required to clarify precise mechanical correlation
between the activation status and structure of LMW-PTP in
cells treated with PDGF.

PTP-1B has been extensively studied in terms of its redox-
dependent regulation related to the signaling receptors for epi-
dermal growth factor (44, 60) and insulin (61, 62). The oxida-
tion state of the active-Cys in PTPIB was also clearly
characterized by structural analyses (63, 64). PTP1B has been
reported to be involved in the redox-dependent dephosphoryl-
ation of PDGFR. Lee et al. (19) reported that oxidized PTP-1B is
reduced by TRX rather than GSH/GRX systems. On the other
hand, Barrett et al. (65) reported that GSH could recycle oxi-
dized PTP1B, showing the involvement of GSH-related systems
in the mechanism. Thus, the precise mechanism of the redox
regulation of PTP-1B is still controversial. SHP-2 is also an
example of a redox-regulated PTP involved in the PDGER sig-
naling (52). Recently, the tumor suppressor protein, PTEN
(phosphate and tensin homolog deleted on chromosome ten),
has also been reported to dephosphorylate PDGFR (66).
Although the activity of PTEN is regulated in a redox-depend-
ent manner, oxidized PTEN is reduced by TRX rather than
GRX in vitro (67). In the present study the expression of TRX
was slightly suppressed in the GRX-overexpressing cells com-
pared with controls (data not shown), but its relation to the
redox-dependent regulation of LMW-PTP was not elucidated.
On the other hand, in the case of mouse embryonic fibroblasts
in which the PTP-1B gene was knocked out, the phosphoryla-
tion status of PDGFRB was not much influenced by stimulation
with PDGF-BB, suggesting that other PTPs could compensate
for the loss of PTP-1B function (68). Taken together, these find-
ings suggest that several different PTPs are involved in the
redox-dependent regulation of the dephosphorylation of phos-
phorylated PDGFR. Thus, to clarify the precise mechanism
behind the regulation of PDGF signaling, further investigations
are required. In conclusion, the present study shows that GRX
and GSH-regenerating systems are involved in the regulation of
PDGF-BB signaling through the redox-dependent regulation of
LMW-PTP.
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Calreticulin Represses E-cadherin Gene Expression in
Madin-Darby Canine Kidney Cells via Slug®
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Calreticulin (CRT) is a multifunctional Ca%*-binding
molecular chaperone in the endoplasmic reticulum. In mam-
mals, the expression level of CRT differs markedly in a variety
of organs and tissues, suggesting that CRT plays a specific
role in each cell type. In the present study, we focused on CRT
functions in the kidney, where overall expression of CRT is
quite low, and established CRT-overexpressing kidney epi-
thelial cell-derived Madin-Darby canine kidney cells by gene
transfection. We demonstrated that, in CRT-overexpressing
cells, the morphology was apparently changed, and the orig-
inal polarized epithelial cell phenotype was destroyed. Fur-
thermore, CRT-overexpressing cells showed enhanced
migration through Matrigel®-coated Boyden chamber wells,
compared with controls. E-cadherin expression was signifi-
cantly suppressed at the protein and transcriptional levels in
CRT-overexpressing cells compared with controls. On the
other hand, the expression of mesenchymal protein markers,
such as N-cadherin and fibronectin, was up-regulated. We
also found that the expression of Slug, a repressor of the
E-cadherin promoter, was up-regulated by overexpression of
CRT through altered Ca®* homeostasis, and this led to
enhanced binding of Slug to the E-box element in the E-cad-
herin promoter. Thus, we conclude that CRT regulates the
epithelial-mesenchymal transition-like change of cellular
phenotype by modulating the Slug/E-cadherin pathway
through altered Ca®* homeostasis in cells, suggesting a novel
function of CRT in cell-cell interaction of epithelial cells.

Calreticulin (CRT)? is a multifunctional Ca®* -binding mole-
cular chaperone in the endoplasmic reticulum (ER) (1) and
known to influence many biological processes, such as the reg-
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ulation of Ca%2* homeostasis (2), intercellular or intracellular
signaling (3, 4), gene expression (5), glycoprotein folding (6),
and nuclear transport (7). The biological significance of CRT
was revealed by the finding that CRT-deficient mice die in the

embryonic stage due to impaired development of cardiac and -

neural tissues (8, 9). CRT is expressed in rat embryos, especially
in the heart, but its expression is significantly suppressed after
birth (10). On the other hand, CRT-overexpressing transgenic
mice are born alive, but suffer a complete heart block and sud-
den death after birth (11). We also found that overexpression of
CRT enhanced sensitivity to apoptosis in myocardial H9¢2 cells
undergoing differentiation in response to retinoic acid (12) or
in cells exposed to stress caused by hydrogen peroxide (13),
suggesting the importance of CRT in the pathophysiology of
myocardial cells. These findings indicate that CRT expression
plays a vital role in the development and physiology of cardiac
cells.

Despite its general importance in cell physiology, CRT is dif-
ferentially expressed in various organs and tissues in mammals,
showing a characteristic expression pattern. For example, CRT
levels are low in the kidney and heart, compared with the pan-
creas and liver, in both bovine and rat tissues (14, 15). This
characteristic distribution of CRT suggests specific functions in
each organ or tissue.

In this study, we focused on the function of CRT in kidney
epithelial cells, because CRT levels are quite low in these cells
compared with other cell types such as liver cells (14). To inves-
tigate the functional effects of CRT overexpression in kidney
epithelial cells, we chose Madin-Darby canine kidney (MDCK)
cells to establish stable CRT-overexpressing cell lines by gene
transfection. MDCK cells are derived from canine kidney and
have a well polarized epithelial cell phenotype, maintaining the
normal characteristics and functions of renal efferent duct epi-
thelial cells (16). The results showed apparent changes in the
morphology of CRT-overexpressing MDCK cells and destruc-
tion of the polarized epithelial cell phenotype. Furthermore,
overexpression of CRT repressed E-cadherin gene expression
through up-regulation of its repressor, Slug, via altered Ca2*
homeostasis in MDCK cells. The results suggest a novel func-
tion of CRT related to an epithelial-mesenchymal transition-
like change of cellular phenotype.

ered saline; RT, reverse transcription; TBS, Tris-buffered saline; TRPV, tran-
sient receptor potential vanilloid receptar; EBSS, Earle’s balanced salt
solution,
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EXPERIMENTAL PROCEDURES

Materials—Antibodies against CRT, calnexin (CNX),
binding protein (BiP), and ERp57 were purchased from
Stressgen (Victoria, BC, Canada). Mouse antibodies against
E-cadherin and fibronectin were obtained from BD Bio-
sciences, and rabbit antibodies against S-catenin and pan-
cadherin were obtained from Sigma. Antibodies against
Slug, SIP1/ZEB2, transient receptor potential vanilloid
receptor (TRPV) 5, TRPVE, and polycystin 2 were from
Santa Cruz Biotechnology (Santa Cruz, CA). Anti-glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) antibody was
from Chemicon (Temecula, CA). Anti-Cu,Zn-superoxide
dismutase antibody was kindly provided by Dr. K. Suzuki
(Hyogo College of Medicine, Japan). Peroxidase-conjugated
secondary antibodies against IgG of rabbit, mouse, and goat
were from Dako (Glostrup, Denmark). All other reagents
used in the study were of high grade and obtained from
Sigma and Wako Pure Chemicals (Osaka, Japan).

Cell Lines and Culture—MDCK cells were obtained from
American Type Culture Collection (NBL-2). The expression
vector for mouse CRT cDNA was constructed as described pre-
viously (12). Expression vectors for CRT-gene expression and
the control were introduced into MDCK cells using Lipo-
fectamine 2000 reagent (Invitrogen) in accordance with the
instructions provided by the manufacturer. Stable gene trans-
fectants were generated after selection with 500 pg/ml G418.
Two independent clones expressing high levels of CRT protein
were isolated from CRT gene transfectants and used in the
study. Cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum at 37 °C in an
atmosphere of 5% CO, and 95% air.

Subcellular Fractionation—Cultured cells were harvested
and homogenized with homogenization buffer (10 mum Hepes,
pH 7.0,0.25 M sucrose, 2 mM EGTA, and protease inhibitors (20
M phenylmethylsulfonyl fluoride, 50 um pepstatin, and 50 um
leupeptin)) by using a homogenizer of the Potter-Elvehjem
type. Subcellular fractionation was performed at 4 °C according
to the method of Hogeboom (17) with a modification. The
homogenates were centrifuged at 2,000 X gfor 10 min, and the
post-nuclear supernatant was again centrifuged at 8,000 X gfor
20 min at 4 °C. The post-lysosome supernatant was ultracentri-
fuged at 55,000 X gfor 2 h at 4 °C in a Beckman SW41TI rotor
(Beckman Instruments). The resulting supernatant contains
the soluble cytosolic fraction, and the microsomal pellet repre-
sents the ER membrane and lumen proteins as well as Golgi
membranes. The pellet was dissolved in lysis buffer (20 mm
Tris-HCl (pH 7.2), 130 mM NaCl, and 1% Nonidet P-40, includ-
ing protease inhibitors), and used as a microsomal fraction.

Immunoblot Analysis—Cells were harvested and lysed in
the lysis buffer. The lysate was sonicated on ice for 10 min
intermittently, and then solubilized samples were prepared
after centrifugation at 10,000 X g for 10 min at 4 °C. Protein
samples were electrophoresed on 7.5 or 10% SDS-polyacryl-
amide gels and then transferred onto a nitrocellulose mem-
brane. The membrane was blocked with 5% skim milk in Tris-
buffered saline (TBS, 10 mm Tris-HCl (pH 7.5) and 0.15 m
NaCl) and incubated at room temperature for 2 h with the pri-
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mary antibody in TBS containing 0.05% Tween 20. The blots
were coupled with peroxidase-conjugated secondary antibod-
ies, washed, and then developed using the ECL detection kit
(Amersham Biosciences) according to the instructions recom-
mended by the manufacturer.

Immunofiuorescence Microscopy—Cells (5 X 10° per ml)
were grown on Lab Tek chamber slides (Nalgen Nunc Inter-
national, Naperville, IL) for 24 h. They were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS, pH
7.2) and permeabilized for 10 min with PBS containing 1%
Triton X-100. The cells were then blocked with 1% bovine
serum albumin in PBS, incubated with the antibody for 1 h,
and washed with PBS containing 1% bovine serum albumin.
The immunoreactive primary antibodies were visualized
with fluorescein isothiocyanate-conjugated anti-rabbit
immunoglobulins (Cappel), anti-mouse immunoglobulins
(Dako), or rhodamine-conjugated anti-rabbit immuno-
globulins (Cappel). After being washed, stained cells were
mounted in the Vectashield medium, visualized under a Carl
Zeiss LSMS5 microscope (Carl Zeiss, Jena, Germany), and
analyzed using PASCAL analytic software.

Invasion Assays—A cell invasion assay was carried out using
Boyden chambers (Transwell chambers) as described previ-
ously (18) with a slight modification. In brief, Transwell cham-
bers, equipped with 8-pm Matrigel®-coated filters (24-well for-
mat, BD Biosciences), were rehydrated, and suspensions of
1 X 10° cells in 200 pl of Dulbecco’s modified Eagle’s
medium containing 0.1% fetal calf serum were plated in the
upper compartment of the chamber. Serum-free medium
(800 wl) was placed in the lower compartment. After 24 h at
37 °C, noninvasive cells on the upper surface of the filters
were removed completely by wiping with a cotton swab. The
filters were then fixed with 4% paraformaldehyde in PBS and
stained with 0.01% crystal violet. Cells on the lower surface
were photographed under a microscope (magnification X
100), and enumerated. The data were expressed as the
mean * S.D. of assays performed in triplicate for each filter.

Cell Proliferation Assays—Cell proliferation assays were per-
formed as described previously (12). The proliferation of cul-
tured cells was evaluated by measuring attached live cells pho-
tometrically after staining with crystal violet. Cells were seeded
onto 96-well plates at a density of 3000 cells per well in 100 .l of
medium, After culturing for the times indicated in the text, cells
were fixed with 4% paraformaldehyde in PBS, washed three
times, and stained with 0.01% crystal violet at room tempera-
tare for 20 min. After an extensive wash with water, each well
was dried. The stained cells were dissolved in 100 ul of 10% SDS
and 0.1 M HCl, and cell numbers were estimated by measuring
the absorbance at 570 nm using a microplate reader.

Reverse Transcription-PCR Analysis—Total RNA was iso-
lated from cultured cells (i.e. MDCK, NIH3T3, PC3, and
LNCaP) or rat tissues using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). A specific system for the amplification of
mRNA was used: an mRNA-selective PCR kit (AMV, TaKaRa
Biomedicals, Shiga, Japan). One microgram of total RNA
extracted from cells was used as a template. PCR products were
obtained after 3035 cycles of amplification with an annealing

temperature of 55— 65 °C. The primer sequences used were as
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follows: canine E-cadherin (GenBank™ accession number
XM_536807, fragment size 497 bp), forward primer (5'-GGC
ATT CTC GGA GGA ATC CTC GC-3'), and reverse primer
(5'-CCA TAC ATG TCC GCC AGC TTC-3'); mouse Snail
(M95604, 258 bp), forward primer (5'-GGA CTC TCT CCT
GGT ACC CCA AGT GCG GCC G-3'), and reverse primer
(5'-CCT TGG CCA CCG AGA GCC TGG CCA GCT GC-3');
canine Slug (XM_544069, 454 bp), forward primer (5'-CAG
CTC(G/A)GG AGC(G/A)TA CAG CCCC-3'), reverse primer
(5'-TAA CCA GGG TCT GGA AAA CGC C-3'); mouse 8EF1
(NMO011546, 570 bp), forward primer (5'-GCT CCCTGT GCA
GTT ACA CCT TTG CAT ACA G-3'), and reverse primer
(5'"-GCA CCA CAC CCT GAG GAG AACTGG TTG CCT
G-3'); mouse SIP1 (AF033116, 401 bp), forward primer (5'-
GCT ACG ACC ATA CCC AGG AC-3'), and reverse primer
(5'-TCT CGC CCG AGT GCA GCC-3"); mouse E12/E47
(BC006860, 620 bp), forward primer (5'-AGT GAC CTC CTG
GAC TTC AGC ATG ATG TTC CCG CT-3'), and reverse
primer (5'-GGG TGC AGG CTG CCA TCT GCC ACG TAG
AAG GGG G-3'); human TWIST (BC036704, 436 bp), forward
primer (5'-CTG AGC AAC AGC GAG GAA GA-3'), and
reverse primer (5'-CTG GTA GAG GAA GTC GAT GT-3');
canis GAPDH (NM_001003142, 979 bp), forward primer (5'-
GGT CGG AGT CAA CGG ATT TGG C-3’), and reverse
primer (5'-CAT GTA GAC CAT GAG GTC CAC CAC-3'); rat
TRPVS5 (NM_053787,411 bp) primer (5'-CCGAGG ATT CCA
GAT GCT GGG-3'), and reverse primer (5'-CTC TCC AGC
ATC ACT GTG GTG-3"); and rat TRPV6 (NM_053686, 419
bp) primer (5'-GCT CGC CAG ATC CTG GAC CAG-3'),and
reverse primer (5'-CGC ATC ACC ATG GTC ACC AGC-3').
The PCR products were subcloned into pCRII (Invitrogen). The
nucleotide sequences were confirmed by sequencing with an
ALFexpress Il system (Amersham Biosciences). '

Northern Blot Analysis—The ¢cDNA fragments for E-cad-
herin, Snail, Slug, SEF1/ZEB1, SIP1/ZEB2, E12/E47, TWIST,
and GAPDH generated by RT-PCR were labeled with
[a-3*P]dCTP (Amersham Biosciences) using a Random Primer
DNA Labeling Kit (TaKaRa Biomedicals, Japan). The isolation
of cytoplasmic RNA and Northern blotting were essentially
performed as described previously (19). Isolated RNAs (10 ug)
were electrophoresed on a 1% agarose gel containing 0.6 M
formaldehyde, transferred to a nylon membrane, and then
hybridized with 32P-labeled probes. Autoradiographed mem-
branes were analyzed using the BAS5000 bioimage analyzer
(Fuji Photo Film, Japan).

Electrophoretic Mobility Shift Assays—EMSA for the
E-boxes were performed as described previously (19) with a
slight modification. Oligonucleotide probes were labeled
with [y-3?P]ATP using T4 polynuclectide kinase, and then
annealed to double-stranded oligonucleotides. Specific oli-
gonucleotides for E-boxes were prepared according to the
nucleotide sequence ofthe canine E-cadherin gene promoter
(GenBank™ accession numbers AF330162 and AF330163).
Oligonucleotides used were as follows: E-box A probe, 5'-CCG
CCC GCC GCA GGT GCA GCC GCA G-3'; E-box B probe,
5'-CTC GCG GCT CAC CTG GCG GCC GGA C-3'; and
E-box C probe, 5'-GGC GCT GCG GGC ACC TGT GAT
TC-3" (bold letters indicate consensus sequences for the
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E-box). Binding reactions were carried out in 15 pl of reaction
mixture (25 mum Tris-HCI (pH 7.0), 6.25 mm MgCl,, 0.5 mm
dithiothreitol, and 10% glycerol) containing 10 pg of nuclear
extract and 25 ng of labeled oligonucleotides. For the supershift
assay, anti-Slug and anti-SIP1 antibodies were added to the
reaction mixture during the 30-min binding reaction.
Promoter Reporter Assays—The promoter of human E-cad-
herin (—178to +66 bp: GenBank™ accession number L34545)
was isolated from the genomic DNA of A549 cells and amplified
by PCR using Pfu turbo DNA polymerase (Stratagene). The
primer sequences used were as follows (20): forward primer
(5’-ACT CCA GGC TAG AGG GTC A-3’) and reverse primer
(5'-TGG AGC GGG CTG GAG TCT-3'). The PCR product
was subcloned into pGL3-Basic vector (KpnlI-Pstl site, Pro-
mega, Madison, WI). PCR-based site-directed mutagenesis was
used for the generation of reporter gene constructs with E-box
mutations by using a QuikChange site-directed mutagenesis kit
(Stratagene), resulting in a mutation in the E-box element from
5'-CANNTG-3" to 5'-AANNTA-3’ (sense strand). Each vector
was transiently transfected into MDCK cells using Lipo-
fectamine 2000 (Invitrogen) as described above. Twenty-four
hours after the transfection, luciferase activities were assayed
with cellular extracts using a Dual Luciferase Reporter Assay
System (Promega) and were normalized to pRL activity.
Assays for Release and Uptake of Ca®™ in the Cell—For the
#5Ca®" release assay, cells were cultured for 48 h with medium
containing **Ca®* (1 uCi/ml). After a wash with Ca2*-free Ear-
le’s balanced salt solution (EBSS, Invitrogen) containing 3 mum
EGTA, cells were detached from the culture plates with
trypsinization buffer (0.25% trypsin and 0.02% EDTA in EBSS),
and the cell suspensions were preincubated in Ca?*-free EBSS
at 37 °C for 3 min, and sequentially stimulated with thapsigar-
gin (0.1 um), ionomycin (2 um), and monensin (2 um). The cell
suspensions were collected 5 min after the addition of each
reagent and centrifuged. The radioactivity released from the
cells was measured in the supernatant. Cell pellets were lysed,
and protein amounts were determined using a BCA assay kit
(Pierce). *°Ca®* release was expressed as the cpm subtracted
from those recovered in the preceding collection, and normal-
ized to the protein in the corresponding cell pellets. The uptake
of Ca®* was measured radiometrically using the Millipore fil-
tration technique as described previously (13) with a slight
modification. The cells were washed with #°Ca®* uptake buffer,
which consisted of EBSS supplemented with 0.1 mm CaCl,, and
cultured for specific periods in **Ca* uptake buffer containing
#5Ca** (5 uCi/ml). Cells were detached from the culture plates
by trypsinization buffer, and the cell suspension was filtered
through a 0.45-um nitrocellulose filter (Bio-Rad) under vac-
uum. The filters were rinsed twice with 0.5 ml of washing buffer
(10 mm Hepes (pH 7.4), 150 mm KCl, 2 mm EGTA, and 2.5 mM
MgClL,). **Ca®* uptake was calculated by measuring the radio-
activity and standardized using protein concentrations.
Measurement of Cytoplasmic-free Ca®*—The cytoplasmic
free Ca®>* concentration, [Ca%*] » was measured with a dual-
excitation wavelength fluorescence microscope using Fura-2.
Cultured cells on quartz-bottom dishes were loaded with 5 uM
Fura-2 tetra(acetoxymethyl)ester (Fura-2-AM, Dojindo, Kum-
amoto, Japan) for 20 min in EBSS with 2 mm CaCl, in the pres-
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FIGURE 1. Effect of CRT overexpression on cell morphology in MDCK cells transfected with the CRT gene,
A, expression levels of CRT, CNX, BiP, ERp57, and GAPDH were estimated in parental (MDCK-WT), mock vector-
transfected (MDCK-Control), and CRT gene-transfected MDCK (MDCK-CRTT and -CRT2) cells using immunoblot
analysis with specific antibodies as described under “Experimental Procedures.” Data represent three inde-
pendent experiments. B, cell morphology of control and CRT gene-transfected cells was examined using
phase-contrast microscopy and photographed under a magnification of X 100.

SlideBook software. To measure the
change in [Ca®*], during store-op-
erated Ca*" influx, Fura-2-labeled
cells were washed with Ca2*-free
EBSS, then stimulated with thapsi-
gargin (5 uMm) followed by re-addi-
tion of Ca®* (2 mm). Stimulated cal-
cium release was calculated as the
change in the excitation ratio from
baseline integrated over 800 s of
stimulation with thapsigargin or
Ca®". The maximal signal (R_,)
was obtained by adding ionomycin
at afinal concentration of 4 um. The
minimal signal (R_,) was then
obtained by adding EGTA at a final
concentration of 10 mm, followed by
Tris-free base to a final concentra-
tion of 30 mu, to increase the pH to
8.3. Ris the ratio (F,/F,) of the fluo-
rescence of Ex 340 nm, Em 505 nm
(Fy) to that of Ex 380 nm, Em 505
nm (F,). The actual calcium con-
centration was calculated as K, X
(R = Ry (R — R) X S£2/Sb2
with the K, equal to 224 nm (21).
Sf2/Sb2 is the ratio of Fura-2 fluo-
rescence at 380 nm in Ca®*-free and
Ca®*-replete medium, respectively.

RESULTS

Overexpression of CRT Causes
Morphological Change in MDCK
Cells—Canine renal epithelial
MDCK cells were transfected with
the expression vector for CRT
cDNA to obtain cell lines overex-
pressing CRT (MDCK-CRT1 and
-CRT2). The expression level of
CRT was examined by immunoblot
analysis in the gene-transfected
cells using specific antibodies as
described under “Experimental Pro-
cedures.” Fig. 14 shows that the
expression of CRT was increased in
the overexpressers to ~3-fold the
levels in the parental (MDCK-WT)
and mock-transfected MDCK
(MDCK-Control) cells. The trans-
fection had no apparent effect on

ence of 0.01% pluronic acid F-127. After four washes with EBSS,  the expression of molecular chaperones in the ER, such as BiP,
Fura-2 fluorescence was determined at 37 °C using an 1X71 ERp57, and cytosolic GAPDH. However, the expression of
inverted research microscope (Olympus, Tokyo, Japan) and a CNX, another membrane-bound ER homologue of CRT,
FURA ratiometric imaging system operating at an emission showed a slight decrease in the CRT-overexpressing cells. Cell
wavelength of 505 nm with an excitation wavelength of 340 and  morphology was examined in control and CRT gene-trans-
380 nm. The FURA ratiometric imaging system includes filters  fected cells by phase-contrast microscopy (Fig. 1B). MDCK
(Chroma Technology Corp., Rockingham, VT) switched by fil-  cells are known to grow in colonies of adherent cells (22, 23).
ter wheels (Sutter Instrument Company, Novato, CA) and a Overexpression of CRT (MDCK-CRT1 and CRT2) caused an
MicroMax camera (Roper Scientific, Tucson, AZ) controlledby ~apparent morphological change with a fibroblastoid-like
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FIGURE 2. A, intracellular localization of E-cadherin was evaluated in control and CRT gene-transfected MDCK cells using indirect immunofluorescence
microscopy with specific antibodies (magnification, X200). Data represent thr_ee independer)t experimen;s. B, control and QRT gene-transfected MDCK cells
were lysed and fractionated by ultracentrifugation to separate cytosolic and microsomal fractions as described under “Experimental Procedures.” The expres-
sion of CRT, CNX, and Cu,Zn-superoxide dismutase in each fraction was examined by immunacblot analysis using specific antibadies. Ms, microsomes; Cy,

cytosol. Data represent three independent experiments.

phenotype and loss of cell-cell contacts, although there was
no remarkable morphological change in mock-transfected
cells compared with parental cells. Intracellular localization
of CRT was characterized by immunofluorescence micros-
copy in control and CRT-overexpressing cells (Fig. 24).
Under conditions in which cellular membranes were perme-
abilized by Triton X-100, strong immunoreactivity for CRT
showed a perinuclear localization and a vesicular pattern in
CRT-overexpressing cells, although the immunoreactive signal
was weak in controls. No significant increase in the cell surface
expression of CRT was observed in the CRT-overexpressing
cells under conditions without Triton X-100 treatment. To
investigate whether the cytosolic localization of CRT was
increased in the gene-transfected cells, control and MDCK-
CRT1 cells were lysed and fractionated by centrifugation to
separate cytosolic and microsomal fractions as described under
“Experimental Procedures.” As shown in Fig. 2B, overexpressed
CRT was present in the microsomal but not cytosolic fraction.
CNX and Cu,Zn-superoxide dismutase were detected as
marker proteins for microsomes and the cytosol, respectively.
Similar results were also obtained with MDCK-CRT2 cells

OCTOBER 27, 2006-VOLUME 281-NUMBER 43 3088

(data not shown). Together, these results indicate that overex-
pression of CRT did not influence the localization of CRT in the
ER of MDCK cells.

Overexpression of CRT Enhances Cellular Migration in
MDCK Cells—To investigate whether the altered morphology
in CRT-overexpressing cells affected cellular functions, a cell
invasion assay was performed using a modified Boyden cham-
ber as described under “Experimental Procedures.” Cells were
seeded on Transwell filters that had been coated with extracel-
lular matrix components, including laminin, fibronectin, and
proteoglycans (i.e. Matrigel®-coated polycarbonate mem-
brane). After 24 h, the numbers of cells that had migrated
throughthe filters were estimated by enumerating stained cells.
There was a significant increase in cell motility through a
Matrigel®-coated polycarbonate membrane in CRT-overex-
pressing cells compared with controls (Fig. 3, A and B). To
investigate whether the enhanced migration of CRT-overex-
pressing cells was due to an increase in cell growth, cell prolif-
eration was examined in control and CRT gene-transfected
cells as described under “Experimental Procedures.” However,
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FIGURE 3. CRT-overexpressing MDCK cells show a migratory phenotype in the Matrigel® invasion assay. A, a cell invasion assay was performed
using Boyden chambers, equipped with Matrigel®-coated filters as described under “Experimental Procedures.” Suspensions of 1 X 10° cells in
Dulbecco’s modified Eagle’s medium containing 0.1% fetal calf serum were plated in the upper compartment of the chamber. After 24 h of culture, the
filters were fixed with 4% paraformaldehyde in PBS and stained with 0.01% crystal violet. Cells on the lower surface were photographed under a
microscope (magnification, X 100). 8, invasion assay was performed as described in A, and the number of cells that migrated to the lower surface of filters
through the Matrigel® was counted after staining with 0.01% crystal violet and estimated in control and CRT-overexpressing cells. Data represent the
mean = S.D. of three independent experiments. C, proliferation of cultured cells was evaluated by measuring attached live cells photometrically after
staining with crystal violet as described under "Experimental Procedures.” Cells were seeded onto 96-well plates at a density of 3000 cells per wellin 100
wl of medium. After culturing for the times indicated in the text, cells were fixed with 4% paraformaldehyde, and stained with 0.01% crystal violet. After
awash, the stained cells were dissolved in 10% SDS and 0.1 m HCl, and then the cell number was estimated by measuring the absorbance at 570 nm using

a microplate reader.

the results showed that cell growth was suppressed in CRT-
overexpressing cells compared with controls (Fig. 3C). These
results indicate that the increase in migration of CRT-overex-
pressing cells was not simply due to an increase in cell growth,
implicating other mechanisms related to cell movement, such
as cell adhesion and cell de-attachment.

Overexpression of CRT Suppresses E-cadherin Expression—
E-cadherin plays an important role in cell-cell interaction in
MDCK cells, and a loss of E-cadherin is closely associated with
enhanced migration of epithelial cells via a mechanism known
as epithelial-mesenchymal transition (EMT) (24). In addition,
mesenchymal protein markers (such as N-cadherin and
fibronectin) are expressed in EMT (25). To investigate whether
overexpression of CRT affected the expression of E-cadherin
and EMT -related proteins, an immunoblot analysis was carried
out to examine the expression level of EMT-related proteins,
such as E-cadherin, N-cadherin, B-catenin, fibronectin, and
vinculin, in control and CRT-overexpressing cells (Fig. 44).
The results showed that the expression leve] of E-cadherin was

32474 JOURNAL OF BIOLOGICAL CHEMISTRY

apparently decreased in CRT-overexpressing cells compared
with control cells. The expression of B-catenin, a cytoplasmic
signaling molecule associated with E-cadherin, was slightly
decreased in CRT-overexpressing cells. In contrast, expression
of N-cadherin, fibronectin, and vinculin was apparently
induced in CRT-overexpressing cells. The intracellular local-
ization of E-cadherin was characterized by immunofluores-
cence microscopy (Fig. 4B). In controls, immunoreactivity for
E-cadherin was strong and mainly located at cell-cell contact
regions. However, the signal was apparently diminished in
CRT-overexpressing cells. These results were consistent with
the data from the immunoblot analysis (Fig. 44). Taken
together, these results indicate that overexpression of CRT
caused a decrease in E-cadherin, and an increase in N-cadherin,
fibronectin, and vinculin in MDCK cells, resulting in a gain of
migratory characteristics in the cells. This also suggests that
CRT expression might be involved in the regulatory mecha-
nism of EMT in the conversion of early stage tumors into inva-
sive malignancies.

28058
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FIGURE 4. A, expression levels of E-cadherin, N-cadherin, 8-catenin, fibronectin, vinculin, and GAPDH were
estimated in control (MDCK-WT and -Control) and CRT gene-transfected MDCK (MDCK-CRTT and -CRT2) cells
using immunoblot analysis with specific antibodies as described under “Experimental Procedures” Data rep-
resent three independent experiments. B, intracellular localization of E-cadherin was evaluated in control and
CRT gene-transfected MDCK cells using indirect immunofluorescence microscopy with specific antibodies

(magnification, X200). Data represent three independent experiments.

Expression of Slug, a Repressor of the E-cadherin Gene, Is Up-
regulated in CRT-overexpressing MDCK Celis—To investigate
whether E-cadherin expression is down-regulated in CRT-
overexpressing cells at the transcriptional level, we examined
the E-cadherin mRNA level by Northern blot analysis in control
and CRT-overexpressing cells. As shown in Fig. 5, E-cadherin
mRNA expression was definitely reduced in CRT-overexpress-
ing cells. The expression of the E-cadherin gene is known to be
regulated by several transcriptional repressors, including Snail,
Slug, 8EF1/ZEB1, SIP1/ZEB2, E12/E47, and Twist (25-27). To
investigate whether some of the repressors are involved in reg-
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ulating the suppression of E-cad-
herin gene expression, the mRNA
levels of the repressors were exam-
‘ined by Northern blot analysis using
specific probes as described under
“Experimental Procedures.” As
shown in Fig. 5, the expression of
Slug mRNA was apparently up-reg-
ulated in CRT-overexpressing cells.
The level of SIP1 mRNA was also
slightly increased in the gene-trans-
fected cells compared with the con-
trols. On the other hand, there was
little deference in the expression
levels of Snail and Twist and no
expression of 8EF1 and E12/E47 in
control and CRT-overexpressing
cells. Therefore, we focused on the
functions of Slug and SIP1 in the
mechanism of E-cadherin gene sup-
pression in CRT-overexpressing
cells.

Slug Binds to the E-box Element in
the E-cadherin Gene Prowmoter to
Repress Gene Expression in CRT-
overexpressing MDCK Cells—Slug
and SIP1 block E-cadherin tran-
scription by binding to specific
DNA sequences (5'-CANNTG)
called E-boxes (27). As shown in Fig.
64, in the canine E-cadherin gene
promoter, there are two E-box sites
located from —78 to —73 (desig-
nated as E-box A) and from —28 to
—23 (designated as E-box B),
and downstream of the transcrip-
tion start site there is another 5'-
CANNTG sequence positioned
from +22 to +27 (designated
as E-box C) (23, 28, 29). To investi-
gate whether Slug or SIP1 could
interact with E-boxes in the E-cad-
herin gene promoter, EMSA was
performed with nuclear extracts
from  control (MDCK-Control)
and CRT-overexpressing (MDCK-
CRT1) cells using **P-labeled oligo-
nucleotides designed for each E-box (Fig. 6B). In the case of
E-box A, a major band appeared with the extracts from MDCK-
CRT1 cells but not with extracts from controls. The shifted
band was not affected by the presence of antibodies against Slug
and SIP1, suggesting that Slug and SIP1 had no correlation with
E-cadherin gene repression. In the case of E-box B, a major
band also appeared with extracts from MDCK-CRT1 cells but
not with control extracts. The shifted band was not affected by
the anti-SIP1 antibody but disappeared with addition of the
anti-Slug antibody, suggesting that Slug was involved in repres-
sion of the E-cadherin gene in MDCK-CRT1 cells. In the case of
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FIGURE 5. Northern blot analysis was carried outfor E-cadherin and tran-
scriptional repressors of the E-cadherin gene in control and CRT-overex-
pressing MDCK cells. Northern blot analysis was carried out in control
(MDCK-WT and -Control) and CRT gene-transfected MDCK (MDCK-CRTT and
-CRT2) cells. Specific oligonucleotide probes for E-cadherin, Snail, Slug, §EF1,
SIP1, E12/E47, TWIST, and GAPDH were prepared and used for the assay as
described under “Experimental Procedures.”

E-box C, no shifted band appeared in either control or MDCK-
CRT1 cells, suggesting that E-box C was not involved in the
regulation of E-cadherin. The shifted bands completely disap-
peared when a 500-fold excess of unlabeled oligonucleotide
probes was added. Similar results were also obtained with
MDCK-CRT2 cells {data not shown). Taken together, these
results indicate that, in CRT-overexpressing cells, the DNA-
protein interactions are enhanced in E-box A and B in the
E-cadherin promoter, and that Slug specifically interacts with
E-box B, implicating Slug in E-cadherin gene repression by
overexpression of CRT. Next, to elucidate whether the binding
of Shug to E-box B in the E-cadherin promoter was linked to the
transcriptional activation of E-cadherin, we examined the
E-cadherin promoter activity in control and CRT-overexpress-
ing cells using a luciferase reporter plasmid, in which a proxi-
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mal E-cadherin promoter fragment containing E-boxes A, B,
and C is connected upstream of the luciferase gene. To investi-
gate the importance of E-boxes in the transcriptional repres-
sion, a mutation was generated in E-boxes A and B (from
5'"-CANNTG to 5'-AANNTA) as described under “Experimen-
tal Procedures” (Fig. 6C). The activity of luciferase was assayed
with the cells transfected with each vector. As shown in Fig. 6D,
in MDCK-CRT1 cells, the promoter activity was suppressed to
~50% of the control level. The repression of promoter activity
in MDCK-CRT1 cells was apparently restored by mutation of
E-box B, but not by mutation of E-box A. Similar results were
also obtained with MDCK-CRT?2 cells (data not shown). These
results suggest that E-box B plays the most significant role in
the repression of E-cadherin gene transcription in CRT-over-
expressing cells.

Ca®* Homeostasis Is Altered in CRT-overexpressing MDCK
Cells—In previous reports, overexpression of CRT led to an
increase in the intracellular store of Ca®>* (1). CRT also appears
to modulate store-operated Ca®* influx (1, 30). We also
reported that overexpression of CRT influences Ca%* homeo-
stasis in myocardial H9¢2 cells under various stressful condi-
tions (12, 13). However, the mechanism by which overexpres-
sion of CRT influenced Ca®>" homeostasis was not clear in
MDCK cells. To investigate whether the intracellular store of
Ca®" was affected by overexpression of CRT, intracellular Ca?*
pools were characterized in control and CRT-overexpressing
cells. After 48 h of loading with **Ca2™*, the cells were washed
and resuspended in Ca®*-free buffer. Unidirectional fluxes to
the extracellular medium after stimulation with several Ca%*
modulators were then measured as described under “Exper-
imental Procedures.” Thapsigargin (an inhibitor of sarco-
plasmic/endoplasmic reticulum Ca**-ATPase), ionomycin
(a Ca®* ionophore), and monensin (another ionophore
affecting acidic stores) were used to stimulate the cellular
Ca®* pools (Fig. 74). The results showed that cellular Ca2*
levels were apparently increased mainly in the thapsigargin-
sensitive Ca®>* pools of CRT-overexpressing cells, compared
with controls, suggesting that Ca®™ stores in the ER were
increased in CRT-overexpressing cells.

Next, to investigate whether the intracellular Ca®* homeo-
stasis was affected by overexpression of CRT, the cytoplasmic
free Ca®" concentration ([Ca**],) and response of [Ca2*], to
thapsigargin were examined in control and CRT-overexpress-
ing cells using Fura2-AM as described under “Experimental
Procedures.” The release of Ca®>* from ER stores by thapsigar-
gin was measured in the absence of extracellular Ca™, and the
influx of Ca®* from the extracellular space was measured by
re-adding Ca®* to the external medium. As shown in Fig. 7 (B
and C), the basal level of [Ca®*], was slightly increased in CRT-
overexpressing cells, compared with controls. Thapsigargin
induced a greater increase of [Ca®*], in CRT-overexpressing
cells than in the controls, indicating that substantially more
Ca®" was released from Ca®* stores in CRT-overexpressing
cells. Furthermore, the Ca®* influx-induced increase of [Ca®*],
when Ca®>* was re-added was also more extensive in CRT-over-
expressing cells than the controls. These results suggest that the
level of [Ca®*], was relatively high in CRT-overexpressing cells
compared with controls. However, it was reported that store-
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FIGURE 6. Overexpression of CRT represses E-cadherin gene expression via the binding of Slug to E-box
B in the gene promoter of E-cadherin. A, schematic representation of proximal E-box elements (E-boxes A-C)
in the canine E-cadherin gene promoter. B, EMSAs were carried out as described under “Experimental Prace-
dures” using oligonucleotide probes for E-boxes A-C. In lane 1, nuclear extracts of MDCK-Control cells were
incubated with >?P-labeled probes. From lane 2 to lane 4, nuclear extracts of MDCK-CRT1 cells were incubated
with *?P-labeled probes. In lane 3, anti-SIP1 antibody was added to the reaction mixture during the binding
reaction. In lane 4, anti-Siug antibody was added to the reaction mixture. In lane 5, nuclear extracts of MDCK-
CRT1 cells were incubated with 32P-labeled probes and a 500-fold excess of the unlabeled probes. In lane 6,
32p-labeled probes were loaded without nuclear extracts, Arrowheads indicate shifted bands of protein com-
plex with 32P-labeled probes. C, schematic representation of proximal E-box elements mutated at E-boxes A
and B. In E-box A, the sequence of CAGGTG was changed to AAGGTA. In E-box B, the sequence of CACCTG was
changed to AACCTA. D, MDCK-Control or MDCK-CRT1 cells were transiently transfected with various luciferase
gene fusion plasmids with the E-cadherin gene promater with (E-boxes A mt and 8 mt) or without (E-box WT)
mutations. Luciferase activity was then assayed as described under “Experimental Procedures.” Each value
represents the mean = S.D. of at least three experiments. * p < 0.01 versus MDCK-Control cells with E-box WT:
** p < 0.01 versus MDCK-CRT1 cells with E-box B mt.
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operated Ca®* entry was sup-
pressed by overexpression of CRT
in several cell types (30) and was
inconsistent with the present results
of CRT-overexpressing MDCK
cells.

To further investigate why the
influx of Ca®* was enhanced in
CRT-overexpressing cells, we
examined the expression of epi-
thelial Ca®* channels in control
and CRT-overexpressing cells. In
Fig. 84, the expression of epithe-
lial Ca?* channels related to cellu-
lar Ca®" uptake, such as TRPVS,
TRPV6 (31), and polycystin 2 (32),
was examined by immunoblot
analysis using specific antibodies
in control and CRT-overexpress-
ing cells. The expression of TRPV5
was stronger in the CRT-overex-
pressing cells. In contrast, TRPV6&
was not detected in either of the
cells. Polycystin 2 was similarly
expressed in both control and
CRT-overexpressing cells. In Fig.
8B, the expression of TRPVS was
also examined by immunofluores-
cence microscopy. The immuno-
reactive signals for TRPV5 showed
a perinuclear vesicular distribu-
tion and were abundant in CRT-
overexpressing cells compared
with less signals in control cells. In
Fig. 8C, transcriptional levels of
TRPVS5 and -6 were examined in
control and CRT-overexpressing
cells by RT-PCR using specific
primers as described under
“Experimental Procedures.” The
results showed that the transcrip-
tional expression of TRPV5 was
detected in CRT-overexpressing
cells but not in control cells under
the experimental conditions. The
expression of TRPV6 was not
detected in either control or CRT-
overexpressing cells. For positive
controls, RNAs from rat kidney
and prostate were used for
RT-PCR to detect TRPVS and -6,
respectively (33). Together, these
results indicate that the expres-
sion of TRPVS5 is apparently up-
regulated in CRT-overexpressing
cells compared with controls, sug-
gesting a functional link with the
up-regulation of Ca?* influx in
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Overexpression of CRT Down-
regulates E-cadherin Gene Ex-
pression through Alteration of
Ca®* Homeostasis—To determine
whether the increase in [Ca®*], was

2000 part of the causative mechanism for
E-cadherin gene repression in the
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FIGURE 7. Effect of CRT overexpression on intracellular Ca?* pools and store-operated Ca?* influx in
MDCK cells. A, control (MDCK-WT and -Control) and CRT-overexpressing (MDCK-CRTT and -CRT2) cells were
cultured with %5Ca2* (1 uCi/ml) for 48 h, then detached from the culture dish and resuspended in Ca®*-free
EBSS. Cell suspensions were preincubated at 37 °Cfor 3 min, and sequentially stimulated with thapsigargin (0.1
M), fonomycin (2 um), and monensin (2 um). The cell suspensions were collected 5 m.in after the addition of
each reagent, and centrifuged. The radioactivity released from the cells was measured in the supernatant. Cell
pellets were lysed, and protein amounts were determined using a BCA assay kit (Pierce). Each value represents
the mean = S.D. of the cpm subtracted from those recovered in the preceding collection, and normalized to
the protein in the corresponding cell pellets. * p < 0.01 versus MDCK-WT or MDCK-Conitrol cells treated with
thapsigargin. 8, control and CRT-overexpressing cells were loaded with Fura-2-AM, and washed with Ca** -free
medium. The cells were stimulated with thapsigargin (5 M) followed by Ca2* (2 mm). [Ca®*],was monitared by
measuring Fura-2 fluorescence as described under “Experimental Procedures.” , mean values of [Ca>*],meas-
ured in control and CRT-overexpressing cells during sore-operated Ca** influx are shown. Each value repre-
sents the mean =+ S.D. of at least six experiments, * p < 0.01 versus MDCK-WT or MDCK-Control cells; **, p <
0.01 versus MDCK-WT or MDCK-Control cells treated with thapsigargin (5 um); ***, p < 0.01 versus MDCK-WT or

MDCK-Control cells treated with Ca?* (2 mm).

CRT-overexpressing cells. To investigate whether the basal
level of Ca%* influx was affected in CRT-overexpressing
cells, 5Ca* uptake was examined in control and CRT-over-
expressing cells as described under “Experimental Proce-
dures.” As shown in Fig. 8D, the uptake of **Ca®" was
enhanced in CRT-overexpressing cells, compared with con-
trols. This seems to be compatible with the up-regulated
expression of TRPV5 in CRT-overexpressing cells. Collec-
tively, these results indicate that intracellular Ca®>* homeo-
stasis is apparently altered by overexpressed CRT in MDCK
cells, and this may lead to sustained up-regulation of [Ca®*],
in the cells.

32478 JOURNAL OF BIOLOGICAL CHEMISTRY

[Ca®"]; on the repressors of the
E-cadherin gene, we examined
mRNA levels of Slug by RT-PCR
analysis in control cells treated with
or without thapsigargin or ionomy-
cin for 1 h. Expression of Slug was
increased in both cases with thapsi-
gargin and ijonomycin, compared
with untreated controls (Fig. 9C).
The expression of Slug was also
examined by immunofluorescence
microscopy in control cells after 4 h
of treatment with thapsigargin or
ionomycin (Fig. 9D). The results
showed that the immunoreactive
signal for Slug was increased in both
cases with thapsigargin and iono-
mycin, compared with untreated controls. In the cells treated
with thapsigargin or ionomycin, increased signals for Slug were
detected in the cytoplasm and nucleus and were similar with
the signals in the CRT-overexpressing cells (MDCK-CRT1).
Taken together, these results indicate that the rise in [Ca®"],
increased the expression of Slug and decreased the expression
of E-cadherin, suggesting a Ca®*-dependent repression of
E-cadherin through Slug in MDCK cells.

Next, to further investigate whether the repression was
caused by an rise in [Ca®*], in CRT-overexpressing cells, the
effect of BAPTA-AM, a cell-permeable Ca®* chelator that
reduces intracellular Ca®" levels, on the expression of E-cad-

2L VOLUME 281-NUMBER 43-OCTOBER 27, 2006

2002 ‘St yoiep uo Aseiqr Alisisaiun pesebep 18 610°og]- mmm Wwoly papeojumoc]



‘4 'ﬁ%ﬂ‘i@' -

The Journal of Biological Chemistry

Calreticulin Regulates the Adhesion of MDCK Cells

eml wesd  Mna  sema e @ GAPDH

In addition, the binding ability of
E-box elements of the E-cadherin
promoter was also examined by

s | TRAPVS

& & A LT
X )
R T AN

EMSA in control cells treated with
or without thapsigargin (5 um) or

we e e omm  woms el GAPDH

ionomycin (1 uM) for 2 h (Fig. 114).
The results showed that a positive
gel-shift band appeared in response

e et TRPVE

NI
&R @’go‘}

to the treatment with both thapsi-
gargin and ionomycin in the case of
E-box B, but not E-boxes A or C.
The gel-shift band induced by thap-

sigargin or ionomycin was similar to
that seen in the case of nuclear
extracts from CRT-overexpressing
cells (MDCK-CRT1). Next, to con-
firm the Ca®*-dependent up-regu-
lation of E-cadherin gene expres-
sion, CRT-overexpressing cells
were treated for 2 h with

A
A A ,_\0\@ Q:\\ Q,Sq/ C
> 0 ¢ f
S S S
FFSFE
R RN
S0KDA e L3 T8 v e 1B Anti-TAPVS
S0 kDa —p~ o . 1B Anli-TRPVS
120 kDa -3 & = IB; Anti- sl
0 xDa - oo IB: Anti-Polycystin 2 \Ag &\c\
QO
B [ IF: Anti-TRPVS ] D
9 e 2 5 e e A E
‘® 5000
9 |
(=%
o 4C00-
E
g 3000+
2
— o 2000
~ Contral &
: — g 1000
g—‘m E
g %

FIGURE 8. A, expression levels of TRPVS5, TRPV6, and polycystin 2 were estimated in control (MDCK-WT and
-Control) and CRT-overexpressing (MDCK-CRT1 and -CRT2) cells using immunoblot analysis with specific anti-
bodies as described under “Experimental Procedures.” B, intracellular localization of TRPVS was evaluated in
control and CRT gene-transfected MDCK cells using indirect immunofluorescence microscopy with specific
antibodies (magnification, X200). Data represent three independent experiments. C, mRNA expression of
TRPVS, TRPV6, and GAPDH was examined in control and CRT-overexpressing cells by RT-PCR analysis using
specific primers. D, control and CRT-overexpressing cells were washed with EBSS, and then cultured for indi-
cated periods in **Ca2* uptake buffer containing *Ca** (5 uCi/ml) as described under “Experimental Proce-
dures.” After a wash with EBSS, the cells were harvested and *Ca®* uptake was measured. Open triangle,
MDCK-WT; open circle, MDCK-Control; closed triangle, MDCK-CRT1; closed circle, MDCK-CRT2. Each value repre-
sents the mean = S.D. of three independent experiments. *, p < 0.01 versus MDCK-WT or MDCK-Control cells at

corresponding times.

herin or Slug was examined in MDCK-CRT1. RT-PCR analysis
was performed to examine E-cadherin expression at the mRNA
level. As shown in Fig. 104, the mRNA levels of E-cadherin
were increased by BAPTA-AM (10 pMm) in a time-dependent
manner. The expression of E-cadherin was also examined by
immunofluorescence microscopy after 8 h of treatment with
BAPTA-AM (Fig. 10B). The results showed that the immuno-
reactive signal for E-cadherin was increased by BAPTA-AM,
compared with untreated MDCK-CRT1. Similar results were
also obtained with MDCK-CRT2 cells (data not shown). To
investigate further the effect of decreased [Ca®*]; on the repres-
sors of the E-cadherin gene, we examined mRNA levels of Slug
by RT-PCR analysis in MDCK-CRT1 cells treated with
BAPTA-AM. Expression of Slug was decreased by BAPTA-
AM, compared with untreated MDCK-CRT1 celis (Fig. 10C).
The expression of Slug was also examined by immunofluores-
cence microscopy in the gene-transfected cells after 8 h of treat-
ment with BAPTA-AM (Fig. 10D). The results showed that the
immunoreactive signal for Slug was decreased by BAPTA-AM,
compared with untreated MDCK-CRT1 cells. Similar results
were also obtained with MDCK-CRT?2 cells (data not shown).
Taken together, these results indicate that a drop in [Ca®*],
decreased the expression of Slug and increased the expression
of E-cadherin. They also suggest a Ca®*-dependent repression
of E-cadherin through Slug in CRT-overexpressing cells.
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BAPTA-AM (10 um), and then the
binding ability of E-box elements of
the E-cadherin promoter was exam-
ined by EMSA (Fig. 11B). The
results showed that the protein-
binding ability of E-box B appar-
ently decreased in MDCK-CRT1
cells treated with BAPTA-AM,
although that of E-box A also
slightly decreased with BAPTA-
AM. There was no influence of
BAPTA-AM on the binding ability
of E-box C. Similar results were also
obtained with MDCK-CRT2 cells (data not shown). Taken
together, these results indicate that overexpression of CRT in
MDCK cells causes an increase in [Ca®*],, which up-regulates
Slug expression, resulting in suppression of E-cadherin gene
expression via E-box B in the gene promoter.

10 20 30 40 50 80
Time (min)

DISCUSSION

In this study, we have shown that overexpression of CRT
repressed E-cadherin gene expression in MDCK cells, leading to
alteration of cell characteristics such as morphology and motility.
E-cadherin, a Ca®*-dependent transmembrane glycoprotein,
plays a key role in the maintenance of intercellular adhesion, reg-
ulation of tissue morphogenesis, and cell polarity in epithelial cells,
and disruption of E-cadherin expression or function causes inva-
sion and metastasis (34—37). Therefore, E-cadherin is thought to
be an invasion suppresser (38, 39). E-cadherin-mediated cell-cell
adhesion plays a critical role in early embryonic development
through a mechanism known as EMT (24). EMT also determines
progression in epithelial tumors, occurring concomitantly with
the acquisition of migratory properties followed by down-regula-
tion of E-cadherin expression (40, 41). In CRT-overexpressing
MDCK cells, the morphology changed from a polarized, epithelial
phenotypetoa highly motile fibroblastoid-like, mesenchymal phe-
notype. In addition to a decrease in E-cadherin expression, the
expression level of mesenchymal markers, such as N-cadherin and
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FIGURE 9. Ca** modulators of thapsigargin and ionomycin suppressed the expression of E-cadherinand
up-regulated the expression of Slug in MDCK cells. A, control cells were treated with thapsigargin (Tg, 5 um)
or ionomycin (o, 1 um) for the periods indicated, and the level of E-cadherin expression was examined by
RT-PCR analysis using specific primers. B, control cells were treated for 4 h with thapsigargin or ionomycin as
described in A, and the expression of E-cadherin was examined by immunofluorescence microscopy by using
the anti-E-cadherin antibody. Data represent three independent experiments. , control cells were treated
with thapsigargin (Tg, 5 um) or ionomycin (lo, 1 um) for 1 h, and the level of Slug expression was examined by
RT-PCR analysis using specific primers. D, control cells were treated for 4 h with thapsigargin or ionomycin as
described in A, and the expression of Slug examined by immunofluarescence microscopy by using the anti-
Slug antibody. The immunofluorescence of Slug was also shown in CRT-overexpressing (MDCK-CRT1) cells.
Data represent at least three independent experiments.

SIP1/ZEB2 (28, 49)) and the basic
helix-loop-helix factors (ie. E12/
E47 (27, 50) and Twist (51, 52)). The
zinc finger factors have been
described to directly repress tran-
scription of the E-cadherin gene by
binding to E-boxes (consisting of
the sequence 5'-CANNTG) in the
proximal E-cadherin promoter (23,
28,29, 53), and E-boxes are the rec-
ognition sites of the basic helix-
loop-helix family (54). Bolos et al.
(46) reported that stable expression
of Slug in MDCK cells leads to full
repression of E-cadherin atthe tran-
scriptional level and triggers a com-
plete EMT, although the binding
affinity of Slug to the E-box is lower
than that of Snail and E12/E47. Slug
is also responsible for repression of
the E-cadherin gene through bind-
ing to E-box C in human breast can-
cer cells (29). On the other hand,
Snail is also a repressor of E-cad-
herin expression in various epithe-
lial tumor cells (23). In SIPl-ex-
pressing human mammary cancer
cells, mutation of E-box B (desig-
nated as E2-box 3) restored the
E-cadherin promoter activity simi-
larly to mutation of E-Box A (desig-
nated as E2-box1) (28). These stud-
ies indicate that the regulatory
system for repression of the E-cad-
herin gene is complex, suggesting
that the specific repressors could
work in a cell type-dependent man-
ner (29). In this study, we showed
that overexpression of CRT induced
the expression of Slug and that this
enhanced the binding of Slug to
E-box B in the E-cadherin gene pro-
moter to repress E-cadherin expres-
sion in MDCK cells.

In addition to transcriptional
repression, several molecular mech-
anisms that down-regulate E-cad-
herin function have been reported,
including gene mutation (55), pro-
moter methylation (56), and post-
translational modification of the

fibronectin, was apparently up-regulated in the gene-transfected
cells. The conversion of the cadherin class is observed in EMT in
general (42—44). These results strongly suggest that overexpres-
sion of CRT could cause EMT-like changes in MDCK cells.
Recently, it has been reported that EMT is caused by several
transcriptional repressors of E-cadherin, such as the zinc finger

factors (i.e. Snail (22, 23), Slug (45, 46), SEF1/ZEB1 (47, 48), and
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cadherin-catenin complex (57). Indeed, we observed that, in
CRT-overexpressing cells, the promoter activity of E-cadherin
was suppressed to ~50% of the control level, despite extensive
suppression of E-cadherin gene expression. Therefore, other
regulatory mechanisms as stated above may also be involved in
E-cadherin gene repression in CRT-overexpressing cells, sug-
gesting that further investigation is required.
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FIGURE 10.BAPTA-AM, a Ca** chelator, up-regulated the expression of E-cadherin and down-regulated
the expression of Slug in CRT-overexpressing cells. A, MDCK-CRT1 cells were treated with BAPTA-AM (10
uM) for the periads indicated, and the level of E-cadherin expression was examined by RT-PCR analysis using
specific primers. The RT-PCR for E-cadherin was also shown in untreated MDCK-Controt cells. 8, MDCK-CRT1
cells were treated for 8 h with BAPTA-AM as described in A, and the expression of E-cadherin was examined by
immunofluorescence microscopy by using the anti-E-cadherin antibody. Data represent three independent
experiments. C, MDCK-CRT1 cells were treated with BAPTA-AM as described in A, and the level of Siug expres-
sion was examined by RT-PCR analysis using specific primers. The RT-PCR for Siug was also conducted in
untreated MDCK-Control cells. D, MDCK-CRT1 cells were treated for 8 h with BAPTA-AM as described in A4, and
the expression of Slug was examined by immunofluorescence microscopy using the anti-Slug antibody. Data
represent three independent experiments.
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CRT modulates cell adhesiveness
via the expression of N-cadherin
and vinculin and affects Wnt signal-
ing pathways in L-fibroblasts (58,
59). In that study, the authors found
that CRT overexpression increased
cell adhesion with a concomitant
increase of N-cadherin and vinculin
in fibroblasts. Onthe other hand, we
found that overexpression of CRT
in MDCK cells caused a loss of cell-
cell interaction and induced cell
migration through the Matrigel®
(Figs. 1B, 34, and 3B). In terms of
the effect of overexpressed CRT on
cell-cell interaction, the reason for
the discrepancy is not yet clear.
However, it is noteworthy that pri-
mary fibroblasts show a mesenchy-
mal phenotype with less expression
of E-cadherin, compared with the
levels in the epithelial cell-like

MDCK cells (23). This suggests that -

the basal mechanisms for cell adhe-
sion and motility differ between
these cell types. Despite the discrep-
ancy in cell morphology, the expres-
sion of N-cadherin and vinculin was
induced by overexpression of CRT
in both fibroblasts (59) and MDCK
cells (this study), indicating that the
present result does not necessarily
contradict previous findings using
CRT-overexpressing fibroblasts, in
respect of the expression of N-cad-
herin and vinculin (58, 59). Very
recently, Afshar et al. (60) reported
that cellular migration and binding
to collagen type V were apparently
suppressed in embryonic fibroblasts
from CRT knock-out mice, indicat-
ing that the cellular level of CRT is
important for the regulation of cell
motility. Cell surface expression of
CRT has been reported in several
cell types (3). In addition, Goico-
echea et al. (61) reported that cell
surface CRT functions as a receptor
for thrombospondin to contribute
to focal-adhesion disassembly of the
cell. Although it is not clear how cell
surface CRT contributes to throm-
bospondin-mediated signaling and
regulation for cell migration, no sig-
nificant expression of CRT was
observed on the surface of CRT-
overexpressing MDCK cells. Taken
together, these findings suggest that
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FIGURE 11. A, MDCK-Control cells were treated with or without thapsigargin
(Tg, 5 um) orionomycin {fo, 1 um) for 2 h, and nuclear extracts were prepared.
The protein-binding activity of E-boxes was then examined by EMSA as
described under “Experimental Procedures” using radiolabeled nuclectide
probes for E-boxes A-C in the canine E-cadherin gene promoter. Arowheads
indicate shifted bands of pratein complex with **P-labeled probes. Data rep-
resent three independent experiments. B, MDCK-CRT1 cells were treated with
BAPTA-AM (10 um) for 2 h, then nuclear extracts were prepared, The protein-
binding activity of E-boxes was then examined by EMSA as described under
“Experimental Procedures” using radiolabeled nuclectide probes for E-boxes
A-C. Data represent three independent experiments.

CRT plays a vital role in the regulation of cell-cell interaction
and cell motility in a variety of cell types.

E-cadherin appears to be an important target molecule in the
mechanism influenced by CRT. To investigate the mechanism
whereby CRT up-regulates the expression of Slug to repressthe
E-cadherin gene, we focused on Ca®* homeostasis influenced
by CRT overexpression in MDCK cells, because CRT plays an
important role in the regulation of Ca>* homeostasis in the ER
(1). We found that thapsigargin-sensitive intracellular Ca®*
stores in the ER were apparently increased in CRT-overex-
pressing cells, compared with controls. This was consistent
with previous reports concerning the intracellular Ca®* stores
in cells overexpressing CRT (13, 30, 62, 63). On the other hand,
it has been reported that CRT modulates store-operated Ca®*
influx (1, 30, 64). In previous studies, decreased Ca** influx was
observed in stable CRT-overexpressing cells (13, 30, 63), but
not in cells transiently transfected with the CRT gene (65). In
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the present study, when the cells in Ca?*-free medium were
stimulated with thapsigargin, the level of [Ca®*], was appar-
ently elevated more in CRT-overexpressing cells than controls.
Then store-operated Ca®* influx was examined by re-adding
Ca?" to the external medium, and the results showed that the
[Ca®*], was significantly elevated in CRT-overexpressing cells
compared with controls. This was unexpected and inconsistent
with previous findings of the suppressive effect of CRT overex-
pression on store-operated Ca®* influx (13, 30, 63). To explain
why the Ca®* influx was up-regulated by overexpressed CRT,
the expression of several epithelial Ca>* channels (i.e. TRPVS,
TRPVS, and Polycystin 2) was examined in control and CRT-
overexpressing cells. The results showed that, in CRT-overex-
pressing cells, the expression of TRPV5 was apparently up-reg-
ulated and the basal level of Ca®* influx from external medium
was also increased. TRPV5 and TRPV6 are highly Ca®* -selec-
tive epithelial channels in the TRP cation channel superfamily,
and they function to (re) absorb Ca®* in the epithelial cells of
specific organs, such as kidney, intestine, testis, esophagus,
ileum, and colon (31). The causative relation between overex-
pressed TRPV5 and increased Ca®" influx seen in CRT-over-
expressing cells seemed to be consistent with previous findings
in MDCK cells stably transfected with the TRPV5 gene (66).
Recently, Pigozzi et al. (67) has reported that a change in Ca®*
stores in the ER influenced the gene regulation of some TRP
channels, including TRPC1, TRPC3, and TRPV6 in a prostate
cancer cell line, suggesting that the expression of these TRP
channels may be regulated by alteration of cellular Ca®* home-
ostasis. However, in the present study, it is not clear how the
expression of TRPVS is specifically up-regulated in the CRT-
overexpressing MDCK cells. Taken together, these results sug-
gest that stable overexpression of CRT in MDCK cells may
cause an imbalance of Ca®?* homeostasis, and this leads to the
up-regulation of TRPVS, resulting in the increase in the basal
level of Ca®* uptake. On the other hand, in previous reports,
levels of [Ca®*], in the resting state were not significantly dif-
ferent between control and CRT-overexpressing cells (13, 30,
63). Thus, the up-regulation of the [Ca®*], state in CRT-over-
expressing MDCK cells seems to be unusual compared with
other cell types, and further investigation is required to clarify
the mechanism involved.

To our knowledge, whether the expression of Slug is con-
trolled in a Ca®*-mediated manner has not been investigated.
In this study, we showed that, in MDCK cells, the transcription
of Slug was up-regulated by thapsigargin or ionomycin, which
increased [Ca®*], (Fig. 9), leading to an increase in intensity of
the gel-shift band of the protein-DNA complex of E-box B in
the E-cadherin promoter (Fig. 114). These results were consist-
ent with the finding that E-cadherin expression was suppressed
through the up-regulation of Slug expression in MDCK cells by
treatment with thapsigargin or ionomycin. Conversely, in CRT -
overexpressing cells treated with BAPTA-AM, the expression
of Slug was suppressed and the expression of E-cadherin was
increased. This indicates that the altered regulation of E-cad-
herin expression through Slug was dependent on an increased
[Ca®"], in CRT-overexpressing cells. Collectively, these results
strongly support the notion that overexpression of CRT sup-
presses E-cadherin expression by up-regulating Slug expression
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through the increased level of Ca®". Zhao et 4l. (68) reported
that the Slug gene is a downstream target of the transcription
factor MyoD, and is up-regulated by MyoD through the
E-boxes in its promoter. Furthermore, a Ca”>*-responsive
E-box element, CaRE2, was identified to function in the tran-
scription of the brain-derived neurotrophic factor gene in neu-
rons (69), suggesting a possible regulation of the Ca>*-induced
up-regulation of E-box elements in the Slug gene. In terms of
these findings, farther investigation is required to clarify how
the Slug gene is up-regulated by the increased [Ca®*], in CRT-
overexpressing cells.

In terms of the relationship between CRT and cancer, pro-
teomic analysis has revealed a new functional role of CRT for
the early diagnosis of cancers. CRT is proposed as a new tumor
marker of bladder cancer (70) and autoantibodies to CRT iso-
forms have utility for the early diagnosis of pancreatic cancer
(71). These reactions are not indicative of malignant properties
of CRT but, rather, are markers of immunogenicity and anti-
cancer responses (72, 73). On the other hand, another report
demonstrated that CRT is overexpressed in the nuclear matrix
in hepatocellular carcinoma, compared with normal liver tis-
sue, suggesting a relationship between overexpressed CRT and
malignant transformation (74). In this study, we found that
overexpression of CRT conferred migratory ability on epitheli-
al-like MDCK cells. To gain invasive ability is a characteristic of
malignancy, although the increase of invasiveness induced by
CRT does not directly indicate that CRT is an oncogenic factor.
MDCK cells transfected with an expression vector for the Snail
gene, a zinc finger transcription factor like Slug, gained invasive
and angiogenic properties through the repression of the E-cad-
herin gene and behaved like carcinomas (75). However, cell
growth of Snail-overexpressing MDCK cells is less than that of
control cells. These results are compatible with our present
findings. In addition, a recent report indicated that Snail over-
expression in MDCK cells up-regulated the matrix metallopro-
teinase-9 (MMP-9) gene, suggesting some contribution to cell
invasiveness (76). Taken together, these findings suggest that
CRT has a potential function to increase cell invasion by sup-
pressing E-cadherin expression through zinc finger transcrip-
tion factors like Slug, resulting in a contribution to the estab-
lishment of invasive characteristics in malignancies. To test this
hypothesis, further investigations, including studies in vivo, will
be required.

In conclusion, in the present study, we demonstrated a novel
function of CRT in cell adhesion and motility of the epithelium.
The enhanced cell invasiveness mediated through E-cadherin
gene repression was regulated by the gene repressor, Slug, via
altered Ca?* homeostasis caused by overexpression of CRT in
epithelial MDCK cells.
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