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Celecoxib upregulates endoplasmic reticulum chaperones that inhibit
celecoxib-induced apoptosis in human gastric cells

S Tsutsumi, T Namba, K-I Tanaka, Y Arai, T Ishihara, M Aburaya, S Mima, T Hoshino

and T Mizushima

Graduate School of Medical and Pharmaceutical Sciences, Kumamoto University, Kumamoto, Japan

Nonsteroidal anti-inflammatory drugs (NSAIDs) induce
apoptosis in cancer cells and this effect is involved in their
antitumor activity. We recently demonstrated that
NSAIDs upregulate GRP78, an endoplasmic reticulum
(ER) chaperone, in gastric mucosal cells in primary
culture. In the present study, induction of ER chaperones
by NSAIDs and the effect of those chaperones on
NSAID-induced apoptosis were examined in human
gastric carcinoma cells. Celecoxib, an NSAID, upregu-
lated ER chaperones (GRP78 and its cochaperones ERdj3
and ERdj4) but also C/EBP homologous transcription
factor (CHOP), a ftranscription factor involved in
apoptosis. Celecoxib also upregulated GRP78 in xeno-
graft tumors, accompanying with the suppression of tumor
growth in nude mice. Celecoxib caused phosphorylation of
eukaryotic translation initiation factor 2 kinase (PERK)
and eukaryotic initiation factor-2« (eIF2a) and production
of activating transcription factor (ATF)4 mRNA. Sup-
pression of ATF4 expression by small interfering RNA
(siRNA) partially inhibited the celecoxib-dependent upre-
gulation of GRP78. Celecoxib increased the intracellular
Ca®>~  concentration, while 1,2-bis(2-aminophenoxy)
ethane-V,N,N' N -tetraacetic acid, an intracellular Ca?*
chelator, inhibited the upregulation of GRP78 and ATF4.
These results suggest that the Ca?*-dependent activation
of the PERK-eIF2e-ATF4 pathway is involved in the
upregulation of ER chaperones by celecoxib. Overexpres-
sion of GRP78 partially suppressed the apoptosis and
induction of CHOP in the presence of celecoxib and this
suppression was stimulated by coexpression of either
ERdj3 or ERdj4. On the other hand, suppression of
GRP78 expression by siRNA drastically stimulated
cellular apopfosis and production of CHOP in the
presence of celecoxib. These results show that upregula-
tion of ER chaperones by celecoxib protects cancer cells
from celecoxib-induced apoptosis, thus may decrease the
potential antitumor activity of celecoxib.
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Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
the most widely used therapeutic agents in the treatment
of pain, inflammation and fever (Smalley et al., 1995). In
addition, recent epidemiological studies clearly show
that prolonged NSAID use is associated with a reduced
risk of cancer, while preclinical and clinical studies have
shown that some NSAIDs are effective in the treatment
and prevention of cancer. This effect is particularly well
documented in relation to colon and rectal cancer. with
recent studies showing that NSAID use reduces the risk
of stomach cancer (Farrow et al., 1998: Husain ef af..
2002; Sorensen el al., 2003; Hu et al., 2004). Of the
various mechanisms proposed to explain the antitumor
action of NSAIDs, such as cell growth suppression,
inhibition of angiogenesis and inhibition of metastasis,
NSAID-induced apoptosis in cancer cells is thought to
play an important role (Gupta and Dubois, 2001:
Kismet er al., 2004).

The anti-inflammatory action of NSAIDs is mediated
through the NSAID-induced inhibition of cyclooxygen-
ase (COX). COX is an enzyme essential for the synthesis
of prostaglandins (PGs), which have a strong propensity
for inducing inflammation. PGs, such as PGE,, inhibit
cellular apoptosis and the overexpression of COX-2 (a
subtype of COX) has been reported to play a role in the
development of various types of tumors (Eberhart er al.,
1994; Piazza ez al., 1995; Ristimaki er al., 1997; Hoshino
et al., 2003). Based on these reports, NSAID-induced
apoptosis was believed to be based solely on its
inhibitory effects on COX activity. However, several
lines of evidence suggest that NSAID-induced apoptosis
also involves COX-independent mechanisms. A deriva-
tive of the NSAID sulindac (sulindac sulfone), which
has no COX-inhibitory activity, induced apoptosis in
tumor cells and some NSAIDs have been shown to
induce apoptosis in COX-null fibroblasts and in tumor
cells in which COX expression was absent (Hanif et al.,
1996; Elder et al., 1997, Zhang et al., 1999). Therefore, it
is important that the COX-independent mechanisms
governing NSAID-induced apoptosis be identified.
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NSAID-induced apoptosis in normal gastric mucosal
cells seems to be involved in the production of gastric
lesions by NSAIDs. We recently suggested that, in
addition to COX inhibition by NSAIDs, the direct
cytotoxicity of NSAIDs (induction of necrosis and
apoptosis) contributes to the production of NSAID-
induced gastric lesions (Tomisato ef al., 2001, 2004b).
We examined the mechanism of NSAID-induced
apoptosis in guinea pig gastric mucosal cells in primary
culture and found that NSAIDs induce apoptosis by
acting as endoplasmic reticulum (ER) stressors. Various
NSAIDs induce C/EBP homologous transcription
factor (CHOP), which is known to be important for
the induction of apoptosis by ER stressors. Further to
this, we showed. using CHOP-deficient mice or a
dominant-negative form of CHOP, that this CHOP
induction is essential for NSAID-induced apoptosis
(Tsutsumi ez al., 2004).

In addition to inducing apoptosis, ER stressors cause
upregulation of ER chaperones, which protect the ER
against ER stressor activity by refolding unfolded
proteins in the ER (Lee, 2001). In fact, we reported
that various NSAIDs induced the expression of glucose-
regulated protein (GRP)-78, a representative ER cha-
perone, in gastric mucosal cells in primary culture
(Tsutsumi et al., 2004). However, it is not known il
NSAIDs upregulate other ER chaperones such as ERdj3
and Erdj4, which act as cochaperones for GRP78 and
activate the ATPase and refolding activity of GRP78
(Yu er al., 2000; Shen er al., 2002b). Furthermore, it is
also not known if NSAIDs induce ER chaperones in
other types of cells, such as tumor cells. It was reported
that overexpression of GRP78 makes cells resistant to
apoptosis induced by anticancer drugs (topoisomerase
inhibitors) and ER stressors (tunicamycin and Ca®*
ionophores) (Morris er al., 1997; Reddy er al., 2003).
Therefore, it is possible that the induction of GRP78 by
NSAIDs contributes to the protection of cells from
NSAID-induced apoptosis. In the present study, we
have examined perturbations to ER chaperones by
NSAIDs and the effect of such chaperones on NSAID-
induced apoptosis in human gastric carcinoma cells.
Several NSAIDs upregulated not only GRP78 but also
ERdj3 and ERdj4. We suggest that this upregulation is
mediated by an increase in intracellular Ca** concentra-
tion. Furthermore, the contribution of ER chaperones
to the protection of cells from celecoxib (a NSAID)-
induced apoptosis was supported by experiments using
overexpression plasmid and small interfering RNA
(siRNA) for GRP78.

Results

NSAIDs upregulate ER chaperones

In a previous report, we showed that NSAIDs (such as
celecoxib, indomethacin and diclofenac) upregulated
GRP78 expression in guinea pig gastric mucosal cells in
primary culture (Tsutsumi ez al., 2004). Here, we used
immunoblotting techniques to examine the increase in
GRP78 production in AGS cells caused by a number of
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different NSAIDs. As shown in Figure la, all NSAIDs
tested clearly increased cellular levels of GRP78. The
concentrations of celecoxib, indomethacin and diclofe-
nac required for these increases in AGS cells were
similar to those previously reported to have caused
similar effects in guinea pig gastric mucosal cells
(Tsutsumi e al., 2004). COX exists as two subtypes,
COX-1 and COX-2, for which celecoxib and nimesulide
are COX-2 selective in their action. The resuits shown in
Figure la suggest that NSAIDs increased cellular
GRP78, irrespective of their COX-2 specificity. Further-
more, although celecoxib and nimesulide have similar
ICso values for COX-inhibition (Riendeau er al., 1997;
Ben-Chetrit er al., 2005), higher concentrations of nime-
sulide than celecoxib were required for similar increases
in GRP78 production, suggesting that NSAIDs increase
GRP78 independently of COX inhibition. Of the
NSAIDs tested (see results in Figure la), we selected
celecoxib for use in most of subsequent experiments
because it increased GRP78 at the lowest concentration

a celeannib 0 10 20 40 60 80 100 indomethucin

(M) (M) ¢ 0102040608 1}

GRP78 =

o —— —

GRP78 —p»

— —— —— -

intensity 1.0 1.3 1.6 1.8 3.6 4952 intensity 1.0 1.6 1.4 3.4 5.0 6.0 6.4

ACHE i | m—ae wr e s s e i ACHD v ] o wsrar e st s s it

nimesulide 0 0.050.1 0.2 0.4 0.6 0.8 diclofenac

'3
(mM) mMy 9 0050102046608

GRP?s.’._.._..,y-._——— GRPTS veind ~e & = = o v e o

intensity 1.0 0.9 1016 152628 intensity 1.6 1.8 1610 LY 1620

ACHD el | vamer-cstmesrs swn o w v ACHI —Pi] e o sn e s i

b MEKN-45

releconib eelecoxib
(M) 0 10 20 40 60 80 160 M)

Kato 111
0 10 20 40 60 $0 100

GRP78 — ol - oo o o e e | GRETE ~ ] < - e wom e e e

intensity 1.0 1.0 1.2 1.3 1.2 1.8 2.1 intensity 1.0 1.1 1.2 1.2 2.2 3.6 44

Actin

Nosan Mvovesr o i o ACTin 3 Sormr-aamoo-sreme wmagu-wm s

c PGE,
Gy P OOLT S 1010

celecoxnib
(100 pM)

EEE . B T R

GRP78 >

e s s oo

intenslty 1.0 363540454711

Actin —p>

- " Yo——

Figure 1 Upregulation of GRP78 by NSAIDs. AGS (a and ¢) or
MKN-45 and Kato III (b) cells were incubated with indicated
concentrations of stated NSAIDs for 12h (celecoxib) or 24h
(NSAIDs other than celecoxib). Cells were pretreated with
indicated concentrations of PGE, for 2h before the celecoxib
treatment (¢). Whole cell extracts (5 pug protein) were analysed by
immunoblotting with an antibody against GRP78 or actin. Band
intensity of GRP78 was determined by densitometric scanning, gel-
loading levels compensated against the band intensity of actin, and
expressed relative to the control sample (i.e. without NSAIDs).
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and its effectiveness in cancer therapy has been well
established (Koki and Masferrer, 2002).

We also examined the upregulation of GRP78 by
celecoxib in other cell types. The MKN-45 and Kato IT1
cell lines are derived from gastric cancer cells (Okada
et al., 2000). As shown in Figure 1b, celecoxib increased
GRP78 mRNA in both of these cell lines at concentra-
tions similar to those used for the AGS cells. It has been
reported that both COX-1 and COX-2 mRNA are
expressed in AGS and MKN-45 cells, whereas COX-1
but not COX-2 mRNA expression is detectable in

 KATO-IIT cells (Kawai er of., 1998; Fan et al., 2001;
‘Lim er al., 2001). We confirmed these phenotypes by

RT-PCR, that is, COX-1 mRNA expression was
confirmed in each of the cell lines tested, whereas

- COX-2 mRNA was detecied only in AGS and MKN-45

cells (data not shown). Thus, the results in Figure 1
show that the COX-2-selective NSAID, celecoxib,
upregulated GRP78 mRNA not only in COX-2-expres-
sing cells but also in cells lacking COX-2 expression.
again suggesting that GRP78 upregulation can be
induced by NSAIDs independently of COX inhibition.
For further confirmation of this independence, we
examined the effect of PGE, on the GRP78 upregula-
tion by celecoxib. As shown in Figure 1¢, PGE, did not
affect the expression of GRP78 in both presence and
absence of celecoxib, suggesting that the GRP78
upregulation by celecoxib cannot be explained by
decrease in PGE»> by COX inhibition.

GRP78 belongs to the HSP70 family of proteins for
which cochaperones are also known (Lee, 2001). For
example, HSP40 binds to HSP70 and stimulates its
ATPase and refolding activities (Landry, 2003). Various
cochaperones have been suggested for GRP78, among
which ERdj3 and ERdj4 have been shown to bind to
GRP78 and activate its ATPase activity (Yu er al.. 2000:
Shen et al.. 2002b). We found, using real-time RT-PCR
analysis, that not only GRP78 but also ERd)3 and ERdj4
mRNAs were upregulated by celecoxib (see Figure 2).
The concentrations of celecoxib required for the increase
of both FRdj3 and ERdj4 mRNAs were similar to that
required for the increase of GRP78 mRNA (Figure 2a).
Moreover, the curve describing the time course for the
upregulation by celecoxib of GRP78 mRNA was
indistinguishable from those for ERdj3 and ERdj4
mRNAs (Figure 2b), showing that celecoxib simulta-
neously upregulates GRP78, ERdj3 and ERdj4.

We also examined the effect of treatment with
celecoxib on GRP78 expression in xenograft tumors in
nude mice. Tumors were developed in nude mice by
inoculation (s.c.) of MKN-45 cells and were treated with
celecoxib by its oral administration. Xenograft tumor
growth was tlearly inhibited by the oral administration
of celecoxib (Figure 3a), being consistent with results in
a previous report (Williams et al., 2000; Leahy et al.,
2002; Zweifel et al., 2002; Kulp et al., 2004). As shown in
Figure 3b and ¢, the amount of GRP78 in tumors was
increased by this celecoxib treatment. Results showed
that celecoxib upregulates GRP78 also in tumors in vivo,
accompanying with the suppression of tumor growth by
this drug. :
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Figure2 Upregulation of ER chaperone genes by celecoxib. AGS
cells were incubated with indicated concentrations (a) or 100 M (D)
of celecoxib for 12h (a) or the time pericds indicated (b) and total
RNA extracted. Samples were subjected to real-time RT-PCR by
use of a specific primer for each gene. Values were normalized to
actin gene expression and expressed relative to the control sample
(i.e. without celecoxib). Values given are mean-+s.d. (1=3).
**€P<0.001; **P<0.01; *P<0.05.

Mechanism for upregulation of ER chaperones

by celecoxib

Eukaryotic translation initiation factor 2 kinase
(PERK) is an ER transmembrane protein that
plays an important role in ER chaperone induction by
ER stressors. Previous studies revealed that ER stressors
activate PERK by its phosphorylation, the PERK then
activates eukaryotic initiation factor-2¢ (elF2a)
by its pliosphorylation, the eIF2a induces activating
transcription factor (ATF)4 expression, and finally,
ATF4 binds to the promoter of the GRP78 gene,
resulting in the increased production of GRP78 (Hard-
ing et al., 2000; Luo er al., 2003). We used DNA
microarray techniques to search for genes whose
expression is stimulated by NSAIDs in AGS cells
(Mima et al., 2005). ATF4 was identified as one such
gene, suggesting that its upregulation is involved in the
induction of ER chaperones by NSAIDs. As shown in
Figure 4a, both PERK and eIF2a were phosphorylated
in the presence of celecoxib. The PERK phosphoryla-
tion was transient; it decreased after 3h and we have no
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Figure 3 Effect of celecoxib on growth of xenograft tumor and
expression of GRP78 in nude mice. Each nude mouse was
inoculated s.c. with MKN-45 eells and tumors were developed
until size of tumors reached a mean volume of 116434 mm®. Then
indicated dose of celecoxib was administered single daily orally for
the duration of the study. Tumors were measured weekly and their
volumes calculated (a). After 4 days from the start of celecoxib
administration, cell lyzates prepared {rom tumors were analysed by
immunoblotting with an antibody against GRP78 or actin (b).
Band intensity .of GRP78 was determined by densitometric
scanning, compensated against the band intensity of actin. and
expressed relative to the control sample (i.e. without celecoxib) (¢).
Values given are mean +s.d. (n=6 for (a) and n=3 for (b and c)).
*xx P <0.001; **P<0.01; *P<0.05.

clear explanation for this phenomenon. Furthermore,
upregulation of ATF4 mRNA and ATF4 protein by
celecoxib was confirmed by real-time RT-PCR analysis
and immunoblotting analysis, respectively (Figure 4b—
e). Both time-course and dose-response curves for
upregulation of ATF4 mRNA were similar to those
observed for the increase of GRP78 mRNA by celecoxib
(Figures 2 and 4). Interestingly, phosphorylation of
PERK was detected within 1.5h of the addition of
celecoxib, maximal eIF2a was reached 6 h after addition
and peak 4ATF4 mRNA and protein was observed 12h
after addition (Figure 4), suggesting that the sequential
activation of PERK, eIF2« and ATF4 is involved in the
upregulation of GRP78. To test this possibility, we
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Figure 4 Activation of PERK, elF2«¢ and ATF4 by celecoxib.
AGS cells were incubated with 100 4M (a, ¢ and e) or indicated
concentrations (b and d) of celecoxib for the time periods indicated
(a. c and e) or 12h (b and d). For (a. d and e), whole-cell extracts
(5ug protein for actin, 10 pg protein for ATF4 and 20 g protein
for PERK and elF2a) were analysed by immunoblotting with an
antibody against phosphorylated PERK (p-PERK). phosphory-
lated elF2« (p-elF2¢), ATF4 or actin. For (b and ¢). total RNA
was extracted and subjected to real-time RT-PCR by use of a
specific primer for ATF4. Values were analysed and expressed as
previously described in the legend of Figure 2. Values shown are
mean+s.d. (n=273}. **P<0.001; **P<0.01.

examined the effect of siRNA for ATF4 on the
celecoxib-dependent upregulation of GRP78. Transfec-
tion of siRNA for ATF4 clearly inhibited the expression
of ATF4 mRNA, both in the presence and absence of
celecoxib (Figure 5a). As shown in Figure 5b, transfec-
tion of siRNA for ATF4 partially suppressed the
increase of GRP78 mRNA production caused by
celecoxib, suggesting that ATF4 is involved in this
celecoxib-dependent GRP78 upregulation. In order to
estimate the specificity of this siRNA, we examined its
effect on the expression of mRNA of other CREB
protein family member (ATF2 and ATF3). As shown in
Figure 5S¢, transfection of siRNA for ATF4 did not
affect the celecoxib-dependent induction of ATF2
mRNA so clearly as that of ATF4, suggesting that this
siRNA specifically inhibited the expression of ATF4
mRNA. On the other hand, transfection of this siRNA
inhibited the induction of ATF3 mRNA by celecoxib
(Figure 5d). This may be due to the dependence of
ATF3 expression on ATF4; the upregulation of ATF3
by thapsigargin was significantly suppressed in ATF4
knockout cells (Jiang et al., 2004).
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Figure 5 Eflect of siRNA for ATF4 on the celecoxib-dependent
upregulation of GRP78. AGS cells transfected with siRNA for
ATF4 (siATF4) or nonsilencing (ns) siRNA were incubated with or
without 100 uM celecoxib for 12h. Total RNA was extracted and
subjected to real-time RT-PCR by use of a specific primer for
ATF4 (2). GRP78 (b). ATF2 (¢) and ATF3 (d). Values were
analysed and expressed as previously described in the legend of
Figure 2. Values shown are meantsd. (n=3), ***P<0.001;
*P<0.05. n.s.. not significant.

Some NSAIDs have been reported to increase
intracellular Ca** concentrations (Johnson er al., 2002;
Tomisato et al., 2004a). We recently found that all of the
NSAIDs tested can cause membrane permeabilization,
resulting in an increase in intracellular Ca** levels. This
activity correlates well with the NSAID-induced apop-
tosis (Tomisato et al.,, 2004a). On this basis, we have
tested whether the increase in intracellular Ca’* by
celecoxib is responsible for the induction of ER
chaperones. First, we confirmed the presence of an
increase in intracellular Ca’* concentration in the
presence of celecoxib under the same conditions as
those used for the upregulation of GRP78 in AGS cells.
As shown in Figure 6a, celecoxib increased intracellular
Ca** concentration in a dose-dependent manner, similar
to that observed for the increase in GRP78 mRNA
(Figure 2a). Furthermore, 1,2-bis(2-aminophenoxy)-
ethane-N,N,N'N'-tetraacetic acid (BAPTA-AM), an
intracellular Ca?* chelator, inhibited the celecoxib-
dependent upregulation of GRP78, GRP78 mRNA
and ATF4 mRNA (Figure 6b—d), but had no effect
when celecoxib was not present. At the concentrations
used, BAPTA-AM did not affect the cell viability (data
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Figure 6 Changes in intracellular Ca®* concentration in the
NSAID-dependent upregulation of GRP78. The intracellular Ca?*
concentration was monitored by a fluo-3/AM assay system.
Indicated concentrations of celecoxib were added to fluo-3/AM-
loaded cells and the time-course of fluo-3 fluorescence change
monitored. The maximum value for the increase in the intracellular
Ca** level (A[Ca**];) is shown (a). AGS cells were preincubated
with or without 2 uM BAPTA-AM for 1h and further incubated
with or without 80 uM celecoxib (b—d). 800uM nimesulide (e),
800 uM diclofenac (f) or 400 uM indomethucin (g) in the presence or
absence of 2uM BAPTA-AM for 6h (celecoxib) or 12h (other
NSAIDs). The levels of GRP78 protein (b, e-g), GRP78mRNA (c)
and ATF4 mRNA (d) were estimated by immunoblotting or real-
time RT-PCR experiments as described in the legends of Figures 1
and 2. AGS cells were incubated with 100uM celecoxib or 2 uM
thapsigargin for indicated periods (h). Whole cell extracts (25ug
protein for ATF6 and 10 ug protein for actin) (upper panel in (h))
or nuclear extracts (20 ug protein for pS0 ATF6 and 5pg protein
for lamin B) (fower panel in (h)) were analysed by immunoblotting
with an antibody against ATF6, actin or lamin B as described in
the legends of Figure 1. As for p50 ATF6 band, intensity of each
band was expressed relative to the positive control sample (i.e. cells
treated with thapsigargin for 1.5h). Values shown are mean+s.d.
(n=3). ***P<0.001; **P<0.01; *P<0.05,
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not shown). These results strongly suggest that upregu-
lation of GRP78 and ATF4 by celecoxib is mediated, at
least in part. through an increase in intracellular Ca**
concentration.

We also examined the effect of BAPTA-AM on the
upregulation of GRP78 induced by other NSAIDs. As is
the case of celecoxib, BAPTA-AM inhibited the
upregulation of GRP78 by nimesulide or diclofenac
(Figure 6e and I). On the other hand, BAPTA-AM did
not affect the upregulation of GRP78 by indomethacin
(Figure 6g).

ATF6 is another type of ER transmembrane protein
that also plays an important role in ER chaperone
induction by ER stressors. We previously suggested that
ATEFG6 is activated in the presence of NSAIDs in gastric
mucosal cells in primary culture (Tsutsumi et al., 2004),
and it was recently reported that ATF6 is activated by
nitric oxide through an increase in the intracellular Ca**
level (Xu et al., 2004). Therefore, we examined the effect
of celecoxib on the activation of ATF6. In the presence
of ER stressors, such as thapsigargin, p90 ATF6 (the
inactive form of ATF6 for ER stress response) is cleaved
into p50 ATF6, which translocates to the nucleus where
it specifically activates transcription of genes related to
ER stress response (Yoshida er al., 2000). As shown in
Figure 6h. as well as thapsigargin, treatment of cells
with celecoxib caused appearance of p50 ATF6 and
disappearance of p90 ATF6, suggesting that celecoxib
activated ATF6. This activation was transient; both
appearance of p50 ATF6 and disappearance of p90
ATF6 was apparent 3h but not observed 12h after the
addition of celecoxib.

Effect of ER chaperones on celecoxib-induced apoptosis
It is well known that celecoxib induces apoptosis
in various types of tumor cells (Koki and Masferrer,
2002). As shown in Figure 7a and b, celecoxib induced
apoptosis in AGS cells in both a dose- and time-
dependent manner. Real-time RT-PCR analysis showed
that celecoxib induced CHOP mRNA production,
with the dose-response and time—course curves for
this response (Figure 7c and d) being similar to
those seen for the induction of apoptosis (Figure 7a
and b). This finding suggests that the induction of
CHOP expression is responsible for the celecoxib-
induced apoptosis, as reported previously (Tsutsumi
et al., 2004).

The dose~response and time-course curves for the

upregulation of GRP78 by celecoxib (Figure 2) were

also similar to those for the induction of apoptosis
(Figure 7a and b), showing that GRP78 upregulation
and apoptosis occur simultaneously. Previous reports
showed that overexpression of GRP78 in cells sup-
presses apoptosis induced by topoisomerase inhibitors
and ER stressors (Morris ef al.,, 1997; Reddy et al.,
2003). Therefore, it is possible that celecoxib-induced
GRP78 protects cells from celecoxib-induced apoptosis.
In order to test this possibility, we examined the effect of
overexpression of GRP78 on celecoxib-induced apopto-
sis. Transfection of pcDNA3.1 containing the GRP78
gene caused both an increase in the level of GRP78 in
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Figure 7 Induction of apoptosis by celecoxib. AGS cells were
incubated with the indicated concentrations (a2 and ¢) or 100M (b
and d) of celecoxib for 12 h (a and ¢) or indicated periods (b and d).
For (a and b), apoptotic cell numbers were determined by FACS (a
and b). For (¢ and d) total RNA was extracted and subjected to
real-time RT-PCR by use of a specific primer for CHOP. Values
were analysed and expressed as previously described in the legend
of (Figure 2¢ and d). Values shown are meanzsd. (n=3).
¥ p<0.001: **P<0.01; *P<0.05.

cells and partial suppression of celecoxib-induced
apoptosis in a manner that depended on the dose of
transfected DNA (Figure 8a and b). Real-time RT-PCR
analysis revealed that the transfection increased GRP78
mRNA both in the presence and absence of celecoxib
(Figure 8c). Furthermore, the transfection partially
suppressed the celecoxib-dependent induction of CHOP
mRNA (Figure 8d). We confirmed that overexpression
of GRP78 did not affect the spontaneous apoptosis
(apoptosis in the absence of celecoxib) (Figure 9d).
These results suggest that the celecoxib-induced increase
in GRP78 expression protects cells from celecoxib-
induced apoptosis by repressing the expression
of CHOP mRNA. Overexpression of GRP78 did
not diminish the celecoxib-dependent GRP78 upregula-
tion (Figure 8c), which is inconsistent with previous
results showing that overexpression of GRP78 dimin-
ished tunicamycin-dependent GRP78 production
(Morris et al., 1997). This discrepancy may be explained
by differences in stressors or in the extent of over-
expression (the extent of overexpression of GRP78 in
the paper by Morris er al. was much higher than that
found here).

It was recently reported that overexpression of ERdj4
in cells inhibits apoptosis induced by tunicamycin
(Kurisu et al., 2003). We here examined the effect of
overexpression of ERdj4, ERdj3, or their coexpression
with GRP78 on celecoxib-induced apoptosis. As shown
in Figure 9a, transfection of plasmid resulting in
overexpression of ERdj3 partially suppressed the cele-
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Figure 8 Effect of overexpression of GRP78 on celecoxib-induced
apoptosis. AGS cells were transfected with the indicated amount (a
and b) or 0.5ug (¢ and d) of plasmid for the overexpression of
GRP78 and pcDNA3.1 vector (total DNA amounts were fixed at
4 pug). After 48h. cells were incubated with or without100 uM
celecoxib for 6h (b-d). The levels of GRP78 protein (a).
GRP78mRNA (¢) and CHOP mRNA (d) were estimated by
immunoblotting or real-time RT-PCR experiments as previously
described in the legends of Figures 1 and 2. Apoptotic cell numbers
were determined by FACS as described in the legend of Figure 7(b).
Values shown are mean-ts.d. (n=3). ***P<0.00f; **P<0.01:
*P < 0.05.

coxib-induced apoptosis in a manner that was depen-
dent on the amount of transfected DNA. Furthermore,
the cotransfection of plasmids for the overexpression
of both GRP78 and ERdj3 caused a more clear-cut
suppression of celecoxib-induced apoptosis than did
transfection of each plasmid alone (Figure 9a). Similar
results were obtained for ERdj4 (Figure 9b). We
confirmed that overexpression of both GRP78 and
ERdj3 or ERdj4 did not affect the spontaneous
apoptosis (apoptosis in the absence of celecoxib)
(Figure 9d). These results suggest that the ERdj4 and
ERdj3 cochaperones stimulate the antiapoptotic effect
of GRP78 against the actions of celecoxib.

The J domain of HSP40 family proteins is responsible
for their interaction with HSP70 family proteins
(Landry, 2003). It was shown that J domain-deleted
ERdj4 (ERdj4AY) could not interact with GRP78 and
activate the ATPase activity of GRP78 (Shen et al.,
2002b). As shown in Figure 9c, in contrast to the results
obtained with wild-type ERdj4, transfection of plasmid
for the overexpression of ERdj4AJ caused neither the
suppression of celecoxib-induced apoptosis nor stimula-
tion of an antiapoptotic effect of GRP78 against
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Figure 9 Stimulation of the antiapoptotic effect of GRP78 against
celecoxib by coexpression of ERdj3 or ERdj4. AGS cells were
transfected with the indicated amounts of each expression plasmid
and pcDNAZ.] vector (total DNA amounts were fixed at 4 ug).
After 48h, AGS cells were incubated with or without 100 M
celecoxib for 6h. Apoptotic cell numbers were determined by
FACS as described in the legend of Figure 7. Values shown are
mean+s.d. (n=3). *** " and ¥ P<0.001; **, " and ¥*P<0.0]; *
and *<0.05. * (versus celecoxib-treated cells only). ¥ (versus
celecoxib-treated and GRP78 overexpressing cells), t (versus
celecoxib-treated and ERdj3 (or ERdj4) overexpressing cells). n.s,
not significant (a-d).

celecoxib. These findings suggest that the antiapoptotic
effects of ERdj4 are achieved via its interaction with
GRP7S.

The siRNA technique was used to further confirm
that celecoxib-induced GRP78 protects cells from
celecoxib-induced apoptosis. Transfection of siRNA
for GRP78 decreased the expression of GRP78 protein
(Figure 10a) and GRP78 mRNA (Figure 10b), both in
the presence and absence of celecoxib, and also
stimulated celecoxib-induced apoptosis and CHOP
mRNA expression (Figure 10e and f). In order to
estimate the specificity of siRNA for GRP78, we
examined its effect on the expression of mRNA of other
ER chaperons (ERdj3 and ERdj4). As shown in Figure
10c and d, transfection of siRNA for GRP78 signifi-
cantly increased the ERdj3 or ERdj4 mRNA in both
presence and absence of celecoxib, suggesting that this
siRNA specifically inhibit the expression of GRP78. The
stimulation of the ERdj3 or ERdj4 mRNA expression by
this siRNA may be due to that GRP78 negatively
regulated the ER stress response; GRP78 binds to
PERK and protein-kinase and site-specific endoribo-
nuclease (IREI) and inhibits their activity for inducing
ER stress response (Bertolotti et al., 2000). These results
strongly suggest that celecoxib-induced GRP78 protects
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