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Abstract Exposure of 9L rat brain tumor cells to 300 nM thapsigargin (TG), a sarcoendoplasmic Ca21-ATPases
inhibitor, leads to an immediate suppression of general protein synthesis followed by an enhanced synthesis of the
78-kDa glucose-regulated protein, GRP78. Synthesis of GRP78 increases significantly and continues to rise after 4 h of
treatment, and this process coincides with the accumulation of grp78 mRNA. TG-induced grp78 expression can be
suppressed by the cytosolic free calcium ([Ca21]c) chelator dibromo-1,2-bis(aminophenoxy)ethane N,N,N9,N9-
tetraacetic acid (BAPTA) in a concentration-dependent manner. Induction of grp78 is completely abolished in the
presence of 20 mM BAPTA under which the TG-induced increase of [Ca21]c is also completely prevented. By adding
ethyleneglycol bis(b-aminoethyl)ether-N,N,N9,N9 tetraacetic acid in the foregoing experiments, in a condition such that
endoplasmic reticulum calcium ([Ca21]ER) is depleted and calcium influx from outside is prevented, TG-induced grp78
expression is also abolished. These data lead us to conclude that increase in [Ca21]c, together with the depletion of
[Ca21]ER, are the major causes of TG-induced grp78 expression in 9L rat brain tumor cells. By using electrophoretic
mobility shift assays (EMSA), we found that the nuclear extracts prepared from TG-treated cells exhibit an increase in
binding activity toward the extended grp78 promoter as well as the individual cis-acting regulatory elements, CRE and
CORE. Moreover, this increase in binding activity is also reduced by BAPTA. By competitory assays using the cis-acting
regulatory elements as the competitors as well as the EMSA probes, we further show that all of the tested cis
elements—CRE, CORE, and C1—are involved in the basal as well as in the TG-induced expression of grp78 and that
the protein factor(s) that binds to the C1 region plays an important role in the formation and maintenance of the
transcription complex. J. Cell. Biochem. 78:404–416, 2000. © 2000 Wiley-Liss, Inc.
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Cytosolic free calcium ([Ca21]c) plays crucial
roles in a variety of cell signaling pathways that
are involved in cytoskeleton dynamics, gene reg-
ulation, and cell proliferation [Resendez et al.,
1986; Cole and Kohn, 1994; Clapham, 1995;
Ghosh and Greenberg, 1995]. [Ca21]c homeosta-
sis is maintained by a concerted action of various
Ca21 transporters (pumps) located on the endo-
plasmic reticulum (ER) membrane, the mito-
chondrial inner membrane, and the plasma
membrane [Rizzuto et al., 1993; Clapham, 1995].

Therefore, the disturbance of Ca21 homeostasis
in one of the cellular compartments may affect
the Ca21 homeostasis in the other. For instance,
treatment with thapsigargin (TG), a widely used
inhibitor of the ubiquitous sarcoendoplasmic re-
ticulum Ca21-ATPases, would lead to a depletion
of intraluminal Ca21 ([Ca21]ER) and a concurrent
increase of [Ca21]c [Thastrup et al., 1994;
Treiman et al., 1998]. Moreover, because the re-
lease of Ca21 from intracellular storage pools and
the entry of extracellular Ca21 are often coupled,
treatment with TG, while blocking Ca21 accumu-
lation and allowing Ca21 release from ER, in-
duces a rapid increase of [Ca21]c followed by a
sustained increase mediated by a specific Ca21

influx pathway [Ikari et al., 1997; Wei et al.,
1998]. Depending on cell types and treatment
protocols, exposure to TG may induce the expres-
sion of various genes, including the 78-kDa
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glucose-regulated protein (GRP78) in Chinese
hamster ovary cells [Li et al., 1993] and human
rhabdomyosarcoma cells [Delpino et al., 1998],
stress proteins in mammalian chondrocytes
[Cheng and Benton, 1994], immediate early gene
VL30 [Magun and Rodland, 1995] and
interleukin-6 in murine macrophages [Bost and
Mason, 1995], zinc finger transcription factor,
EGR-1, in human melanoma cells [Muthukku-
mar et al., 1995], c-fos in keratinocytes [Harmon
et al., 1996], as well as the growth arrest gene,
gadd153, in prostate cancer cells [Lin et al.,
1997]. Recently, it has been suggested that TG-
induced gene expression in nonexcitable cells is
dependent on calcium influx [Rodland et al.,
1997].

ER residing GRP78 (also known as BiP)
[Shiu et al., 1977] functions as a molecular
chaperone by associating transiently with nas-
cent proteins as they traverse the ER and aid-
ing in their folding and transport [Lee, 1992;
Little et al., 1994]. In this compartment,
GRP78 may also function as a Ca21 storage
protein [Lievremont et al., 1997]. Additionally,
GRP78 is also found to be associated with the
aberrant p53 protein [Merrick et al., 1996] and
cytokeratin [Liao et al., 1997] in the cytoplasm
as well as with the plasma membrane with
unidentified functions [Delpino et al., 1998].
GRP78 expresses constitutively, and its ex-
pression is upregulated in response to distur-
bance of Ca21 homeostasis, i.e., treatment with
A23187 and TG [Kim et al., 1987; Wooden et
al., 1991; Lee, 1992; Little et al., 1994; Cao et
al., 1995]. Furthermore, the protein can also be
induced under various stress conditions such
as glucose starvation [Shiu et al., 1977], inhi-
bition of protein glycosylation by tunicamycin
and 2-deoxyglucose [Watowich and Morimoto,
1988], blockage of vesicular trafficking by
brelfeldin A [Liu et al., 1992], and inhibition of
protein phosphatases by okadaic acid (OA) and
calyculin A [Hou et al., 1993; Chen et al., 1999].
Furthermore, GRP78 is rapidly induced in 9L
rat brain tumor (RBT) cells sequentially
treated with OA and heat shock [Chen et al.,
1996, 1997, 1998]. With regard to its regula-
tion, the nucleotide sequence of the promoter of
grp78 has been extensively analyzed and the
functionality of several transcriptional ele-
ments has been identified. It has been shown
that conserved transcription elements/motifs
in the grp78 promoter such as a CRE-like ele-
ment [Alexandre et al., 1991; Chen et al., 1997,

1998], a CORE element [Resendez et al., 1988;
Li et al., 1997], and the proximal CCAAT box
(C1 element) [Roy and Lee, 1995] have been
shown to be essential in the basal and/or in-
duced expression of grp78 (Fig. 1). Recently, an
ER stress response element, with a consensus
of CCAATN9CCACG, which encompasses the
proximal CCAAT box in grp78 promoter, has
been shown to be necessary and sufficient for
the induction of GRPs [Yoshida et al., 1998]. It
has been shown that TG-induced transactiva-
tion of the grp78 promoter requires both ty-
rosine and serine/threonine kinases [Cao et al.,
1995], and the process has been suggested to be
regulated through Ca21-responsive promoter
elements that respond to ER Ca21 depletion [Li
et al., 1993]. Nevertheless, the exact Ca21 sig-
naling events that mediated the TG-induced
grp78 are not completely elucidated, and the
causal relationship between the increase in
[Ca21]c and transactivation of grp78 has not
been directly addressed.

For the studies of calcium mobilization in cul-
tured cells, influx of extracellular calcium can be
prevented by using calcium-free medium, i.e.,
specialized medium containing ethyleneglycol
bis(b-aminoethyl)ether-N,N,N9 tetraacetic acid
(EGTA), a highly effective Ca21 chelator [Smith
et al., 1984; Harrison and Bers, 1987]. On the
other hand, [Ca21]c can be effectively chelated by
dibromo-1,2-bis(aminophenoxy)ethane N,N,N9-
tetraacetic acid (BAPTA), which enters cells as
an ester derivative, BAPTA-acetoxymethyl ester
(BAPTA-AM) [Collatz et al., 1997]. In this report,
we focus our investigation on the role of [Ca21]c
on TG-induced transactivation of grp78. By ex-
ploiting the use of BAPTA-AM and calcium-free
medium, which either reduce [Ca21]c or prevent
calcium influx, we herein show that TG perturbs
intracellular Ca21 homeostasis and that the in-
crease of [Ca21]c is essential for the induction of
grp78. These results for the first time provide
direct evidence to show that an increase in
[Ca21]c is essential in the TG-induced grp78
transactivation. Furthermore, our data suggest
that the protein factor(s) that binds to the C1
element in the grp78 promoter plays an impor-
tant role in this regulatory process.

MATERIALS AND METHODS

Materials

TG was purchased from Calbiochem (San Di-
ego, CA). Indo-1-acetoxymethyl ester and
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BAPTA-AM were purchased from Molecular
Probes, Inc. (Junction City, OR). Cultureware
was obtained from Corning (Corning, NY), and
culture medium components were purchased
from Gibco Laboratories (Grand Island, NY).
[35S]methionine (800 Ci/mmol) and [g-32P]ATP
(5,000 Ci/mmol) were purchased from Amer-
sham (Buckinghamshire, England). Other
chemicals were purchased from Merck (Darm-
stadt, Germany) or Sigma (St. Louis, MO).

Cell Culture and Drug Treatment

The 9L RBT cells, originated from a rat glio-
sarcoma [Weizsaecker et al., 1981], were a gift
from Dr. M. L. Rosenblem, University of Cali-
fornia at San Francisco. The 9L cells were
maintained in Eagle’s Minimum Essential Me-
dium supplemented with 10% fetal bovine se-
rum, 100 U/ml penicillin G, and 100 mg/ml
streptomycin. Before each experiment, stock
cells were plated at a density of 6 3 104 cells/
cm2. Exponentially growing cells at 80–90%
confluency were used.

All drugs were diluted to appropriate concen-
trations with culture medium before adding to
the cells. The drug treatments were main-
tained at 37°C according to the protocols as
specified in the following sections and figure
legends.

Metabolic Labeling and Gel Electrophoresis

Synthesis of GRP78 was monitored by
[35S]methionine labeling. For labeling of de novo
synthesized proteins, cells were incubated with
[35S]methionine (20 mCi/ml) for 1 h before har-
vesting. After labeling, the cells were washed
with phosphate-buffered saline (PBS) and then
lysed in sample buffer [Laemmli, 1970]. Equal
amounts of cell lysates were resolved by sodium
dodecyl sulfate–polyacrylamide gel electrophore-
sis [Laemmli, 1970] with 10% (wt/vol) acrylamide
for resolving gels and 4.75% acrylamide for
stacking gels.

RNA Isolation and Northern Hybridization

Total RNA was isolated from 9L RBT cells by
using a commercial RNA extraction kit (RNA-
zol, Gibco Laboratories). Five micrograms of
RNA was loaded onto 1% formaldehyde aga-
rose gel, electrophoresed, and blotted on a ny-
lon membrane by a rapid optimized downward
alkaline protocol [Koetsier et al., 1993]. Hy-
bridization and detection were performed by
using the DIG high prime DNA labeling and
detection system (Boehringer Mannheim,
Mannheim, Germany). Probes for grp78 mRNA
hybridization were polymerase chain reaction
(PCR) product from isolated 9L genomic DNA,

Fig. 1. Schematic drawing of the rat grp78 promoter and
oligonucleotide sequences synthesized. The nucleotide se-
quence of the grp78 promoter was obtained from the Genebank
and the sequence from 11 to 2250 is presented. A: The
symbols represent the approximate locations of the putative

regulatory element of interest, including a series of CCAAT-
containing elements (C1, C2, C3) as well as a grp CORE ele-
ment flanked by GC-rich motifs, and a CRE element. B: Oligo-
nucleotide sequences of the above elements that were
synthesized and used as EMSA probes.
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where the primers of the PCR reaction were
59-TGGCTGTGACTACACTGACTTGG-39 (sense)
and 59-CAGGAATAGGTGGTCC-39 (antisense)
according to the exon 1 of the rat grp78 gene. In
each sample, cellular 18S and 28S rRNAs were
used as the internal control for respective tran-
scripts of grp78.

Nuclear Extract Preparation

Nuclear extracts were prepared form 9L
RBT cells by a rapid fractionation protocol
[Hennighausen and Lubon, 1987]. Approxi-
mately 2 3 107 cells were washed, trypsinized,
and collected by centrifugation. The cell pellet
was suspended in 3 ml of nuclear extraction
buffer-1 [NE-1: 250 mM sucrose, 15 mM Tris-
HCl, pH 7.9, 140 mM NaCl, 2 mM EDTA,
0.5 mM EGTA, 0.15 mM spermidine, 1 mM
dithiothreitol (DTT), 0.4 mM PMSF, 25 mM
KCl, 2 mM MgCl2, and 0.5% NP-40] and was
incubated on ice for 5 min. After incubation,
the cells were disrupted by 10 strokes with a
Dounce grinder. The nuclei and cell debris
were collected by centrifugation at 3,000 g for
10 min, and the resulting pellet was lysed in
200 ml of NE-2 buffer (NE-1 buffer containing
350 mM KCl) at 4°C for 5 min, followed by a
25-stroke homogenization. The homogenate
was transferred to 1.5-ml microcentrifuge
tubes and was centrifuged at 14,000 g for
90 min. The supernatant was dialyzed for 3 h
at 4°C against dialysis buffer (20 mM HEPES,
100 mM KCl, 0.1 mM EDTA, 0.2 mM PMSF,
0.5 mM DTT, 20% glycerol) and kept frozen at
270°C until used.

Electrophoretic Mobility Shift Assay

The synthetic oligonucleotide probes used in
the EMSA studies (Fig. 1) were purchased from
MDBio (Taiwan). Additionally, the EMSA
probe representing the extended grp78 pro-
moter was a PCR product that was generated
by the following primers: 59-TGGACGGTT-
ACCGGCGGAAA-39 (sense) and 59-TAGTCA-
CAGCCAGTATCGAGCGCG-39 (antisense). The
EMSA probes were end-labeled with [g-32P]ATP
by T4 polynucleotide kinase (New England Bio-
Labs, Beverly, MA). The reaction mixture were
applied to a CHROMA SPIN Column (Clonetech,
CA) to remove free [g-32P]ATP and stop the la-
beling reaction. Each gel shift reaction was car-
ried out in 20-ml reaction volume in binding
buffer [15 mM HEPES, pH 7.9, 100 mM KCl, 3

mM MgCl2, 1 mM EDTA, 0.5 mM DTT, 10%
glycerol, and 2 mg poly(dI-dC)]. Nuclear extract
was added to the binding buffer, and the samples
were incubated on ice for 15 min. After incuba-
tion, the DNA probe was added and incubated at
room temperature for 20 min. The reaction mix-
tures were then loaded onto a 5% or 6% (30:0.8)
polyacrylamide gel that had been prerun for 1 h
in 0.5 3 TBE at 200 V. Gels were run for 3 h at
200 V at 4°C. After electrophoresis, the gels were
dried and exposed to x-ray film. Competition ex-
periments were performed by preincubating the
extracts with unlabeled oligonucleotides for
10 min, and labeled oligonucleotides were then
added for 10 or 20 min before electrophoresis.

Measurement of Cytosolic Free Calcium

[Ca21]c was determined by fluorescence ratio
imaging of indo-1. The cells used for calcium
tracing were cultured on coverslips in six-well
plates. Before the experiments, the cells were
incubated in the medium containing 1 mM
indo-1-AM in darkness at 37°C for 30 min.
After dye loading, excess of the probe was re-
moved from the cells by washing twice in PBS.
The cells were then allowed to recover in fresh
medium at 37°C for 30 min.

Coverslips with dye-loaded cells were
mounted on a 35-mm culture dish with a hole
placed on the stage of an inverted Zeiss micro-
scope. The cells were then illuminated by epi-
fluorescence through a 403 oil immersion ob-
jective (NA 5 1.3) at excitation wavelength
340 nm. The fluorescent intensities at emission
wavelength of 405 nm (Ca21-bound form) and
490 nm (free form) were measured simulta-
neously by two photomultipliers and were in-
tegrated in 100-ms intervals. Signals were dig-
itally converted and processed on a computer
equipped with a PhoCal Pro system (Life Sci-
ence Resources, Cambridge UK). The concen-
tration of cytosolic free calcium was estimated
from the ratio R of the two emitted fluorescence
intensities according to the following equation:
[Ca21]c 5 Kd p (R 2 Rmin)/(Rmax 2 R) p (Sf2/Sb2)
[Grynkiewicz et al., 1985], where Rmin is the
limiting value of the ratio R when all the indi-
cator is in the Ca21-free form and the Rmax is
the limiting value of R when the indicator is
saturated with calcium. Experimentally, the
factor Sf2/Sb2 is simply the ratio of the fluores-
cence intensity measured when all the indica-
tors is free (Sf2) to intensity measured and
when all the indicator is Ca21 bound (Sb2): both
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measurements are taken at 490 nm. A kd value
of 250 nM is predetermined in vitro [Grynk-
iewicz et al., 1985].

RESULTS

Treatment with TG Induces the Expression of
Grp78 in 9L RBT

Induced synthesis of GRP78 and accumu-
lation of grp78 mRNA by TG were respec-
tively monitored by metabolic labeling with
[35S]methionine and by Northern blot analy-
sis. Cells were incubated with 300 nM TG,
and de novo synthesized GRP78 as well as
cumulative grp78 mRNA level were deter-
mined at different periods. In the presence of
TG, the general translational activity in the
treated cells was drastically suppressed and
virtually ceased after 2 h of treatment (Fig.
2A, lane 2). Protein synthesis recovered grad-
ually as the treatment time was extended to
10 h. During this period, the synthesis of
GRP78 was much more preferred and thus
resulted in an apparent induction of this pro-
tein (Fig. 2A, lanes 2– 6). The level of grp78
mRNA was simultaneously determined, and
it was found that enhanced synthesis of
grp78 mRNA can be detected on the TG treat-
ment and that the cumulative level increased
significantly in a time-dependent manner
(Fig. 2B). Quantitative analysis showed that
the induction kinetics of GRP78 and its
mRNA are similar, although the absolute
values were different (Fig. 3).

Effect of BAPTA on Grp78 Induction in TG-
Treated 9L RBT Cells

Calcium chelator BAPTA has been widely
used for studying the role of intracellular cal-
cium. In an attempt to determine whether the
TG-induced grp78 and the rise of [Ca21]c are
casually related, we examined the effect of
BAPTA on the enhanced transcription of grp78
in TG-treated cells. Figure 4A shows that
treatment of BAPTA-AM alone at up to 20 mM
would not affect the basal transcriptional ac-
tivity of the grp78 gene. However, TG-induced
synthesis of grp78 mRNA was significantly
suppressed if the cells were pretreated with
and further incubated with BAPTA-AM. This
suppression effect was concentration-depen-
dent, induction of grp78 mRNA by 300 nM
TG was completely abolished by 20 mM
BAPTA-AM (Fig. 4B,C). To confirm the effec-

tiveness of BAPTA at the concentration ap-
plied, increased of [Ca21]c in TG-treated cells
was monitored microspectrophotometrically
with or without addition of BAPTA-AM. Treat-
ment with TG alone produced a gradual rise in
[Ca21]c from a resting level of 80 nM to 400 nM,
followed by a slow return to the basal level
(Fig. 5). In the presence of 10 mM BAPTA-AM,
however, the increase in [Ca21]c in TG-treated
cells was reduced to 250 nM and was almost
completely abolished when 20 mM BAPTA-AM
was applied (Fig. 5). These results suggested
that BAPTA-AM inhibits grp78 induction in

Fig. 2. Enhanced synthesis of GRP78 and its mRNA in thap-
sigargin (TG)-treated 9L rat brain tumor cells. Cells were treated
with 300 nM TG for various durations as indicated. A: The cells
were metabolically labeled with [35S]methionine for 1 h before
harvesting. The treated and labeled cells were lysed in sample
buffer and the cell lysates were resolved by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. De novo synthe-
sized proteins were visualized by autoradiography. B: Total
RNA was extracted from the treated cells and analyzed for the
expression of grp78 mRNA by Northern blotting. Actin and
rRNAs were used as internal standards.
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response to TG treatment by abolishing the
increase of intracellular calcium.

Role of Ca21 Homeostasis in Basal and TG-
Induced Grp78 Expression in 9L RBT Cells

Treatment with TG would lead to a concur-
rent depletion of [Ca21]ER and increase in
[Ca21]c. In an attempt to directly differenti-
ate the roles of [Ca21]c and [Ca21]ER in grp78
induction, we further examined the induction
process in cells under a calcium-free environ-
ment. EGTA was thus used. As shown in
Figure 6, treatment of 9L RBT cells with 20
mM BAPTA in the presence of 5 mM EGTA,
when both [Ca21]c and [Ca21]ER are depleted,
resulted in the suppression of basal expres-
sion of grp78 (Fig. 6, lane 3). Moreover, under
this condition, induction of grp78 in TG-
treated cells was also completely abolished
(Fig. 6, lane 4). The data suggested that
proper balance among [Ca21]o, [Ca21]c, and
[Ca21]ER is important for both basal and in-
duced expression of grp78. The results also
supported the notion that depletion of
[Ca21]ER per se could not be the only cause of

grp78 induction in TG-treated cells. It should
be noted that the effect of EGTA on TG-
induced grp78 expression could not be as-
sessed because the combined treatment of TG
and EGTA would lead to rapid cell death
(data not shown).

Fig. 3. Induction kinetics of GRP78 and its mRNA in thapsi-
gargin (TG)-treated 9L rat brain tumor cells. Autoradiographs
and Northern blots as shown in Figure 2 were analyzed by
densitometric scanning. For each experiment, the pixel values
representing GRP78 synthesis and mRNA accumulation were
respectively normalized against that of actin and rRNAs in the
same lane. The data are presented as fold of induction relative
to that of untreated cells, and they are means 6 SD from three
independent experiments.

Fig. 4. Dose-dependent effect of dibromo-1,2-bis(aminophenoxy)
ethane N,N,N9,N9-tetraacetic acid (BAPTA) on grp78 mRNA ac-
cumulation in thapsigargin (TG)-treated 9L rat brain tumor cells. A:
Cells were treated with BAPTA-acetoxymethyl ester (AM) for 1 h at
various concentrations as indicated. B: Cells were preincubated
with BAPTA-AM for 1 h at various concentrations and then treated
with 300 nM TG for 8 h in the presence of BAPTA-AM. After
treatment, total RNA was isolated and proceeded for Northern
blotting analysis. C: Northern blots as shown in (A) and (B) were
quantified by densitometric scanning, and the level of grp78
mRNA was assessed as described. Data present the means of two
independent experiments.
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Interaction of Nuclear Extracts From TG-Treated
9L RBT Cells With the Extended Grp78

Promoter

To investigate the interaction between the
nuclear factors and the grp78 promoter, the
PCR product of the extended grp78 promoter
was firstly used as an EMSA probe. On being
mixed with the nuclear extracts prepared from
control and TG-treated 9L cells, a major DNA–
protein complex was found in each of the sam-
ples (Fig. 7A). After TG treatment, the forma-
tion of this complex increased significantly
(Fig. 7A, lane 2). The enhanced binding activity
was abolished in the presence of BAPTA (Fig.
7A, lane 3). The protein–DNA complex was
specific to the grp78 promoter because its sta-
bility was not affected by excess molar of heat
shock element, an unrelated transcription ele-
ment (Fig. 7B). To further examine the effects
of individual cis-regulatory elements on the
complex formation, the nuclear extracts from
TG-treated cells were respectively mixed with
excess molar of specified unlabeled elements—
CRE, CORE, and C1—before they were al-

lowed to react with the EMSA probe, the radio-
labeled extended grp78 promoter. In the
presence of excess molar of CRE and CORE
elements, formation of the complex was
slightly reduced. However, excess molar of C1
was able to completely abolish the increased
binding activity at low dosages (Fig. 7C). These
results suggested that the regulatory mecha-
nism of grp78 induction in TG-treated cell is
mediated through the enhanced binding of
transcription factors to its cis-regulatory ele-
ments and that the C1 binding protein(s) plays
an important role in the formation and main-
tenance of the transcription complex.

Interaction of Individual cis-Regulatory Elements
With Nuclear Extracts From TG-Treated 9L

RBT Cells

From the foregoing data, we found that the
interaction between nuclear factors and grp78
promoter was increased after TG treatment,
and that the increased binding was abolished
by BAPTA. We further examined the interac-
tion of nuclear factors with each of the cis-

Fig. 5. Effect of dibromo-1,2-bis(aminophenoxy)ethane
N,N,N9,N9 tetraacetic acid (BAPTA) on thapsigargin (TG)-
induced changes in intracellular calcium levels. Cells grown on
coverslips were loaded with Indo-1-AM, preincubated with 10

or 20 mM BAPTA-acetoxymethyl ester for 1 h, and then stim-
ulated with 300 nM TG. Changes in [Ca21]c were determined
by fluorescence microphotospectrometry. Results are represen-
tative of those obtained in five separate experiments.
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regulatory element by using CRE, CORE, and
C1 elements as EMSA probes. As shown in Fig.
8, nuclear factors prepared from untreated
cells were able to form complexes with all three
cis-regulatory elements (Fig. 8, lanes 2, 6, and
10). These observations support the notion that
there are basal binding of the transcription
factors to the elements and thus may confer the
basal expression of grp78. Interestingly, a sig-
nificant difference in complex formation was
observed between the control and the TG-
treated samples when CRE and CORE, but not
C1 elements, were used (Fig. 8, lanes 3, 7, and
11). These enhanced bindings between nuclear
factors and CRE as well as CORE elements
were reduced to the control level in the pres-
ence of BAPTA (Fig. 8, lanes 4 and 8). With
regard to the C1 element, the largest (upper-
most) protein–DNA complex was even weaker
in TG-BAPTA-treated cells compared to that of
untreated cells (Fig. 8, lane 12). The specificity
of these bindings was confirmed by a chasing
experiment (Fig. 9). The data showed that, in
the cases of CRE and CORE, all complexes
detectable in the previous experiment were
specific bindings because their binding intensi-
ties were diminished by the adding of the un-
labeled probes (Fig. 9, lanes 1–6). On the other
hand, only the uppermost protein–DNA com-
plex in the C1 experiments could be chased by
the unlabeled C1 elements (Fig. 9, lanes 7–9).
Taken together with our previous findings,
these data further supported the notion that all
three regulatory elements, i.e., CRE, CORE,

and C1, participate in the basal and TG-
induced expression of grp78 in 9L RBT cells.

DISCUSSION

This is the first report to address the role of
intracellular calcium signaling involved in TG-
induced grp78 expression. We have shown that
treatment of 9L RBT cells with 300 nM TG
would lead to a time-dependent induction of
grp78 and that this process was abolished by
BAPTA, an effective [Ca21]c chelator, indicat-
ing that TG-induced grp78 expression in 9L
RBT cells is dependent on the increase in cyto-
plasmic free calcium. Calcium signaling in
grp78 induction has been studied in a variety
of experimental systems. By using TG as well
as A23187, a calcium ionophore, it was sug-
gested that TG-induced grp78 expression is
caused by the depletion of [Ca21]ER and that
the induction is not dependent on the rise of
[Ca21]c in Chinese hamster lung cells [Drum-
mond et al., 1987]. More recently, in an in vitro
experiment, it was shown that depletion of nu-
clear calcium would also result in the transac-
tivation of the grp78 promoter [Roy and Lee,
1995; Roy et al., 1996]. Calcium is an ubiqui-
tous intracellular messenger and regulator of
cellular activity. Disruption of intracellular
calcium homeostasis would lead to different
cellular effects, which are dependent on
sources and routes. For instance, recent stud-
ies of calcium signal-transduction mechanisms
have revealed that, depending on the route of
entry into a neuron, calcium differentially af-
fects processes that are central to the develop-
ment and plasticity of the nervous system
[Ghosh and Greenberg, 1995]. It has been
shown that TG elevates intracellular calcium
levels by a combination of calcium release from
intracellular stores and calcium influx [Take-
mura et al., 1989] and they have differential
contribution to TG-induced gene expression
[Rodland et al., 1997]. Other classic GRP78
inducers, such as the protein glycosylation in-
hibitors 2-deoxyglucose and tunicamycin, may
also exert their induction effects through cal-
cium signaling because treatment of cells with
these compounds would also lead to both in-
creased calcium release and calcium influx
across the plasma membrane [Tekkok and
Krnjevic, 1996; Buckley and Whorton, 1997].
Therefore, understanding the relative contri-
bution of calcium release versus influx in TG-
induced grp78 expression is very important. In

Fig. 6. Effects of EGTA on thapsigargin (TG)-induced accumu-
lation of grp78 mRNA in 9L rat brain tumor cells loaded with
dibromo-1,2-bis(aminophenoxy)ethane N,N,N9,N9 tetraacetic
acid acetoxymethyl ester (BAPTA-AM). Cells were loaded with
20 mM BAPTA-AM in calcium-free culture medium containing
5 mM EGTA for 1 h and then treated with 300 nM TG for 8 h
in the presence of both Ca21 chelators. After treatment, total
RNA was isolated and the level of grp78 mRNA was assessed as
described.
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the present studies, we have shown that the
TG-induced grp78 expression could not happen
in the presence of BAPTA and EGTA, i.e., the
cells were in a calcium-free medium when in-
flux of extracellular calcium is also prevented.
Unfortunately, the effect of EGTA alone on TG-
induced grp78 expression could not be assessed
because this combined treatment would cause
severe cell death. Nevertheless, these results
lead us to conclude that depletion of [Ca21]ER
alone is not sufficient for the induction of grp78
in the TG-treated cells, so the rise of [Ca21]c
must also play a crucial role in this process.

As mentioned previously, basal and induced
expression of grp78 has been attributed to a
concerted action of a number of conserved reg-
ulatory elements including CRE, CORE, and
C1. In Chinese hamster cells, it has been sug-
gested that TG-induced grp78 transactivation

is regulated through redundant elements con-
taining CCAAT boxlike motifs flanked by a GC-
rich region on the grp78 promoter, i.e., the
CORE and C1 regions, but not basal-level reg-
ulatory element CRE [Li et al., 1993, 1997; Roy
and Lee, 1995]. By contrast, it has been shown
that the CRE element is essentially involved in
rapid induction of grp78, in 9L RBT cells sub-
jected to a combined treatment of OA and heat
shock [Chen et al., 1996, 1997]. Herein, we
showed that all of the aforementioned regula-
tory regions participate in the basal expression
of grp78 in 9L RBT cells because basal binding
activities toward the extended grp78 promoter
as well as the individual elements are detected
in control samples. Moreover, a significant in-
crease in binding activities toward the ex-
tended grp78 promoter, CRE, and CORE ele-
ments was observed in TG-treated samples.

Fig. 7. Interaction of nuclear factors extracted from thapsigar-
gin (TG)-treated cells with the extended promoter region of rat
grp78. A: Polymerase chain reaction product of the extended
promoter region of grp78 were end labeled and mixed with the
nuclear extracts prepared from untreated cells, cells treated
with 300 nM TG for 2 h, or cells preloaded with 20 mM
dibromo-1,2-bis(aminophenoxy)ethane N,N,N9,N9 tetraacetic
acid acetoxymethyl ester (BAPTA-AM) for 1 h and then treated
with 300 nM TG in the presence of BAPTA-AM for 2 h. The
DNA–protein complexes were analyzed by EMSA. B: Nuclear
extracts prepared from TG-treated cells were incubated with

10-, 20-, 50-, and 100-fold molar excess of the HSE derived
from human hsp70 before being mixed with the radiolabeled
extended grp78 promoter EMSA probe. C: Nuclear extracts
prepared from TG-treated cells were incubated with 10-, 20-,
50-, and 100-fold molar excess of the cis-regulatory elements
CRE, CORE, and C1 derived from the rat grp78 promoter before
being mixed with the radiolabeled extended grp78 promoter
EMSA probe. Brackets indicated the position of the specific
DNA–protein complex. Similar results were observed in three
independent experiments.
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These results suggested that there is a signif-
icant difference of binding to CRE and CORE
elements response to TG treatment and that
binding of nuclear factors to these two ele-
ments may mediate the activation of the grp78
gene. Although treatment with TG did not en-
hance the binding of nuclear factor(s) toward
the C1 element, the increased binding activity
toward the extended grp78 promoter was
largely eliminated by unlabeled C1 elements at
low dosage but was only partially reduced by
unlabeled CRE and CORE elements at high
dosage. These data indicate that, for some rea-
son, the binding of factors on the C1 element is
needed for the formation of stable complexes on
CRE and CORE elements. This notion is sup-
ported by the finding that mutation of the C1
element would result in the loss of grp78 in-

duction response to a variety of inducers [Yo-
shida et al., 1998]. It is also conceivable that C1
might mediate grp78 induction indirectly, via
protein activation, but not increase binding
with components of the binding complex, as in
the case of nuclear factor-T/CCAAT binding
factor (NF-Y/CBF) [Zhou and Lee, 1998]. We
further showed that, in the presence of BAPTA,
where both rise in [Ca21]c and induction of
grp78 were inhibited in TG-treated cells, the
increased binding toward to all of the EMSA
probe was also diminished. These data indi-
cated that BAPTA-abolished TG-induced grp78
expression is mediated by the inhibition of the
binding activities of nuclear factors toward the
individual cis-regulatory element and thus re-
sults in the lost of enhanced binding activity
toward the extended grp78 promoter. As previ-

Fig. 8. Interaction of nuclear factors extracted from thapsigar-
gin (TG)-treated cells with the oligonucleotides corresponding
to the cis-regulatory elements CRE, CORE, and C1 from rat
grp78 promoter. Synthetic oligonucleotides corresponding to
the cis-regulatory elements of rat grp78 promoter were an-
nealed, end labeled, and mixed with the nuclear extracts. The
DNA–protein complexes were analyzed by EMSA. Lane 1:
Radiolabeled DNA only (no nuclear extract). Lane 2: Probes
reacted with nuclear extracts prepared from untreated cells.

Lane 3: Probes reacted with nuclear extracts prepared from
cells treated with 300 nM TG for 2 h. Lane 4: Probes reacted
with nuclear extracts prepared from cells that were preincu-
bated with 20 mM dibromo-1,2-bis(aminophenoxy)ethane
N,N,N9,N9 tetraacetic acid acetoxymethyl ester (BAPTA-AM)
and then treated with TG for 2 h in the presence of BAPTA-AM.
Arrows indicate the positions of specific DNA–protein com-
plexes. Similar results were observed in three independent
experiments.
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ously discussed, the reduced binding to the C1
element may further diminish the stability of
the complexes formed on the extended grp78
promoter.

The signaling pathway from the disturbance
of intracellular calcium homeostasis to the
transactivation of the grp78 gene warrants fur-
ther investigation. Nevertheless, we have pro-
vided the first direct evidence that increased
[Ca21]c plays a major role in TG-induced grp78
expression. Furthermore, we shown that all of
the previously identified regulatory elements
including CRE, CORE, and C1 are involved in
the basal as well as in the TG-induced expres-
sion of grp78 in 9L RBT cells.

REFERENCES

Alexandre S, Nakaki T, Vanhamme L, Lee AS. 1991. A
binding site for the cyclic adenosine 39,59-
monophosphate-response element-binding protein as a
regulatory element in the grp78 promoter. Mol Endocri-
nol 12:1862–1872.

Bost KL, Mason MJ. 1995. Thapsigargin and cyclopiazonic
acid initiate rapid and dramatic increases of IL-6 mRNA
expression and IL-6 secretion in murine peritoneal mac-
rophages. J Immunol 155:285–296.

Buckley BJ, Whorton AR. 1997. Tunicamycin increases
intracellular calcium levels in bovine aortic endothelial
cells. Am J Physiol 273:1298–1305.

Cao X, Zhou Y, Lee AS. 1995. Requirement of tyrosine- and
serine/threonine kinases in the transcriptional activa-
tion of the mammalian grp78BiP promoter by thapsigar-
gin. J Biol Chem 270:494–502.

Chen KD, Chu JJ, Lai YK. 1996. Modulation of protein
phosphorylation and stress protein expression by oka-
daic acid on heat-shock cells. J Cell Biochem 61:255–265.

Chen KD, Hung JJ, Huang HL, Chang MD, Lai YK. 1997.
Rapid induction of the Grp78 gene by cooperative actions
of okadaic acid and heat-shock in 9L rat brain tumor
cells—involvement of a cAMP responsive element-like
promoter sequence and a protein kinase A signaling
pathway. Eur J Biochem 248:120–129.

Chen KD, Chen LY, Huang HL, Lieu CH, Chang YN,
Chang MD, Lai YK. 1998. Involvement of p38 mitogen-
activated protein kinase signaling pathway in the rapid
induction of the 78-kDa glucose-regulated protein in 9L
rat brain tumor cells. J Biol Chem 273:749–755.

Chen KD, Lai MT, Cho JH, Chen LY, Lai YK. 2000. Acti-
vation of p38 mitogen-activated protein kinase and mi-
tochondrial Ca21-mediated oxidative stress are essential
for the enhanced expression of grp78 induced by the
protein phosphatases inhibitors, okadaic acid and caly-
culin A. J Cell Biochem 76:5852595.

Cheng TC, Benton HP. 1994. The intracellular Ca21-pump
inhibitors thapsigargin and cyclopiazonic acid induce
stress proteins in mammalian chondrocytes. Biochem J
301:563–568.

Clapham DE. 1995. Calcium signaling. Cell 80:259–268.
Cole K, Kohn E. 1994. Calcium-mediated signal transduc-

tion: biology, biochemistry, and therapy. Cancer Metas-
tasis Rev 13:31–44.

Collatz MB, Rudel R, Brinkmeier H. 1997. Intracellular
calcium chelator BAPTA protects cells against toxic cal-
cium overload but also alters physiological calcium re-
sponses. Cell Calcium 21:452–459.

Delpino A, Piselli R, Vismara D, Vendetti S, Colizzi V.
1998. Gell surface localization of the 78 kD glucose reg-
ulated protein (GRP78) induced by thapsigargin. Mol
Membr Biol 15:21–26.

Drummond IA, Lee AS, Resendez E Jr, Steinhardt RA.
1987. Depletion of intracellular calcium stores by cal-
cium ionophore A23187 induces the genes for glucose-
regulated proteins in hamster fibroblasts. J Biol Chem
262:12801–12805.

Ghosh A, Greenberg ME. 1995. Calcium signaling in neu-
rons: molecular mechanisms and cellular consequences.
Science 268:239–247.

Fig. 9. Competitive assays of interaction of nuclear factors
from 9L cells with cis-regulatory elements CRE, CORE, and C1
derived from the rat grp78 promoter. Nuclear extracts were
prepared from cells treated with TG for 2 h. Synthetic oligonu-
cleotides were annealed, end labeled, and mixed with the
nuclear extracts (lane 1). The specific binding of nuclear factors
to the probes was assessed by adding 5- (lane 2) to 10-fold (lane
3) excessive amounts of nonradioactive probes 10 min before
addition of radiolabeled probes. The DNA–protein complexes
were analyzed by EMSA as previously described. Arrows indi-
cated the positions of specific DNA–protein complexes. Similar
results were observed in three independent experiments.

414 Chen et al.



Grynkiewicz G, Poenie M, Tsien RY. 1985. A new genera-
tion of Ca21 indicators with greatly improved fluores-
cence properties. J Biol Chem 260:3440–3450.

Harmon CS, Ducote J, Xiong Y. 1996. Thapsigargin in-
duces rapid transient growth inhibition and c-fos expres-
sion followed by sustained growth stimulation in mouse
keratinocyte cultures. J Invest Dermatol 107:188–194.

Harrison SM, Bers DM. 1987. The effect of temperature
and ionic strength on the apparent Ca-affinity of EGTA
and the analogous Ca-chelators BAPTA and dibromo-
BAPTA. Biochim Biophys Acta 925:133–143.

Hennighausen L, Lubon H. 1987. Interaction of protein
with DNA in vitro. Methods Enzymol 152:721–735.

Hou MC, Shen CH, Lee WC, Lai YK. 1993. Okadaic acid as
an inducer of the 78-kDa glucose-regulated protein in 9L
rat brain tumor cells. J Cell Biochem 51:91–101.

Ikari A, Sakai H, Takeguchi N. 1997. ATP thapsigargin
and cAMP increase Ca21 in rat hepatocytes by activating
three different Ca21 influx pathways. Jpn J Physiol 47:
235–239.

Kim YK, Kim KS, Lee AS. 1987. Regulation of the glucose-
regulated protein genes by beta-mercaptoethanol re-
quires de novo protein synthesis and correlates with
inhibition of protein glycosylation. J Cell Physiol 133:
553–559.

Koetsier PA, Schorr J, Doerfler W. 1993. A rapid optimized
protocol for downward alkaline Southern blotting of
DNA. Biotechniques 2:260–262.

Laemmli UK. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680–685.

Lee AS. 1992. Mammalian stress response: induction of the
glucose-regulated protein family. Curr Opin Cell Biol
4:267–273.

Li WW, Alexandre S, Cao X, Lee AS. 1993. Transactivation
of the grp78 promoter by Ca21 depletion: a comparative
analysis with A23187 and the endoplasmic reticulcum
Ca21-ATPase inhibitor thapsigargin. J Biol Chem 268:
12003–12009.

Li WW, Hsiung Y, Zhou Y, Roy B, Lee AS. 1997. Induction
of the mammalian GRP78/BiP gene by Ca21 depletion
and formation of aberrant proteins: activation of the
conserved stress-inducible grp core promoter element by
the human nuclear factor YY1. Mol Cell Biol 17:54–60.

Liao J, Price D, Omary MB. 1997. Association of glucose-
regulated protein (grp78) with human keratin 8. FEBS
Lett 417:316–320.

Lievremont JP, Rizzuto R, Hendershot L, Meldolesi J.
1997. BiP a major chaperone protein of the endoplasmic
reticulum lumen plays a direct and important role in the
storage of the rapidly exchanging pool of Ca21. J Biol
Chem 272:30873–30879.

Lin XS, Denmeade SR, Cisek L, Isaacs JT. 1997. Mecha-
nism and role of growth arrest in programmed (apopto-
tic) death of prostate cancer cells induced by thapsigar-
gin. Prostate 33:201–207.

Little E, Ramakrishnan M, Roy B, Gazit G, Lee AS. 1994.
The glucose-regulated proteins (GRP78 and GRP94):
functions, gene regulation and applications. Crit Rev
Eukaryot Gene Expr 4:1–18.

Liu ES, Ou JH, Lee AS. 1992. Brefeldin A as a regulator of
grp78 gene expression in mammalian cells. J Biol Chem
267:7128–7133.

Magun BE, Rodland KD. 1995. Transient inhibition of
protein synthesis induces the immediate early gene
VL30: alternative mechanism for thapsigargin-induced
gene expression. Cell Growth Differ 6:891–897.

Merrick BA, He C, Witcher LL, Patterson RM, Reid JJ,
Pence-Pawlowski PM, Selkirk JK. 1996. HSP binding
and mitochondrial localization of p53 protein in human
HT1080 and mouse C3H10T1/2 cell lines. Biochim Bio-
phys Acta 1297:57–68.

Muthukkumar S, Nair P, Sells SF, Maddiwar NG, Jacob
RJ, Rangnekar VM. 1995. Role of EGR-1 in
thapsigargin-inducible apoptosis in the melanoma cell
line A375-C6. Mol Cell Biol 15:6262–6272.

Resendez E Jr, Ting J, Kim KS, Wooden SK, Lee AS. 1986.
Calcium ionophore A23187 as a regulator of gene expres-
sion in mammalian cells. J Cell Biol 103:2145–2152.

Resendez E Jr, Wooden SK, Lee AS. 1988. Identification of
highly conserved regulatory domains and protein-
binding sites in the promoters of the rat and human
genes encoding the stress-inducible 78-kilodalton
glucose-regulated protein. Mol Cell Biol 10:4579–4584.

Rizzuto R, Brini M, Murgia M, Pozzan T. 1993. Microdo-
mains with high Ca21 close to IP3-sensitive channels
that are sensed by neighboring mitochondria. Science
262:744–747.

Rodland KD, Wersto RP, Hobson S, Kohn EC. 1997.
Thapsigargin-induced gene expression in nonexcitable
cells is dependent on calcium influx. Mol Endocrinol
11:281–291.

Roy B, Lee AS. 1995. Transduction of calcium stress
through interaction of the human transcription factor
CBF with the proximal CCAAT regulatory element of
the grp78/BiP promoter. Mol Cell Biol 15:2263–2274.

Shiu RP, Pouyssegur J, Pastan I. 1977. Glucose depletion
accounts for the induction of two transformation-
sensitive membrane proteins in Rous sarcoma virus-
transformed chick embryo fibroblasts. Proc Natl Acad
Sci USA 74:3840–3844.

Smith PD, Liesegang GW, Berger RL, Czerlinski G, Podol-
sky RJ. 1984. A stopped-flow investigation of calcium ion
binding by ethylene glycol bis(beta-aminoethyl ether):-
N,N9-tetraacetic acid. Anal Biochem 143:188–195.

Takemura H, Hughes AR, Thastrup O, Putney JW Jr.
1989. Activation of calcium entry by the tumor promoter
thapsigargin in parotid acinar cells. Evidence that an
intracellular calcium pool and not an inositol phosphate
regulates calcium fluxes at the plasma membrane. J Biol
Chem 264:12266–12271.

Tekkok S, Krnjevic K. 1996. Calcium dependence of LTP
induced by 2-deoxyglucose in CA1 neurons. J Neuro-
physiol 76:2343–2352.

Thastrup O, Dawson AP, Scharff O, Foder B, Cullen PJ,
Drobak BK, Bjerrum RJ, Christensen SB, Hanley MR.
1994. Thapsigargin, a novel molecular probe for studying
intracellular calcium release and storage. Agents Ac-
tions 43:187–193.

Treiman M, Caspersen C, Christensen SB. 1998. A tool
coming of age: thapsigargin as an inhibitor of sarco-
endoplasmic reticulum Ca21-ATPases. Trends Pharma-
col Sci 19:131–135.

Watowich SS, Morimoto RI. 1988. Complex regulation of
heat shock- and glucose-responsive genes in human
cells. Mol Cell Biol 1:393–405.

415Increase in [Ca21]c Confers grp78 Expression



Wei H, Wei W, Bredesen DE, Perry DC. 1998. Bcl-2 pro-
tects against apoptosis in neuronal cell line caused by
thapsigargin-induced depletion of intracellular calcium
stores. J Neurochem 70:2305–2314.

Weizsaecker M, Deen DF, Rosenblum ML, Hoshino T, Gu-
tin PH, Baker M. 1981. The 9L rat brain tumor: descrip-
tion and application of an animal model. J Neurol 224:
183–192.

Wooden SK, Li LJ, Navarro D, Qadri I, Pereira L, Lee AS.
1991. Transactivation of the grp78 promoter by mal-
folded proteins glycosylation block and calcium iono-
phore is mediated through a proximal region containing

a CCAAT motif which interacts with CTF/NF-I. Mol Cell
Biol 11:5612–5623.

Yoshida H, Haze K, Yanagi H, Yura T, Mori K. 1998.
Identification of the cis-acting endoplasmic reticulum
stress response element responsible for transcriptional
induction of mammalian glucose-regulated proteins. In-
volvement of basic leucine zipper transcription factors.
J Biol Chem 273:33741–33749.

Zhou Y, Lee AS. 1998. Mechanism for the suppression of
the mammalian stress response by genistein an antican-
cer phytoestrogen from soy. J Natl Cancer Inst 90:381–
388.

416 Chen et al.


	MATERIALS AND METHODS
	Fig. 1.

	RESULTS
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

	DISCUSSION
	Fig. 7.
	Fig. 8.
	Fig. 9.

	REFERENCES

