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Hypoxia causes the accumulation of the transcription factor hypoxia-inducible factor 1 (HIF-1), culminating
in the expression of hypoxia-inducible genes such as those for vascular endothelial growth factor (VEGF) and
NDRG-1/Cap43. Previously, we have demonstrated that intracellular calcium (Ca2�) is required for the
expression of hypoxia-inducible genes. Here we found that, unlike with hypoxia or hypoxia-mimicking condi-
tions, the elevation of intracellular Ca2� neither induced the HIF-1� protein nor stimulated HIF-1-dependent
transcription. Furthermore, the elevation of intracellular Ca2� induced NDRG-1/Cap43 mRNA in HIF-1�-
deficient cells. It also increased levels of c-Jun protein, causing its phosphorylation. The protein kinase
inhibitor K252a abolished c-Jun induction and activator protein 1 (AP-1)-dependent reporter expression
caused by Ca2� ionophore or hypoxia. K252a also significantly decreased hypoxia-induced VEGF and NDRG-
1/Cap43 gene expression in both human and mouse cells. Using a set of deletion VEGF-Luc promoter
constructs, we found that both HIF-1 and two AP-1 sites contribute to hypoxia-mediated induction of tran-
scription. In contrast, only AP-1 sites contributed to Ca2�-mediated VEGF-Luc induction. A dominant-
negative AP-1 prevented Ca2�-dependent transcription and partially impaired hypoxia-mediated transcrip-
tion. In addition, dominant-negative AP-1 diminished the expression of the NDRG-1/Cap43 gene following
hypoxia. We conclude that during hypoxia, an increase in intracellular Ca2� activates a HIF-1-independent
signaling pathway that involves AP-1-dependent transcription. Cooperation between the HIF-1 and AP-1
pathways allows fine regulation of gene expression during hypoxia.

Oxygen sensing is an important function of living cells. Un-
der low-oxygen conditions (hypoxia), a cell must respond by
coordinated expression of numerous genes to ensure adapta-
tion. Hypoxia-inducible factor 1 (HIF-1), a transcription factor
that accumulates during hypoxia, stimulates genes involved in
glucose metabolism, angiogenesis, and cell survival (29).

Recent studies indicate that Ca2� is also involved in the
cellular response to hypoxia. Indeed, a significant increase in
free intracellular Ca2� was observed in endothelial cells after
2 h of hypoxia (2). This increase in cytosolic calcium was due
to the release of Ca2� from intracellular stores (13, 24). Ele-
vation of intracellular Ca2�, caused by the Ca2� ionophore
A23187, induced the expression of hypoxic genes, including
those for vascular endothelial growth factor (VEGF) and
NDRG-1/Cap43 (6, 26). Additionally, chelation of intracellular
calcium by 1,2-bis(2-aminophenoxy)-ethane-N,N,N�,N-tet-
raacetic acid-acetoxymethyl ester (BAPTA-AM) abolished hy-
poxia-inducible expression of both VEGF and NDRG-1/
Cap43 (21, 26, 27). The modulation in the concentration of
extracellular Ca2� from 0 to 10 mM did not affect NDRG-1/
Cap43 gene induction by the hypoxia-mimicking agent nickel

(Ni), indicating an important role of intracellular stores in the
induction of hypoxia-inducible genes (26).

Genes for both VEGF and NDRG-1/Cap43, were expressed
in response to hypoxia in a manner that depended upon HIF-1
(9, 25, 27, 31). It was unclear whether intracellular Ca2� me-
diates its effects via HIF-1-dependent transcription. Here we
demonstrate that, unlike hypoxia, intracellular Ca2� did not
cause the accumulation of the HIF-1� protein. In addition, by
using a reporter plasmid containing a HIF-1 response element,
we found that Ca2� ionophore did not stimulate HIF-1-depen-
dent transcription. Finally, the Ca2� ionophore A23187 in-
duced NDRG-1/Cap43 expression in HIF-1�-deficient mouse
embryo fibroblasts (MEF), proving that HIF-1 is not involved
in Ca2�-dependent activation of hypoxic genes.

Ca2� ionophore induced c-Jun expression and activated AP-
1-dependent transcription of the reporter plasmid. Both the
activation of c-Jun expression and the activator protein 1 (AP-
1)-dependent transcription of reporter plasmid were sensitive
to the protein kinase inhibitor K252a. This inhibitor also sup-
pressed the induction of VEGF and NDRG-1/Cap43 by hyp-
oxia, confirming the involvement of AP-1 in the regulation of
the gene. Furthermore, we used a dominant-negative (DN)
AP-1 transcription factor to confirm the involvement of AP-1
in the hypoxic response. Given that (i) hypoxia induces intra-
cellular Ca2� and AP-1, (ii) Ca2� is required for hypoxia-
responsive expression of the VEGF and NDRG-1/Cap43
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genes, (iii) promoters of both genes contain HIF-1 and AP-1
binding sites, and (iv) DN AP-1 suppresses gene expression
caused by hypoxia, we hypothesize that Ca2�-induced AP-1
may cooperate with HIF-1 in the hypoxic response.

MATERIALS AND METHODS

Materials. Deferoxamine (DFX) was obtained from Sigma. Cyclosporine and
BAPTA-AM were obtained from Biomol. Nickel chloride and cobalt chloride
were obtained from Alfa Aesar. Cell culture media, fetal calf serum (FCS),
glutamine, and antibiotics were obtained from Gibco-BRL. The most commonly
used chemicals were purchased from Sigma.

Cell culture. A549 (CCL 185) cells were maintained in F12K media supple-
mented with 10% FCS, and 293 (CRL-1573) cells were maintained in Dulbecco
modified Eagle medium supplemented with 10% FCS. Both cell types were
purchased from the American Type Culture Collection (Manassas, Va.). MEF
and MEF with the HIF-1� gene knocked out (MEF–HIF-1�/�) were obtained
from R. Johnson (University of California, San Diego) and have been described
previously (25, 27). All cells were maintained at 37°C as monolayers in a humid-
ified atmosphere containing 5% CO2. Cell exposure to hypoxia has been de-
scribed previously (27).

Plasmids and transient transfection. The HIF-responsive HRE-Luc plasmid
was described previously (28). The AP-1-Luc plasmid was purchased from Clon-
tech (Palo Alto, Calif.). VEGF luciferase reporter plasmid constructs, described
previously (30), were as follows: pGL3-V2274, containing the full-length VEGF
promoter; pGL3-V1012, containing the full-length promoter minus two AP-1
sites; pGL3-V789, minus the HIF-1 site; and pGL3-V267, minus a third AP-1
site. The plasmid containing a DN AP-1 described elsewhere (16) was provided
by C. Vinson (National Institutes of Health).

For the analysis of the expression of reporter plasmids, 50,000 cells were
plated in 24-well plates and then transfected the following day with plasmids by
using TransFast transfection reagent (Promega) according to the manufacturer’s
recommendations. After 2 to 6 h of incubation with the plasmid-lipid suspension,
the medium was changed and cells were grown for an additional 12 h. The cells
were incubated with 260 �M DFX, 5 �M A23187, 10 �M BAPTA-AM, or NiCl2
at concentrations indicated in the figure legends or at 1% oxygen (hypoxia).
After 10 h, cells were lysed and analyzed for luciferase activity as described
previously (28).

Northern blot analysis. Total RNA was extracted from cells immediately after
exposure by using TRIzol reagent (Gibco-BRL) and was separated by electro-
phoresis with 15 �g of total RNA/lane in 1.0% agarose-formaldehyde gels.
NDRG-1/Cap43, VEGF, or actin probes were labeled with [�-32P]dCTP by using
a randomly primed-DNA labeling kit (Promega). Cloning of the NDRG-1/Cap43
gene was described previously (35). The VEGF probe was a kind gift from K.
Claffey (University of Connecticut).

Immunoblot analysis. Proteins were harvested in TNESVF buffer (50 mM Tris
HCl [pH 7.5], 2 mM EDTA, 100 mM NaCl, 1 mM sodium orthovanadate, 10 mM
sodium fluoride, 1% NP-40) with protease inhibitors. Equal quantities of pro-
teins were resolved by sodium dodecyl sulfate–10% polyacrylamide gel electro-
phoresis (SDS–10% PAGE). Western blotting was performed with anti-NDRG-
1/Cap43 antibodies. Anti-NDRG-1/Cap43 antibody production has been
described elsewhere (23). Anti-c-Jun and anti-phospho-c-Jun antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). HIF-1� and p53
analysis was conducted as described previously (1).

RESULTS

HIF-independent induction of the expression of hypoxic
genes by intracellular calcium. It has been shown that the
elevation of intracellular Ca2� induces hypoxic genes, includ-
ing those for NDRG-1/Cap43 and VEGF (6, 26, 27). Here, we
investigated the effects of Ca2� on HIF-1-inducible transcrip-
tion. As shown in Fig. 1A, hypoxia and, to a lesser extent, 0.8
mM NiCl2 induced transcription of HIF-1-dependent pro-
moter construct in human A549 cells. In contrast, a 5 �M
concentration of Ca2� ionophore A23187 (a concentration
that induced NDRG-1/Cap43) did not induce the HIF-depen-
dent reporter. Next, we tested MEF and MEF lacking the
HIF-1� gene (MEF–HIF-1�/�). As expected, hypoxia and

FIG. 1. Calcium ionophore A23187 does not induce HIF-1-depen-
dent transcription in MEF or in A549 cells. (A) HIF-1-dependent
transcription was not affected by the calcium ionophore in A549 cells.
Cells were transfected with 1 �g of HRE-Luc or 1 �g of plasmid
CMV-Luc by using TransFast transfection reagent. On the day after
transfection, cells were treated in some instances with 0.16 or 0.8 mM
nickel chloride, hypoxia (1% O2), or 5 �M A23187 for 20 h. Cells were
lysed and luciferase activity was determined as described previously
(28). The data are the ratios of luciferase expression on HRE-Luc to
that on CMV-Luc (HRE/CMV Ratio). (B) HIF-1-dependent tran-
scription was not affected by calcium ionophore in MEF. The exposure
conditions were similar to those described for panel A. (C) The
HIF-1� protein level was not affected by calcium ionophore. Sixty
micrograms of nuclear extracts from A549 cells untreated or treated
with 5 �M A23187, 10 �M BAPTA-AM, or 260 �M DFX for 20 h was
resolved by SDS–8% PAGE and subjected to Western blot analysis for
detection of HIF-1� and p53 as described in Materials and Methods.
The detection of another nuclear protein, p53, in the same samples was
conducted to confirm protein loading in the cells.
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nickel induced the HRE-Luc reporter in parental cells (Fig.
1B) but not in the HIF-deficient cells (not shown). Ca2� iono-
phore did not induce the HIF-dependent reporter either in
parental or in HIF-1-deficient MEF. These data suggested that
HIF-1 transcription factor was not involved in the Ca2�-medi-
ated response. To confirm this conclusion, the HIF-1� protein
level was measured in the nuclear extract of A549 cells under
conditions that modulated the level of intracellular Ca2�. Nei-
ther Ca2� ionophore A23187 nor BAPTA-AM induced HIF-

1�, whereas treatment with the iron chelator DFX, a known
inducer of the HIF-1� protein, increased its levels (Fig. 1C).
Next, we compared levels of NDRG-1/Cap43 expression in
parental and HIF-deficient MEF. Nickel, a hypoxia-mimicking
metal, induced NDRG-1/Cap43 mRNA in parental cells but
not in HIF-1-deficient cells. In contrast, Ca2� ionophore stim-
ulated NDRG-1/Cap43 mRNA in both cell lines (Fig. 2A),
proving that the HIF-1 transcription factor is not required for
Ca2�-mediated transcription. Lower levels of NDRG-1/Cap43
in HIF-1-deficient cells than in parental cells may be explained
by lower basal levels of this gene in HIF-1-deficient cells. The
levels of inducibility of NDRG-1/Cap43 by Ca2� ionophore,
calculated as the ratio of the induced expression to the basal
expression, were similar in both cell lines (Fig. 2B). This result
was also confirmed at the protein level (Fig. 2C). Neither
nickel nor cobalt, both hypoxia-mimicking metals, induced
NDRG-1/Cap43 protein in HIF-deficient cells, indicating that
this induction is HIF-1 dependent. In contrast, Ca2� iono-
phore induced the NDRG-1/Cap43 protein in HIF-1-deficient
cells, indicating that factors other than the HIF-1 transcription
factor are involved in gene and protein expression (Fig. 2C).

The NF-AT transcription factor is not involved in calcium-
dependent activation of NDRG-1/Cap43 gene expression.
Since HIF-1-dependent transcription was not activated by
Ca2� ionophore (Fig. 1), we next considered the nuclear factor
of activated T cells (NF-AT), which can mediate Ca2�-acti-

FIG. 2. Calcium ionophore A23187 stimulated expression of
NDRG-1/Cap43 in a HIF-1-independent manner. (A) Northern blot
analysis of NDRG-1/Cap43 expression in HIF-proficient and HIF-
deficient fibroblasts. Cells were exposed to 0.5 or 1 mM nickel chloride
or 1 or 5 �M A23187 for 20 h. Total RNA was isolated and subjected
to Northern blot analysis. NDRG-1/Cap43 cDNA was used as a probe.
The bottom panel shows ethidium bromide staining of the same gel.
(B) Quantitation of NDRG-1/Cap43 expression with a PhosphorIm-
ager. The labeling is identical to that described for panel A. The
multiple of induction over the control level is shown on top of each bar.
(C) Western blot analysis of NDRG-1/Cap43 protein levels in HIF-
proficient and HIF-deficient fibroblasts. Cells were exposed to 1 mM
nickel chloride, 300 �M cobalt chloride, or 4 �M A23187 for 20 h.
Cells were lysed and extracts were resolved by SDS–10% PAGE.

FIG. 3. Cyclosporine did not suppress NDRG-1/Cap43 gene induc-
tion. (A) Northern blot analysis of NDRG-1/Cap43 expression in A549
cells. Cells were exposed to 0.5 or 1 mM nickel chloride or 5 �M
A23187 in the absence or presence of cyclosporine for 20 h. Total
RNA was isolated and subjected to Northern blot analysis. The bottom
panel shows ethidium bromide staining of the same gel. (B) Northern
blot analysis of NDRG-1/Cap43 expression in MEF. The exposure was
similar to that described for panel A.
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vated transcription (14), as a potential candidate for transcrip-
tional upregulation of hypoxia-inducible genes. Additionally,
using MacVector 6.5 software, we identified the consensus
sequence representing the NF-AT binding site in the VEGF
and NDRG-1/Cap43 promoters as well as at the 3� end of the
VEGF and NDRG-1/Cap43 genes. NF-AT-dependent tran-
scription is cyclosporine sensitive (14). In our experiments,
cyclosporine at concentrations of 1 to 5 �M did not abolish
NDRG-1/Cap43 expression that had been induced by Ca2�

ionophore or nickel (Fig. 3A). Similarly, cyclosporine did not
affect NDRG-1/Cap43 expression induced by nickel or Ca2�

ionophore in MEF (Fig. 3B). Although cyclosporine may have
other cellular targets in addition to NF-AT, none of them
appear to be involved in hypoxia- or Ca2�-mediated transcrip-
tion of NDRG-1/Cap43.

AP-1 transcription factor is induced by calcium ionophore.
It has been previously reported that the AP-1 transcription
factor potentiates the HIF-1-mediated, hypoxia-induced tran-
scriptional activation of VEGF (7). We tested whether Ca2�-
dependent activation of hypoxic genes is mediated by AP-1.
The AP-1 transcription factor is a heterodimer composed of
two proteins, c-Fos and c-Jun or other members of this tran-
scription factor family (34). Immunoblot analysis revealed a
strong induction of the c-Jun protein by Ca2� ionophore and,

albeit to a lesser degree, by nickel and hypoxia (Fig. 4A).
Furthermore, these stimuli caused c-Jun phosphorylation (data
not shown). The induction of c-Jun by all these stimuli was very
sensitive to K252a, a serine/threonine protein kinase inhibitor,
but not to the calmodulin-dependent kinase II inhibitor KN93.
Using the luciferase reporter with an AP-1 binding site, we
investigated the ability of Ca2� ionophore A23187 to stim-
ulate AP-1-dependent transcription. Indeed, Ca2� ionophore
A23187 stimulated AP-1-dependent transcription in a K252a-
sensitive manner (Fig. 4B). Next, we investigated the effects of
two protein kinase inhibitors, K252a and KN93, on VEGF and
NDRG-1/Cap43 gene expression. As shown in Fig. 5, the ex-
pression of both the VEGF and the NDRG-1/Cap43 genes
that had been caused by either Ca2� ionophore A23187, hyp-
oxia, or nickel was efficiently inhibited by K252a but not by
KN93. Finally, hypoxia caused a 2.1-fold � 0.18-fold increase
in AP-1-Luc expression, which was completely eliminated by
the calcium chelator BAPTA-AM. This indicated that hypoxia
induces functional AP-1 in a Ca2�-dependent manner. Al-
though results based on inhibitors alone are never conclusive,
taken together with the ability of Ca2� to activate AP-1-de-
pendent transcription and to induce c-Jun protein, the possible

FIG. 4. The AP-1 transcription factor was involved in calcium-de-
pendent expression of hypoxic genes. (A) c-Jun protein was induced by
calcium ionophore A23187 and was sensitive to the K252a inhibitor.
A549 cells were exposed to 1 mM nickel chloride, hypoxia, or 5 �M
A23187 in the presence or absence of the KN93 or K252a inhibitor.
Forty micrograms of protein extracts from untreated or treated cells
was resolved by SDS–10% PAGE and subjected to Western blot anal-
ysis for c-Jun protein as described in Materials and Methods. (B) AP-
1-dependent transcription was induced by the calcium ionophore and
was sensitive to the K252a inhibitor. A549 cells were transfected with
1 �g of the HRE-Luc or 1 �g of the AP-1-Luc reporter plasmid as
described in Materials and Methods. The efficiency of transfection has
been corrected by using plasmid CMV-Luc.

FIG. 5. NDRG-1/Cap43 and VEGF expression was sensitive to the
K252a inhibitor. Shown are the results of a Northern blot analysis of
NDRG-1/Cap43 (A) and VEGF (B) expression in A549 cells. Cells
were exposed to 1 mM nickel chloride, hypoxia, or 5 �M A23187 in the
presence or absence of the KN93 or K252a inhibitor. Total RNA was
isolated and subjected to Northern blot analysis by using the NDRG-
1/Cap43 (A) and VEGF (B) probes. The darker panels show ethidium
bromide staining of the same gels.
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involvement of AP-1 in Ca2�-induced transcription was indi-
cated. Therefore, we next carried out a more detailed investi-
gation of the involvement of AP-1 in Ca2�- and hypoxia-me-
diated transcription.

Regulation of the VEGF promoter. The VEGF promoter
contains three AP-1 sites and one HIF-1 site (30). Hypoxia
significantly induced expression of pGL3-V2274, the full-
length VEGF-Luc promoter construct (Fig. 6A). Ca2� iono-
phore caused a twofold increase in expression of this construct.
In order to further understand the role of AP-1 in the regula-
tion of the VEGF promoter, we used the DN AP-1 expression
vector. It has been shown previously that this vector expresses
mutant A-FOS and completely blocks AP-1-dependent tran-
scription (16). We found that DN AP-1 completely eliminated
VEGF-Luc induction caused by Ca2�. In contrast, it only par-
tially impaired hypoxia-mediated induction of VEGF-Luc (Fig.
6A). Next, we used HRE-Luc, the construct lacking AP-1 sites.
Consistent with the absence of AP-1 sites in this reporter
plasmid, hypoxia, but not Ca2�, induced its expression (Fig.
6B). Moreover, DN AP-1 did not affect HRE-Luc induction by
hypoxia (Fig. 6B).

Next, we investigated the effect of deletion of AP-1 or HIF-1
binding sites in the VEGF promoter on HIF-1- or Ca2�-de-
pendent transcription. As expected, full-length VEGF-Luc
containing three AP-1 binding sites (pGL3-V2274) was in-
duced by hypoxia, DFX, and Ca2� (Fig. 7). The construct
lacking two AP-1 sites (pGL3-V1012) did not respond to Ca2�,
indicating that these AP-1 sites are functional and required for
Ca2� responsiveness. This construct still responded to hypoxia,
albeit to a lesser degree than did full-length VEGF-Luc. These
differences in levels of responsiveness are in agreement with
the functional role of AP-1 during hypoxia. Further deletion of

the HIF-1 site made the promoter construct nonresponsive to
hypoxia, DFX, and Ca2�. The last AP-1 site was nonfunctional.

AP-1 cooperates with HIF-1 during hypoxia. DN AP-1 di-
minished hypoxia-induced expression of pGL3-V2274, the full-

FIG. 6. Role of AP-1 in the induction of VEGF-Luc by hypoxia or calcium. A549 cells were transfected with 1 �g of the VEGF-Luc (A) or
1 �g of the HRE-Luc (B) reporter plasmid as described in Materials and Methods. � DN, cells cotransfected with 1 �g of DN AP-1. In all other
cases, cells were cotransfected with an empty vector. After transfection, cells were either incubated at 1% O2 for 16 h (hypoxia) or treated with
a 5 �M concentration of calcium ionophore A23187. Cells were lysed and luciferase activity was determined as described previously (28). Results
were calculated as percentages of the control level and are means � standard deviations.

FIG. 7. Role of AP-1 in the induction of VEGF-Luc by hypoxia or
calcium. A549 cells were transfected with 1 �g of pGL3-V2274, con-
taining the full-length VEGF promoter (bars labeled 1); pGL3-V1012,
containing the full-length promoter minus two AP-1 sites (bars labeled
2); pGL3-V789, minus the HIF-1 site (bars labeled 3); and pGL3-
V267, minus a third AP-1 site (bars labeled 4). Cells were either
incubated under 1% O2 for 16 h (hypoxia; shaded bars), treated with
260 �M DFX (striped bars), treated with a 5 �M concentration of
calcium ionophore (solid bars), or left untreated (control; open bars).
Cells were lysed and luciferase activity was determined as described
previously (28). Results are expressed as percentages of the control
level (the activity of full-length VEGF-Luc left untreated) and are
means � standard deviations.
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length VEGF-Luc promoter construct (Fig. 8), but did not
affect the expression of pGL3-V1012, the promoter construct
lacking two AP-1 sites (Fig. 8). In the presence of DN AP-1, a
full-length promoter and the promoter lacking two AP-1 sites
were induced by hypoxia at the same levels.

Finally, we investigated the role of AP-1 in hypoxia-induced
expression of the endogenous gene for NDRG-1/Cap43 (Fig.
9). We took advantage of the high transfection efficiency in 293
cells, which reached almost 100%. Cells were transfected with
DN AP-1 and then exposed to hypoxia or left at normal levels
of oxygen. As shown in Fig. 9, hypoxia dramatically induced
NDRG-1/Cap43 mRNA in these cells. DN AP-1 partly dimin-
ished this induction, indicating that AP-1 is involved in the
hypoxia-mediated response of the endogenous gene.

DISCUSSION

Hypoxia induces a variety of genes that act in concert to
facilitate the supply of oxygen and nutrients and promote cell
survival and growth control (8, 10, 11, 15, 29). The HIF-1
transcription factor, which rapidly accumulates following hyp-
oxia, is a major regulator of gene expression in hypoxic re-
sponse (15, 29). Hypoxia-dependent genes are also induced by
numerous other stimuli, including 12-O-tetradecanoyl-phor-
bol-13-acetate (TPA), dibutyryl-cyclic AMP, and A23187, a
Ca2� ionophore (3, 4, 12, 17, 21, 22). Two hypoxia-inducible
genes, those for VEGF and NDRG-1/Cap43, display similar
means of complex regulation at both transcriptional and post-
transcriptional levels (4, 18, 19, 27, 32, 33). Their transcrip-
tional upregulation is HIF-1 dependent (9, 15, 18, 27) as well
as Ca2� dependent (6, 21, 26, 27).

Here, we evaluated the involvement of intracellular Ca2� in
HIF-dependent responses. We found that Ca2� ionophore (i)

did not cause HIF-1� protein accumulation and (ii) did not
stimulate transcription of HIF-1-responsive reporters. More-
over, the expression of the hypoxia-dependent gene for
NDRG-1/Cap43 was stimulated by ionophore in both HIF-
proficient and -deficient fibroblasts, thus proving the activation
of a HIF-1-independent pathway by Ca2�.

Since the activation of the NF-AT transcription factor is
Ca2� and calcineurin dependent, we first investigated the in-
volvement of NF-AT in the induction of hypoxic genes. Using
cyclosporine, an inhibitor of calcineurin, we ruled out the in-
volvement of NF-AT in the transcriptional regulation of the
NDRG-1/Cap43 gene by either Ca2� ionophore, nickel, or
hypoxia.

The VEGF promoter contains three AP-1 sites (30, 33).
Moreover, TPA, dibutyryl-cyclic AMP, and Ca2� ionophore
induce VEGF transcription, suggesting the presence of a func-
tional AP-1 binding site in the VEGF promoter (4, 6, 7). Both
VEGF and NDRG-1/Cap43 can be upregulated by TPA (4, 23,
26). Using computer analysis, we found an AP-1 response
element in the 5� end of the NDRG-1/Cap43 gene. These data
suggested that both the VEGF and NDRG-1/Cap43 mRNAs
could potentially be induced by Ca2� via the AP-1 transcrip-
tion factor and that the elevation of the level of intracellular
Ca2� during hypoxia could lead to the activation of the AP-1
transcription factor. It has been reported that hypoxia induces
AP-1, which in turn can activate transcription of VEGF (7).
However, the mechanism of AP-1 activation by hypoxia was
not understood. We found that the elevation of intracellular
Ca2� caused an increase in c-Jun protein levels. The appear-
ance of functional AP-1 was proved by the stimulation of
AP-1-dependent transcription (AP-1-Luc). Using the K252a
protein kinase inhibitor, we demonstrated that Ca2� induced
AP-1 transcriptional activity and that the expression of the two
hypoxic genes was coupled.

Not only hypoxia but also Ca2� induced the expression of
the full-length VEGF-luciferase promoter construct. Deletion
of the first two AP-1 sites completely eliminated transactiva-

FIG. 9. Role of AP-1 in hypoxia-mediated induction of NDRG-1/
Cap43. The results of a Northern blot analysis of NDRG-1/Cap43
expression in A549 cells are shown. � DN, cells cotransfected with 10
�g of DN AP-1. Otherwise, cells were cotransfected with an empty
vector. Cells were either incubated at 1% O2 for 16 h (hypoxia and
hypoxia � DN) or left at normal levels of oxygen (control and DN).
Total RNA was isolated and subjected to Northern blot analysis by
using the NDRG-1/Cap43 probe. The bottom panel shows ethidium
bromide staining of the same gel.

FIG. 8. Role of AP-1 sites in the induction of pGL3-V2274 by
hypoxia. A549 cells were transfected with 1 �g of VEGF-Luc (solid
bars) reporter plasmid or 1 �g of pGL3-V1012 reporter plasmid lack-
ing two AP-1 sites (open bars) as described in Materials and Methods.
� DN, cells cotransfected with 1 �g of DN AP-1. Otherwise, cells were
cotransfected with an empty vector. Cells were either incubated with
1% O2 for 16 h (hypoxia and hypoxia � DN) or left at normal levels
of oxygen (control and DN). Cells were lysed and luciferase activity
was determined as described previously (28). Results were calculated
as percentages of the control level (the activity of full-length VEGF-Luc
under normal oxygen conditions) and are means � standard deviations.
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tion of the VEGF-Luc construct by Ca2� but merely dimin-
ished the response to hypoxia. Similarly, DN AP-1 completely
eliminated the pGL3-V2274 induction caused by Ca2� but only
partially impaired the hypoxia-mediated induction of this con-
struct. Therefore, both the deletion of AP-1 binding sites and
the expression of DN AP-1 identically inhibited hypoxia-in-
duced transcription. Moreover, by preventing the AP-1-medi-
ated response, DN AP-1 suppressed the induction of endoge-
nous NDRG-1/Cap43 mRNA caused by hypoxia. We conclude
that both HIF-1-dependent and Ca2�-dependent (AP-1) path-
ways regulate expression of hypoxic genes (Fig. 10).

The cooperation between HIF-1-dependent and AP-1-de-
pendent transcription has important biological implications. In
addition to being regulated by hypoxia, hypoxia-inducible
genes are regulated by many other conditions, including those
involving mitogens and mitogen-activated signaling such as
activated Ras, protein kinase C, Akt, and the JNK pathway (3,
4, 7, 20, 22). These conditions are drastically different from
hypoxia and, in many instances, act in a HIF-1-independent
manner, initiating the activation of a distinct set of hypoxia-
inducible genes. Under hypoxic conditions, HIF-1 is the master
regulator of hypoxia-induced gene expression. However, our
experiments indicated that Ca2�-dependent induction of c-Jun
and activation of AP-1-mediated transcription were also in-
volved in the hypoxic response. It is possible that this pathway
allows the fine regulation of a subset of hypoxia-inducible
genes that have functional AP-1 sites.

Importantly, a further increase in expression of hypoxia-
inducible genes was also achieved by mRNA stabilization (19,
32). Like hypoxia, Ca2� and protein kinase C can increase the
stability of several hypoxia-inducible mRNAs. The JNK path-
way can cause stabilization of target mRNA through the 3�
untranslated region (5). It is conceivable that the JNK pathway
mediated both AP-1-dependent transactivation and stabiliza-
tion of mRNA caused by Ca2� during the hypoxic response.
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