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Cyclooxygenase-2 (COX-2), an inducible isozyme of
cyclooxygenase, is selectively expressed in response to
lipopolysaccharide (LPS) and its expression is sup-
pressed by the glucocorticoid dexamethasone (DEX)
in the monocytic differentiated U937 cells. However,
COX-2 mRNA was not detected nor induced by LPS
before the cells differentiated. To study the transcrip-
tional role of the NF-«B site (nucleotides —223 to —214)
in the COX-2 gene, the luciferase reporter vector
driven by the COX-2 promoter region (nucleotides
—327 to +59) mutated at both the cAMP response ele-
ment and the NF-IL6 site was stably transfected into
U937 cells. The substantial luciferase activity observed
in the undifferentiated cells was not induced by LPS.
However, after the cells had differentiated, luciferase
activity was induced by LPS and its induction was sup-
pressed by DEX. Moreover, a protein tyrosine Kinase
inhibitor herbimycin A suppressed both the expres-
sion of COX-2 mRNA and the luciferase activity in-
duced by LPS. These results suggest that the NF-«B
site is involved in both the LPS-induced expression of
the COX-2 gene and its suppression by DEX and herbi-
mycin A in a differentiation-dependent manner. © 1998

Academic Press

Prostaglandin endoperoxide synthase (EC 1.14.99.1)
known as cyclooxygenase (COX) plays a key regulatory
role in the biosynthesis of prostanoids such as prosta-
glandins and thromboxane, and is an effective pharma-
cological target for nonsteroidal anti-inflammatory
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Abbreviations used: COX, cyclooxygenase; DEX, dexamethasone;
CRE, cyclic AMP response element; NF-IL6, nuclear factor for in-
terleukin-6 expression; NF-«B, nuclear factor «B; LPS, lipopolysac-
charide; PMA, phorbol 12-myristate 13-acetate; PCR, polymerase
chain reaction; dbcAMP, dibutyryl cAMP; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.
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drugs such as aspirin and indomethacin (1, 2). Recent
studies showed that there are two distinct COX iso-
zymes encoded by separate genes: constitutive COX-1
and inducible COX-2. COX-2 is selectively expressed
in response to various inflammatory stimuli such as
lipopolysaccharides (LPS) and its induction is sup-
pressed by the glucocorticoid dexamethasone (DEX).
Therefore, COX-2 is thought to play a critical role in the
production of prostanoids especially in inflammatory
responses. U937 cells are committed to the macrophage
branch of the myeloid lineage and can be induced, by
a variety of agents including phorbol 12-myristate 13-
acetate (PMA), to mature from a promonocytic to a
monocytic stage of development (3). We found that
U937 cells begin to express COX-2 during monocytic
differentiation (4) and that the production of thrombox-
ane A, in response to LPS and its suppression by DEX
are predominantly regulated by the expression of COX-
2 (5). However, COX-2 mRNA is not observed nor in-
duced by LPS before the cells differentiated. Therefore,
U937 cells provide a good model for studying the tran-
scriptional regulation of the COX-2 gene in response
to differentiation and inflammatory stimuli.

In the human COX-2 gene, consensus sequences of
NF-«B site, NF-1L6 site and cyclic AMP response ele-
ment (CRE) are found at nucleotides —223 to —214,
—132 to —124 and —59 to —53, respectively (6, 7). We
have reported that the CRE plays an important role for
expression of the human COX-2 gene in the monocytic
differentiated U937 cells (4). Other cis-acting elements
are also important for the expression of the gene be-
cause the region including the NF-«B site and the NF-
IL6 site without the CRE shows weak but significant
promoter activity (4). However, we could not observe
the LPS-induced promoter activity of COX-2 gene prob-
ably due to cell damage caused by electroporation used
for transient transfection of the reporter vectors (un-
published results). On the other hand, the 5’-flanking
region (—327 to +59) of the human COX-2 gene shows
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promoter activity inducible by LPS and PMA in bovine
arterial endothelial cells (8). However, redundant coop-
eration among the CRE, NF-IL6 site and NF-«B site
of the COX-2 gene makes it difficult to analyze the
effect of each element. NF-«B, the prototype of a family
of dimeric transcription factors, regulates genes that
participate in immune and inflammatory responses (9).
To evaluate the role of the NF-«B site (—223/—214) of
the COX-2 gene in U937 cells, the luciferase reporter
vector driven by the human COX-2 promoter region
(—327/+59) mutated at both the CRE and NF-IL6 site
was stably transfected into U937 cells. Here, we de-
scribe the transcriptional role of the NF-«xB site for
COX-2 expression in U937 cells.

MATERIALS AND METHODS

Cell culture. U937 cells were supplied by the Japanese Cancer
Research Resources Bank and maintained in suspension in RPMI
1640 medium supplemented with 10% (v/v) fetal bovine serum (Flow
Laboratories, Irvine, Scotland), 50 uM 2-mercaptoethanol, penicillin
(100 U/ml) and streptomycin (100 pg/ml) at 37°C in a humidified
atmosphere of 5% CO, in air. For differentiation, U937 cells were
plated at 4 x 10° cells/ml in the medium containing 100 nM PMA
(Sigma) and allowed to adhere for 48 h, after which they were fed
with PMA-free medium and cultured for 24 h prior to use. LPS (from
Escherichia coli serotype 055: B5) was obtained from Sigma and used
at concentration of 10 pg/ml in the medium.

Plasmid construction. The construction of the reporter vector for
the human COX-2 gene phPES2(CRM, ILM) has been described pre-
viously (4). A triple mutant construct phPES2(Triple M) was pre-
pared by the same method as phPES2(CRM, ILM). Briefly, the PCR
product obtained using the primer set P1 and P8 (5’-GGTcccgggCAC-
TCTCCTGTCTGATCCCTC-3’, originating from the complementary
sequence —246/—217 with an Xmal recognition sequence in the NF-
kB site) was inserted into the Xmal site of phPES2(—218/+59, CRM,
ILM). The construct phPES2(—218/+59, CRM, ILM) was prepared
by the same method as phPES2(—223/+59) using primer P9 (5'-
GTGceecgggACCCCCTCTGCTCCCAAATTG-3', originating from the
sequence —220/—191 with an Xmal recognition sequence in the NF-
kB site) instead of P2 and phPES2(CRM, ILM) as the template (8).
The oligonucleotide primers were synthesized on an Applied Biosys-
tems 391 DNA synthesizer. Each construct was verified by DNA
sequence analysis.

RNA blot analysis. RNA blot analysis was performed as described
previously (6). Total RNA was isolated according to the acid guanidi-
nium thiocyanate procedure (10). Twenty four micrograms per lane
of total RNA was used for electrophoresis. The cDNA probes used
were the 1.5-kb entire insert of pHEPSI117 for COX-2, and the PCR
product corresponding to nucleotide positions 61-950 for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (6). The mRNA levels
were calculated on the basis of hybridization signals measured by a
Fujix Bio-image analyzer BAS 2000 (Fuji Photo Film Co., Tokyo).

DNA transfections. To isolate long-term stable transfectants, a
total of 5 x 10° U937 cells were cotransfected with 10 ug of the
luciferase expression vector phPES2(CRM, ILM) or phPES2(Triple
M) and 1.5 pg of pCB6 which contains a neomycin-resistant gene by
electroporation at 250 V and 960 pF in 250 ul of the complete me-
dium, using a Bio-Rad Gene Pulser. Cells were selected by adding
400 pg/ml G418 (Gibco BRL, Gaithersburg, MD) to the complete
culture medium after 2 days of the electroporation. After 2 weeks
of selection, G418-resistant cells were expanded and maintained in
culture medium containing 400 pg/ml G418. Stable cells were pooled
to randomize the effects of variation in integration sites. Integration
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of each luciferase expression vector was confirmed by direct DNA
sequencing of PCR products using the primers GL-1 and GL-2 (Pro-
mega) and DNA extracted from pooled transfectants as a template.
Luciferase activity of soluble cell extracts was measured for 10 s as
reported previously using a luminometer (Berthold). Activity was
normalized to the total protein measured using a BCA protein assay
kit (Pierce, Rockford, IL) (4).

Nuclear extracts and electrophoretic mobility shift assay. Nuclear
extracts were prepared as described previously (11). The following
oligonucleotides were made using a DNA synthesizer: 5'-GAGAGT-
GGGGACTACCCCCTCT-3’, containing the consensus NF-«B se-
quence of the human COX-2 gene as indicated by underlining
(PES2KB); 5'-GAGAGTGcccgggACCCCCTCT-3’, containing a six-
point mutation (indicated by lower case letters) within the consensus
CRE sequence by introducing a Xmal site (PES2KBmut). Comple-
mentary oligonucleotides synthesized separately were annealed in
20 mM Tris-HCI (pH 7.6), 50 mM NacCl, 10 mM MgCl, and 1 mM
dithiothreitol. The annealed oligonucleotides were phosphorylated
at the 5’-end with [y-**P]JATP (110 TBg/mmol, Amersham) and T4
polynucleotide kinase. Electrophoretic mobility shift assays using
synthesized oligonucleotides were carried out as described previously
(12). In the supershift experiments, the antibodies raised against
components of NF-«B such as p50 and Rel B (Santa Cruz, CA) and
p65 (Serotec, Oxford, United Kingdom) were added to the binding
reaction mixtures, and the mixtures were incubated for 30 min at
room temperature before the probe was added.

RESULTS

Involvement of NF-«B site in promoter activity in-
duced by LPS. To evaluate the role of the NF-«B site
(—223/-214) of the human COX-2 gene, U937 cells
were stably transfected with the luciferase reporter
vector phPES2(CRM, ILM) (Fig. 1A) which is driven
by the human COX-2 promoter region (—327/+59) mu-
tated at both the CRE (—59/-53) and the NF-IL6
(—132/-124) site. As shown in Fig. 1B, the luciferase
activity of differentiated cells transfected with
phPES2(CRM, ILM) (2.0 x 10%® RLU/ug protein) was
increased 5-fold by LPS. In contrast, the luciferase ac-
tivity of undifferentiated transfected cells, which was
6.5-fold of that of the differentiated cells, was not in-
duced by LPS. Treatment with dibutyryl cAMP
(dbcAMP), a cell-permeable and stable derivative of
cAMP, has been reported to potentiate the promoter
activity induced by LPS in U937 cells transfected with
areporter vector driven by the promoter of the interleu-
kin 15 gene (13). Therefore, we used dbcAMP as an
enhancing agent for LPS-stimulation signals. As shown
in Fig. 1B, dbcAMP potentiated the promoter activity
induced by LPS from 5-fold to 10-fold, but dbcAMP
alone did not induce promoter activity in the differenti-
ated cells. On the other hand, the luciferase activity of
cells transfected with phPES2 (Triple M), which is
driven by the human COX-2 promoter mutated at the
CRE, NF-I1L6 and NF-«B sites (Fig. 1A), was 0.6% that
of cells transfected with phPES2 (CRM, ILM) and close
to that of non-transfected cells even after stimulation
with LPS and dbcAMP. COX-2 mRNA in transfected
cells after differentiation was not induced by dbcAMP
alone but did increase by about 18-fold in the presence
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FIG. 1. Expression of COX-2 mRNA and the luciferase activity of stably transfected U937 cells with reporter vectors phPES2(CRM,
ILM). (A) Schematic representation of reporter vectors containing the 5'-flanking region of the human COX-2 gene used in this study. The
NF-«B site (open box), NF-IL6 site (shaded box) and CRE (closed box) are indicated with their sequences, together with mutations (lower
case letters represent the changed nucleotides). Distances are given as nucleotide positions relative to the transcriptional start site as +1.
Transfected U937 cells in both the PMA-differentiated and undifferentiated states were incubated for 7 h (B) or 5 h (C) with either no
stimulant, 10 ug/ml LPS, 100 M dbcAMP, or a combination of 10 ug/ml LPS and 100 M dbcAMP. (B) The cells were then harvested,
lysed and assayed for luciferase activity. Results are represented as fold increases in luciferase activity (RLU) per microgram protein
relative to each control (Undifferentiated control cells = 1.3 x 10* RLU/ug protein, Differentiated control cells = 2.0 x 10° RLU/ug protein).
Experiments were carried out in triplicate. The data are presented as means =+ standard deviations. (C) Twenty micrograms of each total
RNA was fractionated by electrophoresis through a formaldehyde-containing agarose gel. The fractionated RNAs were transferred to a
nylon membrane and hybridized with a *P-labeled COX-2 probe. The blot was stripped in boiling 0.1% SDS and rehybridized with a *?P-
labeled GAPDH probe. Relative amounts of COX-2 mRNA normalized with those with GAPDH mRNA were measured using a Fujix Bio-
image analyzer BAS 2000 and are represented as fold induction relative to the control.
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of LPS independently of the presence of dbcAMP,
whereas it was not detected in undifferentiated cells
even after these treatments (Fig. 1C). From these re-
sults, the NF-«B site (—223/—214) alone shows pro-
moter activity inducible by LPS in differentiated U937
cells, which may contribute to the induction of human
COX-2 mRNA.

Involvement of the NF-«B site in the suppression of
promoter activity by DEX and herbimycin A.  We have
previously shown that pretreatment of differentiated
U937 cells with DEX before stimulation with LPS re-
duces the COX-2 mRNA level (5), which agrees with a
report that DEX represses LPS-stimulated thrombox-
ane A, biosynthesis in differentiated U937 cells (14).
On the other hand, protein tyrosine kinase inhibitors
such as herbimycin A suppress COX-2 induction by
LPS and other stimulants, suggesting that tyrosine
phosphorylation is a part of the signal transduction
mechanism that mediates the induction of COX-2 (15-
19). Therefore, we examined the role of the NF-«B
(—223/—-215) site in the suppression of the LPS-induced
COX-2 mRNA by DEX and herbimycin A. In cells trans-
fected with phPES2(CRM, ILM), the induction of COX-
2 mRNA by LPS or a combination of LPS and dbcAMP
was suppressed by treatment with DEX and herbi-
mycin A (Fig. 2A). Moreover, the luciferase activity of
the transfected cells induced by LPS or a combination
of LPS and dbcAMP was suppressed in a dose-depen-
dent manner by DEX and herbimycin A (Fig. 2B).
These results suggest that the NF-«B site (—223/—214)
is involved in the transcriptional suppression of the
COX-2 gene by DEX and herbimycin A in the differenti-
ated U937 cells.

Electrophoretic mobility shift assay targeting the NF-
kB site. To examine the nuclear factors that bind to
the NF-«B site (—223/—214) of the COX-2 gene, we
performed an electrophoretic mobility shift assay using
the oligonucleotide PES2«kB (—230/—209) as a probe
(Fig. 3). A DNA-protein complex, which was inhibited
by the unlabeled oligomer PES2«B but not by the mu-
tated oligomer at the NF-«xB site (PES2«Bmut), was
detected using nuclear extracts from differentiated
U937 cells and was enhanced by stimulation with LPS.
The amount of this complex was barely changed by
treatment with DEX and herbimycin A. Supershift
assays using antisera against p50, p65 and Rel B indi-
cated that this protein complex contained the p50 and
p65 subunits of NF-«B. Moreover, no effect of DEX or
herbimycin A on this protein complex formation was
confirmed by the supershift assay using antisera
against p50, p65 and Rel B (data not shown).

DISCUSSION

Using U937 cells transfected with phPES2(CRM,
ILM) and phPES2(triple M) we have suggested that
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FIG. 2. Effects of DEX and herbimycin A on expression of COX-
2 mRNA and the luciferase activity of differentiated U937 cells trans-
fected with phPES2(CRM, ILM). PMA-differentiated U937 cells
transfected with phPES2(CRM, ILM) were incubated for 5 h (A) or
for 7 h (B) with 10 pg/ml LPS or a combination of 10 pg/ml LPS and
100 uM dbcAMP in the presence or absence of DEX, herbimycin A
at the indicated concentrations. (A) Twenty micrograms of each total
RNA was analyzed as described in Fig. 1C. Relative amounts of COX-
2 mRNA were measured using a Fujix Bio-image analyzer BAS 2000,
normalized with those with GAPDH mRNA and indicated taking the
value stimulated with LPS and dbcAMP as 100%. (B) The cells were
then harvested, lysed and assayed for luciferase activity. Results are
presented as % of luciferase activity per microgram protein deter-
mined with cells stimulated with LPS and dbcAMP as 100%. Experi-
ments were carried out in triplicate. The data are presented as means
+ standard deviations.

the NF-«B site (—223/—-214) is involved in the promoter
activity induced by LPS and the suppression of its in-
duction by DEX and herbimycin A. Remarkably, LPS-
induction of the luciferase activity was not observed in
undifferentiated cells (Fig. 1B). On the other hand, the
amount of the LPS-induced DNA-protein complex con-
taining the p50 and p65 was barely changed by DEX
or herbimycin A. Therefore, the suppression of COX-2
gene expression by DEX may be regulated not in the
step of the binding of a transcription factor NF-«xB to
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FIG. 3. Electrophoretic mobility shift assay targeting the NFxB
site. A *P-labeled probe PES2«B was incubated with the nuclear
extract (1 pg protein) of differentiated U937 cells treated with or
without 10 pg/ml LPS, 100 nM DEX or 20 M herbimycin A. Cold
chase experiments were performed with a 30-fold molar excess of a
competitor oligonucleotide as indicated. Anti-NF-«B p50, anti-NF-«xB
p65, or anti-Rel B antibody was incubated with the nuclear extracts.

the NF-«B site but rather through the step of the tran-
scriptional modulation after its binding.

There are two discrepancies between the expression
of COX-2 mRNA and the luciferase activity of cells
transfected with phPES2(CRM, ILM). First, the lucif-
erase activity was about 6.5-times higher than that of
the differentiated transfected cells (Fig. 1B), whereas
no COX-2 mRNA was observed in the undifferentiated
cells (Fig. 1C). Secondly, the induction of the luciferase
activity by treatment with LPS or a combination of LPS
and dbcAMP was 5-fold or 10-fold, respectively (Fig.
1B), whereas the induction of COX-2 mRNA in the dif-
ferentiated cells was almost same (about 18-fold) (Fig.
1C). These discrepancies may be explained by the
involvement of other cis-acting elements. Especially,
a differentiation-dependent involvement of the NF-«B
site in the expression of the COX-2 gene may require
activation of other cis-acting elements in U937 cells.
As these candidates, involvement of the CRE and NF-
IL6 site (4, 8, 20—22) as well as the NF-«B site (22—
25) was reported on the COX-2 expression. Previously,
we have reported that the CRE (—59/-53) is important
for expression of the human COX-2 gene in differenti-
ated U937 cells and that a nuclear protein binds to the
CRE during differentiation (4). And that, overex-
pression of a CRE binding protein decreased the pro-
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moter activity of the COX-2 gene in NIH3T3 cells (18)
and bovine endothelial cells (unpublished results).
However, cross-talk among CRE, NF-IL6 and NF-«B
sites in expression of COX-2 gene still remains to be
elucidated because we have not obtained stable
transfectants with the luciferase reporter vector driven
by the wild-type COX-2 promoter region at present.
In summary, the NF-«B site is involved in the LPS-
induced expression of the COX-2 gene and its suppres-
sion by DEX in U937 cells in a differentiation-depen-
dent manner. However, other cis-acting elements such
as the CRE and the NF-IL6 site are also involved in
the transcriptional regulation of the COX-2 gene. Thus,
further studies of the cross-talk among the NF-«B site
and other cis-acting elements are necessary to under-
stand the regulation of the COX-2 gene expression.
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