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ABSTRACT

Transcriptional activation of the cyclooxygenase (COX)-2 gene
is responsible for high level of prostaglandin production during
inflammation and carcinogenesis. We found previously that
c-Jun induction plays a crucial role in epidermal growth factor
(EGF)-induced gene expression of COX-2. In this study, the
functional role of c-Jun in EGF-induced transcriptional activa-
tion of COX-2 in A431 cells was investigated. We found that
overexpression of c-Jun N-terminal phosphorylation site mu-
tants had similar stimulatory effects on COX-2 promoter activity
and protein expression as c-Jun wild type. TAM-67, a mutant of
c-Jun that lacks the N-terminal transactivation domain of c-
Jun, also enhanced COX-2 promoter activity and protein ex-

pression in cells treated with EGF. In vitro DNA affinity precip-
itation and reporter assays revealed that regulation of c-Jun C
terminus by EGF enhanced c-Jun binding to COX-2 promoter
and induced COX-2 expression. Furthermore, we demon-
strated that c-Fos, which provides transactivation function in
Jun/Fos heterodimer, was required for EGF-induced expres-
sion of COX-2. These results indicated that c-Jun N-terminal
phosphorylation was not required for EGF-induced expression
of COX-2. c-Jun, which could recruit other transcription factors
such as c-Fos, was required for EGF-induced expression of
COX-2 in A431 cells.

Cyclooxygenase (COX), also known as prostaglandin G/H
synthase, is the rate-limiting enzyme in the biosynthesis of
prostaglandins from arachidonic acid. Two isoforms derived
from distinct genes located on separate chromosomes have
been characterized and are referred to as COX-1 and COX-2
(Herschman, 1996). A third COX isoform produced as an
alternate splice variant of COX-1 gene is recently identified
as COX-3 (Chandrasekharan et al., 2002). COX-1 is consti-
tutively expressed in most tissues and mediates physiological
responses such as the regulation of renal and vascular ho-
meostasis and cytoprotection of the stomach. In contrast,
COX-2 is an inducible enzyme and its pathophysiological role
has been linked to inflammation (Hinz and Brune, 2002). A
large body of recent genetic and biochemical evidence sup-
ports the idea that COX-2 plays an important role in tumor-
igenesis (Evans and Kargman, 2004). Other studies also sug-
gested that the expression of COX-2 is regulated largely at
the transcription level by cytokines (Kuitert et al., 1997),
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growth factors (Xie and Herschman, 1996), and tumor pro-
moters (Kujubu et al., 1991). The human COX-2 promoter
contains a TATA box and a number of putative transcription
factor binding sites, including cyclic AMP response element
(CRE), E-box, nuclear factor for interleukin-6, nuclear factor-
kB, Spl, and activating protein (AP)2 (Tohnai, 2002). Bind-
ing of transcription factors CREB, nuclear factor-«B, or
CCAAT/enhancer-binding protein 8 to the COX-2 promoter is
important to the expression of the COX-2 gene. We have
reported previously that the EGF-induced expression of
COX-2 in A431 cells was mediated through the Ras-mitogen-
activated protein kinase (MAPK) signaling pathway and sub-
sequent induction of c-Jun after MAPK activation (Chen et
al., 2004). Xie and Herschman (1996) also reported that c-Jun
could be activated by platelet-derived growth factor and
binds to the CRE element of murine COX-2 promoter region,
which regulates COX-2 gene transcription. Although the re-
quirement of c-Jun induction for growth factor-induced tran-
scription of COX-2 has been clearly demonstrated, little is
known about the transactivation mechanism that modulates
the effect of c-Jun in the regulation of the COX-2 promoter
activity.

c-Jun, a component of the AP1 family of leucine zipper

ABBREVIATIONS: COX, cyclooxygenase; CRE, cyclic AMP response element; CREB, cAMP response element-binding protein; EGF, epidermal
growth factor; MAPK, mitogen-activated protein kinase; AP, activating protein; ATF, activating transcription factor; JNK, c-dJun NH,-terminal
kinase; HA, hemagglutinin; siRNA, small interfering RNA; PCR, polymerase chain reaction; bp, base pair(s); ChlP, chromatin immunoprecipitation;
CBP, cAMP response element-binding protein-binding protein; SP600125, anthra(1,9-cd)pyrazol-6(2H)-one 1,9-pyrazoloanthrone.
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transcription factors, forms a variety of dimeric complexes
with other basic region-leucine zipper factors such as Jun-
Jun or Jun-Fos dimers, as well as Jun-ATF dimers (Vogt,
2001). Many reports suggested that phosphorylation of ¢-Jun
by c-Jun NH,-terminal kinase (JNK) at Ser-63 and Ser-73 is
required for c-Jun transactivation activity (Dunn et al.,
2002). In this study, we demonstrated, however, that N-
terminal phosphorylation sites on the transactivation do-
main of ¢-Jun were not required for EGF-induced expression
of COX-2. c-Jun, which could recruit other transcription fac-
tors such as c-Fos, was required for EGF-induced expression
of COX-2 gene in A431 cells.

Materials and Methods

Materials. Human EGF was purchased from PeproTech (Rocky
Hill, NJ). Monoclonal antibodies against c-Jun N terminus and ex-
tracellular signal-regulated kinase 2 were obtained from BD Bio-
sciences (Franklin Lakes, NJ). SuperSignal West Pico chemilumi-
nescent substrate was purchased from Pierce Chemical (Rockford,
IL). Polyclonal antibodies against c-Fos and streptavidin-agarose
beads were purchased from Upstate Biotechnology (Lake Placid,
NY). Polyclonal antibodies against COX-2, COX-1, and c¢-Jun C ter-
minus were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Rabbit polyclonal antibodies directed against the phosphory-
lated form of Thr-183/Tyr-185 JNK were purchased from New En-
gland Biolabs (Beverly, MA). The luciferase assay kit was from
Promega (Madison, WI). SP600125 was obtained from Tocris Cook-
son Inc. (Avonmouth, UK). Nucleobond plasmid purification system
was from Macherey-Nagel (Mannheim, Germany). pfu DNA poly-
merase was purchased from Stratagene (La Jolla, CA). The expres-
sion vectors pcDNA3.1jun and TAM-67 encoding the wild or trun-
cated human c-Jun proteins were the generous gifts of Dr. M. Birrer
(National Cancer Institute, Rockville, MD). The expression vectors
encoding the human HA-tagged human wild-type and mutant c-Jun
proteins (pMT108 and pMT161) were the gifts from Dr. Bon C.
Chung (Institute of Molecular Biology, Academia Sinica, Taipei,
Taiwan). Luciferase plasmid pXP-1 was a gift of Dr. T. Sakai (Kyoto
Prefecture University of Medicine, Kyoto, Japan). Lipofect AMINE
2000, Dulbecco’s modified Eagle’s medium, and Opti-MEM were
obtained from Invitrogen (Carlsbad, CA). Fetal bovine serum was
from HyClone Laboratories (Logan, UT). Biotinylated oligonucleo-
tides were synthesized by MDBio Inc. (Taipei, Taiwan). A small
interfering RNA (siRNA) pool, including four siRNAs targeting hu-
man c-Jun and a nonspecific control siRNA pool, were purchased
from Dharmacon (Lafayette, CO). pSUPERc-Jun siRNA targeting
human c-Jun (bases 105-123) was designed and constructed by KRIT
International Co. (Taipei, Taiwan). All other reagents used were of
the highest purity obtainable.

Cell Culture. Human epidermoid carcinoma A431 cells were
grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum, 100 ug/ml streptomycin, and 100 U/ml
penicillin. In this series of experiments, cells were treated with 25
ng/ml EGF in culture medium supplemented with 10% fetal bovine
serum.

Microsomes Preparation. The general procedure for micro-
somes preparation was carried out as described previously (Kulmacz
and Wu, 1989). The transfected A431 cells were scraped from the
plates into ice-cold 0.1 M Tris-HCl, pH 7.4. Cells were sonicated
briefly and centrifuged at 10,000g for 20 min. The supernatant liquid
was centrifuged at 100,000g for 1 h to pellet the microsomal fraction,
which was resuspended in Nonidet P-40 lysis buffer. Microsomal
proteins were subjected to Western blotting as described above.

Plasmids Construction. The COX-2 promoter plasmids pXC80
and pXC44 have been described previously (Chen et al., 2004), and
the mutants at the sites of CRE and E-box were constructed by
site-directed mutagenesis method as described previously (Higuchi

et al., 1988). The CRE site of —80/+49 fragment was mutated from
—59 TTCGTCA —53 to TTatTCA, and the E-box site was mutated
from —54 CACATG +49 to CACAct. Single or dual mutants were
constructed into luciferase expression vector pXP1. The expression
vector of c-Jun deletion mutant N1-220 was generated in pcDNA3.1
vector by PCR. The expression vectors of c-Jun mutant
(pcDNA3.1junS63/73A and pcDNA3.1junM3A) were generated in
pcDNA3.1 vector by PCR using the site-directed mutagenesis
method (Higuchi et al., 1988). All constructs were verified by se-
quencing.

Transfection and Reporter Gene Assay. Cells were trans-
fected with plasmids or siRNA for c-Jun by Lipofection using Lipo-
fectAMINE 2000 according to the manufacturer’s instruction with a
slight modification as described previously (Chen et al., 2004). Each
transfection was normalized with appropriate empty vector plasmids
or control siRNA. After incubating the transfected cells at 37°C for
44 h, the cell lysate was collected and subjected to luciferase activity
or Western blot analysis. Luciferase activity was quantitated by
using a luciferase assay kit and normalized to the protein concen-
tration. Unless specially described, values expressed as relative lu-
ciferase activity are the average of three determinations. To estab-
lish the stable N1-220 and TAM-67-expressing clones, cells were
transfected with equal amounts of N1-220, TAM-67, or pcDNA3.1
(neomycin-resistant gene expression plasmid) using Lipofect AMINE
2000, followed by selection with 0.3 mg/ml G418 (Geneticin) for 1
month. The resistant clones were pooled, and the early passages of
these cells were used for experiments.

Western Blotting. An analytical 10% SDS-polyacrylamide gel
electrophoresis was performed. For immunoblotting, proteins in the
SDS gels were transferred to a polyvinylidene difluoride membrane
by an Electroblot apparatus. Antibodies against human COX-2,
COX-1, phospho-c-Jun (Ser-63), phospho-c-Jun (Ser-73), c-Jun, phos-
pho-JNK, JNK-1, c-Fos, or B-actin were used as the primary anti-
bodies. Immunoblot analysis was carried out with secondary anti-
body coupled to horseradish peroxidase. SuperSignal West Pico
chemiluminescent substrate was used for detection. The density of
the immunoblots was determined by an image analysis system in-
stalled with a software BIO-ID.

Preparation of Nuclear Extracts. A431 cell nuclear extracts
were isolated by a micropreparation technique as described previ-
ously (Andrews and Faller, 1991). In brief, cell pellets were resus-
pended in buffer A containing 10 mM HEPES-KOH, pH 7.9, 1.5 mM
MgCl,, 10 mM KCI, 0.5 mM dithiothreitol, 0.2 mM phenylmethyl-
sulfonyl fluoride, 1 pwg/ml leupeptin, and 1 ug/ml pepstatin on ice for
10 min. Cell nuclei were pelleted and resuspended in buffer C con-
taining 20 mM HEPES-KOH, pH 7.9, 25% glycerol, 420 mM NaCl,
1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM phe-
nylmethylsulfonyl fluoride, 1 pg/ml leupeptin, and 1 pg/ml pepstatin
on ice for 20 min. Cellular debris was removed by centrifugation at
12,000g for 2 min, and the supernatant fraction was stored in aliquot
at —70°C.

DNA Affinity Precipitation Assay. The DNA affinity precipi-
tation assay was carried out as described previously (Zhu et al.,
2002). In brief, oligonucleotides biotinylated at 5’ termini and corre-
sponding to the sense —67 to —42 bp and antisense strands or
CRE/E-box element mutated oligonucleotides of the COX-2 promoter
were annealed. The DNA affinity precipitation assay was performed
by incubating 2 ug of biotinylated DNA probe with 200 ug of nuclear
extract and 20 ul of streptavidin-agarose beads in phosphate-buff-
ered saline at room temperature for 1 h with rotation. Beads were
collected and washed with cold phosphate-buffered saline three
times. Proteins bound to the beads were eluted and separated by 10%
SDS-polyacrylamide gel electrophoresis. Western blot analysis was
carried out as described above.

Chromatin Immunoprecipitation Assay. Chromatin immunopre-
cipitation assay (ChIP) was carried out as described previously (Saccani et
al., 2001) with minor modification. In brief, A431 cells were treated with
1% formaldehyde for 15 min. The cross-linked chromatin was then pre-



pared and sonicated to an average size of 300 to 400 bp before being
immunoprecipitated with antibodies specific to c-Jun, c-Fos, or control
rabbit IgG at 4°C overnight. After reversal of cross-linking, the immuno-
precipitated chromatin was PCR amplified with the following primers
specific for the COX-2 promoter: F186-1, CTGGGTTTCCGATTTTCTCA
and R49, GAGTTCCTGGACGTGCTCCT. The resulting PCR products
were separated by agarose gel electrophoresis.

Results

Essential Role of c-Jun in EGF-Induced Expression
of COX-2. We reported earlier that the 5'-flanking region of
COX-2 gene ranging from —80 to —44 bp was required for
EGF response (Chen et al.,, 2004). Sequence analysis of
COX-2 gene promoter region ranging from —80 to —44 bp
indicated the presence of a CRE (=57 to —53 bp) and an
E-box elements (=54 to —49 bp). To further identify the
EGF-response element in the promoter region from —80 to
—44 bp, plasmids with mutated CRE and E-box elements
were constructed by site-directed mutagenesis. Cells were
transiently transfected with wild-type (pXC80) or mutant
COX-2 promoter constructs, and the effect of EGF on the
reporter activity of these constructs is summarized in Fig.
1A. An 85% decrease was observed in pXC80CREmu with a
mutation at CRE element. Plasmid with an E-box mutation
(pXC80E-boxmu) attenuated the EGF response by 34%. Plas-
mid with a double mutation with CRE and E-box elements
attenuated the EGF response by 81%, which was similar to
the effect induced by pXC44. These results indicated that the
CRE element in human COX-2 promoter region ranging from
—57 to —53 bp played a critical role in EGF-induced tran-
scription of COX-2 gene, whereas the E-box site (—54 to —49
bp) played only a minor role.

N=5 oen
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Our previous studies also showed that c-Jun induction is
important in EGF-induced expression of COX-2 (Chen et al.,
2004). To further examine the role of c-Jun in COX-2 expres-
sion by EGF, the response element on COX-2 promoter re-
gion required by c-Jun overexpression was studied. Cells
were cotransfected with c-Jun expression vectors and lucif-
erase-bearing vector pXC80 or plasmids with the CRE/E-box
mutation. The effect of overexpression of c-Jun on these
plasmids is summarized in Fig. 1B. A substantial decrease in
the stimulatory response of c-Jun transfection was observed
in vectors bearing the promoter sequence with a deletion
from —80 (pXC80) to —44 bp (pXC44), indicating that the
DNA sequence ranging from —80 to —44 bp was important
for the c-Jun response of COX-2 promoter activation. Muta-
tion at the CRE or E-box element (pXC80CREmu or pXC80E-
boxmu) exhibited a 71% decrease in c-Jun response of COX-2
promoter activation. Double mutation at CRE and E-box
(pXC80CRE/E-boxmu) dramatically reduced the promoter
activity induced by c-Jun overexpression, which was similar
to the effect of pXC44. These results suggested that the
CRE/E-box element in the promoter region of human COX-2
played an important role in EGF and c-Jun response of
COX-2 promoter activation.

To examine whether binding of ¢-Jun to COX-2 promoter
was required for EGF-induced expression of COX-2, in vitro
DNA affinity precipitation assay was used to quantify the
DNA binding of c-Jun. The oligonucleotides corresponding to
the sense —67 to —42 bp and antisense strands covering the
CRE/E-box element were used as probes for DNA affinity
precipitation assay. As shown in Fig. 2A, there was a signif-
icant amount of c-Jun bound to COX-2 promoter region rang-
ing from —67 to —42 bp within the first 30 min of EGF

n=7

Fig. 1. Effect of EGF and c-Jun over-
expression on COX-2 promoter activa-
tion. A, promoter activity of site-di-
rected mutants made in the COX-2
promoter region was analyzed by
transient transfection into A431 cells
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treatment. The maximum binding of c-Jun to COX-2 pro-
moter element was observed at 2 h after EGF treatment (Fig.
2A, top), which paralleled c-Jun protein level in nucleus (Fig.
2A, bottom). The in vivo binding of ¢-Jun to COX-2 promoter
region was then evaluated by chromatin immunoprecipita-
tion assay. Sonicated chromatin was precipitated with anti-
bodies against c-Jun. Nonimmune rabbit IgG was used as
control. The region of COX-2 promoter pulled down by im-
munoprecipitation was identified by PCR by using two COX-
2-specific primers. The same sonicated lysates on chromatin
immunoprecipitation also was checked by PCR. Binding of
c-Jun to the CRE/E-box containing COX-2 promoter was
enhanced in cells treated with EGF for 1 h, whereas nonim-
mune rabbit IgG failed to precipitate this COX-2 promoter
region (Fig. 2B). These results suggested that the binding of
c-Jun to COX-2 promoter region was required for EGF-in-
duced expression of COX-2 in vivo. To further directly assess
the essential role of c-Jun in EGF-induced expression of
COX-2, we used an siRNA approach. As shown in Fig. 3A,
c-Jun siRNA transient transfection led to a significant de-
crease in the expression of c-Jun (Fig. 3A, middle). Knock-
down of c-Jun reduced the COX-2 protein expression induced
by EGF (Fig. 3A, top). Reporter assay also confirmed that
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Fig. 2. Binding of c-Jun to COX-2 promoter region. A, cells were starved
for 24 h in serum-free culture medium before treatment with 25 ng/ml
EGF for different time as indicated. The nuclear extracts were prepared
and subjected to DNA affinity precipitation assay (DAPA) as described
under Materials and Methods. Proteins bound to the beads were eluted
and resolved by Western blotting using anti-c-Jun antibodies (top). The
protein level of c-Jun in nucleus was also analyzed by Western blotting
(bottom). The relative density of blots was quantified as indicated. B, cells
were treated with 25 ng/ml EGF for 1 h and subjected to ChIP assay as
described under Materials and Methods.

44 h after c-Jun siRNA transfection, the promoter activity
induced by EGF was significantly attenuated in siRNA-
transfected cells compared with that with empty vector (Fig.
3B). Together, these results strongly supported the essential
role of c-Jun in EGF-induced expression of COX-2.

No Requirement of c-Jun N-Terminal Phosphoryla-
tion for EGF-Induced Expression of COX-2. Phosphory-
lation of Ser-63 and Ser-73 on transactivation domain of
c-Jun by JNK (Derijard et al., 1994) is necessary for trans-
activation of c-Jun on gene transcription (Binetruy et al.,
1991; Smeal et al., 1991). To investigate whether phosphor-
ylation of Ser-63 and Ser-73 of c-Jun was required for EGF-
induced expression of COX-2, a selective pharmacological
inhibitor of JNK, SP600125 (Bennett et al., 2001), was used
to examine the effect of COX-2 expression induced by EGF.
No effect of 5 uM SP600125 on JNK phosphorylation was
observed, whereas 10 and 30 uM SP600125 completely in-
hibited it (Fig. 4B). These results indicated that SP600125 at
concentrations of 10 and 30 uM might nonspecifically inhibit
the activities of MKK4 and MKK?7 as reported previously
(Bennett et al., 2001), and 5 uM SP600125 was a concentra-
tion for studying the specific function of JNK. As shown in
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Fig. 3. Effect of c-Jun siRNA on EGF-induced gene expression of COX-2.
A, after transfection with control or c-Jun siRNA at a final concentration
of 100 nM, cells were treated with 10 ng/ml EGF for 90 min. The expres-
sion of COX-2 (top), c-Jun (middle), and B-actin (bottom) in total cell
lysates were analyzed by Western blotting. B, A431 cells were cotrans-
fected with the —80/+49 human COX-2 promoter construct (pXC80) and
various concentrations of expression vector of c-Jun siRNA. After trans-
fection for 42 h, cells were treated with 25 ng/ml EGF for 3 h. Statistical
significance (###, P < 0.001) between c-Jun siRNA and empty vector-
transfected cells was analyzed by Student’s ¢ test.



Fig. 4C, treatment of cells with 5 uM SP600125 significantly
inhibited the N-terminal phosphorylation of c-Jun, but no
inhibitory effect on COX-2 protein expression was observed
(Fig. 4A). These results suggested that EGF-induced phos-
phorylation of Ser-63 and Ser-73 of c-Jun was not required
for the gene expression of COX-2.

To further confirm that Ser-63 and Ser-73 phosphorylation
of c-Jun was not required in EGF-induced expression of
COX-2, an expression vector, pcDNA3.1junS63/73A, a full-

A EGF

- + - + + +

SP600125 (uM) - - 30 5 10 30
T ]

COX-2 | v ammm T RS SR

Relative density 1.0 3.7 0.4 35 37 40

COX-1—> | (D amns cad ey amn s |
Relative density 1.0 0.8 0.8 0.9 0.9 0.9

B EGE - + - + + 4
SP600125 (M) 30

JNK-P —p
Relative density 1.0 35 07 33 1.2 12

1
'
w
o
jo
—
o

JNK-1 _'I ! - e» o
Relative density 1.0 0. 1.0 09 1.0
C EGF = + = + + +

SP600125 (uM) - - 30 5 10 30
c~JunSf-P —p
Relative density 1.0 7.7 1.0 3.1 1.2 1.0

cJUNS-P—>l s D - ew -
Relative density 1.0 27 01 08 03 0.1

N1-220—>|.. - - -

Relative density 1.0 0.9 0.9 0.8

c-Jun + + - -
c~JunS63/73A - - + +
EGF - + - +
Relative density 1.0 3.1 0.9 0.6
CUn STp—p [y S |
Relative density 1.0 1.2 0.1 0.1

cun—> | aap b ensp e |
Relative density 1.0 0.9 1.0 0.9

practin —» [M._ S ——]

Relative density 1.0 1.0 1.0 1.0

2061

Functional Role of c-Jun in COX-2 Expression

length of ¢-Jun in which Ser-63 and Ser-73 were replaced by
alanines, was constructed (Fig. 4D). Cells were transiently
transfected with wild-type (pcDNA3.1jun) or mutant c-Jun
(pcDNA3.1junS63/73A) and then treated with EGF for 15
min. Cell lysates were analyzed by Western blot to confirm
whether the phosphorylation of Ser-63 and Ser-73 of c-Jun
was abolished in cells transfected with pcDNAS3.1junS63/
73A. As shown in Fig. 4E, Ser-63 and Ser-73 on wild-type
c-Jun could be phosphorylated in cells transfected with wild-

Fig. 4. Effect of EGF on phosphoryla-
tion of c-Jun N terminus. A, confluent
A431 cell were treated with various
concentrations of SP600125 for 30
min followed by 25 ng/ml EGF treat-
ment for 3 h. The whole-cell lysates
were analyzed by Western blotting
using anti-COX-2 (top) and COX-1
(bottom) antibodies. B, cells were
treated with various concentrations of
SP600125 for 30 min followed by 25
ng/ml EGF treatment for 5 min. The
whole-cell lysates were analyzed by
Western blotting using anti-phospho-
JNK (top) or JNK-1 (bottom) antibod-
ies. C, c-Jun N1-220 stable clone of
A431 cells were treated with various
concentrations of SP600125 for 30
min followed by 25 ng/ml EGF treat-
ment for 15 min. The whole-cell ly-
sates were analyzed by Western
blotting using anti-phospho-c-Jun
(Ser-63) (top), phospho-c-Jun (Ser-73)
(middle), and c-Jun (bottom) antibod-
ies. D, schematic representation of the

c-Jun mutated c-Jun form (c-JunS63/73A).
BR, basic region; LZ, leucine zipper
domain. E, after transfection of
c-JunS63/73A wild-type (c-Jun) or mutant c-Jun

(c-JunS63/73A), cells were treated
with 25 ng/ml EGF for 15 min. The
whole-cell lysates were analyzed by
Western blotting. The relative density
of blots was quantified as indicated.
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type c-Jun. The phosphorylation level of wild-type c-Jun was
increased by EGF treatment, whereas the phosphorylation of
Ser-63 and Ser-73 of c-Jun was absent in cells transfected
with pcDNA3.1junS63/73A (Fig. 4E). To examine the effect of
mutant plasmid (pcDNA3.1junS63/73A) of c-Jun on COX-2
promoter activity, cells were cotransfected with either ex-
pression vectors of wild-type or mutant c-Jun (pcDNA3.1jun
or pcDNA3.1junS63/73A) together with the —80 to +49 bp
COX-2 promoter reporter construct (pXC80). Overexpression
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of mutant c-Jun (pcDNA3.1junS63/73A) was able to activate
the COX-2 promoter activity in a dose-dependent manner,
which was similar to the effect of wild-type c-Jun on the
promoter activity of COX-2 under the cell culture condition
that the expression level of the c-Jun and c-JunS63/73A was
almost the same (Fig. 5A, left). Under similar experimental
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It has been reported that, in addition to Ser-63 and Ser-73
on c-Jun transactivation domain, Thr-91 and Thr-93 could be
phosphorylated upon growth factor stimulation (Morton et
al., 2003). To further examine whether these two phosphor-
ylation sites on transactivation domain of c-Jun were re-
quired for EGF-induced expression of COX-2, we used an
expression vector pMT161 in which the putative phosphory-
lation sites Ser-58, Thr-62, Ser-63, Ser-73, Thr-89, Thr-91,
and Thr-93 on c-Jun transactivation domain were replaced
by alanines (Fig. 5B). Cotransfection of mutant c-Jun
(pMT161) with COX-2 promoter construct also resulted in a
6-fold stimulation of the COX-2 promoter activity that was
comparable with the induction by wild-type c-Jun (pMT108)
and the protein expression level of c-Jun was the same (Fig.
5C). Moreover, a higher stimulation (13.1-fold) of COX-2
promoter activation also was observed in cells cotransfected
with pMT161 and treated with EGF (Fig. 5C).

To examine whether the enhancement of the COX-2 pro-
moter activities stimulated by c-Jun mutants was correlated
with the protein expression of COX-2 in A431 cells, cells were
transfected with c-Jun N-terminal mutants and the microso-
mal fraction of transfected cells was analyzed by Western
blot using antibodies against COX-2. Overexpression of
c-JunS63/73A resulted in a 2.7-fold increase in COX-2 pro-
tein expression, which was similar to that by wild-type c-Jun
(Fig. 5D). These results suggested that EGF-induced gene
expression of COX-2 was independent on N-terminal phos-
phorylation of c-Jun.

Essential Role of C-Terminal Domain of c-Jun for
EGF-Induced Expression of COX-2. Because N-terminal
phosphorylation of ¢c-Jun was not involved in EGF-induced
expression of COX-2, we next examined whether C terminus
of c-Jun was required for EGF-induced expression of COX-2.
Deletion mutants of c-Jun (Fig. 6A) were used to identify the
region of c-Jun responsible for the activation of the COX-2
promoter. Cells were cotransfected with TAM-67, which
lacked the N-terminal amino acids 3 to 122 but contained
both the basic region and leucine zipper domain, or with
N1-220, which lacked the C-terminal amino acids 221 to 331
but contained the transactivation domain, together with the
COX-2 promoter construct (pXC80), and the activity of the
COX-2 promoter in the absence or presence of c-Jun mutants
upon EGF stimulation was determined. A control experiment
demonstrated that TAM-67 was able to act as a dominant
negative mutant to inhibit c-Jun activity on pAP1-luc, an
AP1-responsive reporter plasmid (data not shown). Overex-
pression of TAM-67 resulted in a dose-dependent manner
with the amount of transfected TAM-67 plasmid. Treatment
of the TAM-67-overexpressed cells with EGF enhanced the
promoter activity, which was also dependent on the dosage of
TAM-67 added (Fig. 6B). However, no such activation was
observed in cells transfected with expression vector N1-220
(Fig. 6B). These results suggested that C-terminal domain
including basic region and leucine zipper domain of c-Jun
was essential for EGF-induced expression of COX-2.

To further examine whether the protein expression of
COX-2 stimulated by EGF was mediated through the regu-
lation of c-Jun C terminus, cells were stably transfected with
TAM-67, and the COX-2 protein expression levels in cells
treated with EGF were determined. Although the protein
expression of TAM-67 in cells was slightly enhanced by EGF
treatment, a 15-fold induction of the protein expression of
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COX-2 was observed upon EGF treatment (Fig. 6C). These
results suggested that C-terminal domain of c-Jun played a
pivotal role in EGF-induced expression of COX-2 in A431
cells. Regulation of c-Jun C terminus by EGF might be in-
volved in COX-2 gene expression.

Enhancement of c-Jun and Its C-Terminal Binding
to COX-2 Promoter Region by EGF Treatment. c-Jun
has been reported to be constitutively phosphorylated at
Thr-231, Ser-243, and Ser-249, which are located proximal to
DNA binding domain in resting human epithelial cells (Lin et
al., 1992). Activation of protein kinase C results in the de-
phosphorylation of c-Jun at one or more of these sites, which
coincides with increased AP1 binding activity (Boyle et al.,
1991). To examine whether the binding of c¢-Jun to COX-2
promoter could be enhanced by EGF treatment, cells were
transfected with the expression vector of HA-tagged c-Jun
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Fig. 6. Effect of overexpression of c-Jun deletion mutants on COX-2 gene
expression. A, schematic representation of the mutated c-Jun forms. B,
A431 cells were cotransfected with the —80/+49 human COX-2 promoter
construct (pXC80) and various concentrations of expression vectors of N
terminus or C terminus of c-Jun. Statistical significance (+#*, P < 0.01 and
##5, P < 0.001) between TAM-67-transfected and untransfected cells was
analyzed by Student’s ¢ test (top). Twenty micrograms of total cell lysates
was analyzed by Western blotting by using anti-c-Jun antibodies (bot-
tom). C, A431 cell lines expressing the neomycin resistant gene alone
(pcDNAS3.1) or together with TAM-67 were treated with 25 ng/ml EGF for
3 h. The total cell lysates were analyzed by Western blotting using
anti-COX-2 (top), c-Jun (middle), and B-actin (bottom) antibodies. The
relative density of blots was quantified as indicated.
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and treated with EGF. Nuclear extracts of transfected cells
were collected and subjected to DNA affinity precipitation
assay. As shown in Fig. 7A, a significant binding (2.3-fold) of
c-Jun to COX-2 promoter was observed in pMT108-trans-
fected cells treated with EGF for 1 h, whereas a 5.5-fold c-Jun
binding was observed in cells treated with EGF for 2 h. To
further confirm whether the regulation of c-Jun binding to
COX-2 promoter by EGF was limited to the C-terminal re-
gion of c-Jun, EGF-treated cells were then determined for its
expression of TAM-67. Under this experimental condition,
cells treated with EGF for 10 min, the protein level of c-Jun
in nucleus was not yet changed by EGF treatment (Fig. 7B,
bottom) whereas the protein level of TAM-67 in nucleus was
equally in control and EGF-treated cells (middle). However, a
6.5-fold increase of TAM-67 binding to COX-2 promoter was
observed in cells treated with EGF for 10 min compared with
that in control cells (top). These results suggested that DNA
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Fig. 7. Enhancement of binding of c-Jun and its C terminus to COX-2
promoter by EGF treatment. A, after transfection with empty vector or
HA-tagged c-Jun expression vector (pMT108), cells were treated with 25
ng/ml EGF for different times as indicated. The nuclear extracts were
prepared and subjected to DNA affinity precipitation assay as described
under Materials and Methods. Proteins bound to the beads were eluted
and resolved by Western blotting using anti-HA antibodies (top). The
protein level of c-Jun in nucleus was also analyzed by Western blotting
(bottom). B, A431 cells expressing TAM-67 were treated with 25 ng/ml
EGF for different times as indicated. The nuclear extracts were prepared
and subjected to DNA affinity precipitation assay as described under
Materials and Methods. Proteins bound to the beads were eluted and
resolved by Western blotting using anti-c-Jun antibodies (top). The pro-
tein levels of TAM-67 (middle), and c-Jun (bottom) in nucleus were also
analyzed by Western blotting. The relative density of blots was quantified
as indicated.

binding activity of c-Jun stimulated by EGF was mediated
through the C-terminal regulation of c-Jun.

To test whether the dephosphorylation form of c-Jun might
increase its DNA binding activity, an expression vector,
c-JunM3A, a full-length of c-Jun in which Ser-231, Thr-243,
and Thr-249 were replaced by alanines, was constructed (Fig.
8A). Cells were transfected with the expression vectors of
either c-Jun or c-JunM3A, and the nuclear extracts of trans-
fected cells were collected, respectively, which were subjected
to DNA affinity precipitation assay. A higher binding activity
(1.6-fold) of c-JunM3A to COX-2 promoter than that of wild-
type c-Jun was observed in this in vitro DNA binding assay
(Fig. 8B). To investigate whether the increased DNA binding
activity of c-JunM3A correlated to its transactivation activ-
ity, cells were cotransfected with the COX-2 promoter con-
struct. As shown in Fig. 8, C and D, overexpression of cells
with c-JunM3A had higher induction effect on gene promoter
activation and COX-2 protein expression than that with wild-
type c-Jun. Moreover, EGF also enhanced the effect of
c-JunM3A or wild type c-Jun on COX-2 protein expression
(Fig. 8D). These results indicated that the effect of EGF on
COX-2 expression in transfected cells might be caused by the
enhancement of the expression of endogenous c-Jun. To-
gether, these results clearly indicated that the DNA binding
activity of c-Jun was essential for the transcriptional activa-
tion of COX-2 gene upon EGF treatment.

Cooperation of c-Jun with c-Fos to Activate COX-2
Gene. Because our results indicated that N-terminal phos-
phorylation of c-Jun by JNK was not required for the tran-
scriptional activation of COX-2, we then studied how the
transactivation function of c-Jun was driven. It has been
reported that c-Jun forms homodimers or heterodimerizes
with other Jun family members or with other basic region-
leucine zipper proteins, including members of the c-Fos and
ATF/CREB families. Different complexes may then modulate
the expression of target genes (Chinenov and Kerppola, 2001;
van Dam and Castellazzi, 2001). It was recently reported
that platelet-derived growth factor regulates AP1 by stimu-
lating the expression of c-Fos and phosphorylation of c-Fos by
ERK, and its transcriptional activity is thus enhanced
(Monje et al., 2003). We therefore proposed that c-Fos of AP1
heterodimer might provide its transactivation function for
the gene transcription of COX-2. To investigate whether c-
Fos was involved in EGF-induced expression of COX-2, the
gene expression of c-Fos and its binding to COX-2 promoter
region were assessed. As shown in Fig. 9A (top), exposure of
A431 cells to EGF potently increased the protein level of
c-Fos in nucleus. c-Fos was detectable as early as 15 min
after stimulation, and the maximum response was observed
in cells treated with EGF for 1 h. In the analysis of the
binding of c-Fos to COX-2 promoter by in vitro binding assay,
we found that binding of ¢-Fos to COX-2 promoter region was
consistent with the protein level of c-Fos in nucleus enhanced
by EGF treatment (Fig. 9A, bottom). No c-Fos binding to the
CRE/E-box element mutated oligonucleotides compared with
the wild-type oligonucleotides (Fig. 9B) was observed. The in
vivo binding of c-Fos to COX-2 promoter region was further
evaluated by chromatin immunoprecipitation assay. Binding
of c-Fos to CRE/E-box containing COX-2 promoter was en-
hanced in cells treated with EGF for 1 h, whereas nonim-
mune rabbit IgG failed to precipitate this COX-2 promoter
region (Fig. 9C). These results suggested that the binding of



c-Fos to COX-2 promoter region was required for EGF-in-
duced expression of COX-2 in vivo.

To further address whether c-Fos would activate the
COX-2 promoter activity, cells were cotransfected with the
c-Fos expression vector and the COX-2 promoter construct.
As shown in Fig. 10, 0.4 ug of the c-Fos expression resulted in
a significant induction of COX-2 promoter activity and this
effect could be enhanced by EGF treatment. Increasing the
concentration of pSV-fos up to 0.8 ug resulted in a greater
activation (5.4-fold), whereas a higher EGF response (8.5-
fold) was also observed. These results suggested that c-Fos
might play a functional role in EGF-induced expression of
COX-2.

We then examined whether c-Fos cooperated with c-Jun to
activate COX-2 promoter activity. Cells were cotransfected
with 0.2 pg of expression vector of c-Jun and various
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amounts of c-Fos plasmid. The effect on COX-2 promoter
activity was determined. As shown in Fig. 11A, cotransfec-
tion of c-Jun and c-Fos expression vector resulted in a dose-
dependent activation of the COX-2 promoter. Up to 20-fold
increase in the activation of COX-2 promoter activity was
observed in cells cotransfected with 0.75 ug of c-Fos expres-
sion vector and 0.2 ug of c-Jun expression vector. The coop-
erative effect of c-Fos and c-Jun on COX-2 promoter activity
was enhanced by EGF-treatment up to 28-fold. Because N-
terminal phosphorylation of c-Jun was not required for
EGF-induced expression of COX-2, we further investigated
whether N-terminal phosphorylation sites-mutated c-Jun
could cooperate with c-Fos to activate the COX-2 promoter.
Cotransfection of c-JunS63/73A (Fig. 11B) or pMT161 (Fig.
11D) expression vectors with c-Fos expression vector resulted
in a similar induction as wild-type c-Jun (Fig. 11, A and C).

c-Jun

c-JunM3A

Fig. 8. Enhancement of c-Jun binding to COX-2 promoter
and COX-2 promoter activity by overexpression of c-Jun
with mutation of C terminus phosphorylation sites. A,
schematic representation of the mutated c-Jun form
c-JunMB3A. B, cells were transfected with expression vector
of wild-type or mutant c-Jun. The nuclear extracts were
prepared and subjected to DNA affinity precipitation assay
as described under Materials and Methods. Proteins bound
to the beads were eluted and resolved by Western blotting
using anti-c-Jun antibodies (top). c-Jun expression of nu-
clear extract was also analyzed by Western blotting (bot-
tom). C, A431 cells were cotransfected with the —80/+49
human COX-2 promoter construct (pXC80) and various
concentrations of expression vectors (0.01, 0.02, and 0.03
wng) of wild-type or mutant c-Jun. Statistical significance
(#*, P < 0.01) between wild-type and mutant c-Jun-trans-
fected cells was analyzed by Student’s ¢ test (top). Ten
micrograms of total cell lysates was analyzed by Western
blotting by using anti-c-Jun and COX-1 antibodies (bot-
tom). D, A431 cells were transfected with wild-type (c-Jun)
or mutant c-Jun (c-JunM3A). After transfection for 24 h,
cells were treated with 10 ng/ml EGF for 90 min. The
expression of COX-2 (top), c-Jun (middle), and B-actin (bot-
tom) in total cell lysates was analyzed by Western blotting.
The relative density of blots was quantified as indicated.
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Likewise, the COX-2 promoter activity was also enhanced by
EGF stimulation. These results suggested that c-Fos cooper-
ating with c-Jun to activate COX-2 promoter was indepen-
dent of N-terminal phosphorylation of c-Jun. To further ex-
amine whether C terminus of c-Jun without N-terminal
transactivation domain could cooperate with c-Fos to activate
COX-2 promoter, cells were cotransfected with TAM-67 and
c-Fos expression vectors. As shown in Fig. 11E, a similar
activation pattern as those of pMT108 and pMT161 was
observed. Together, these results suggested that c-Fos induc-
tion and its cooperation with c-Jun under EGF treatment
was required for the expression of COX-2, whereas the coop-
eration of c-Jun with c-Fos on COX-2 promoter activation
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Fig. 9. Induction of c-Fos and its binding to COX-2 promoter by EGF
treatment. A, cells were starved for 24 h in serum-free culture medium
before treated with 25 ng/ml EGF for different time as indicated. The
protein level of c-Fos in nucleus was analyzed by Western blotting (top).
The nuclear extracts were then subjected to DNA affinity precipitation
assay as described under Materials and Methods. Proteins bound to the
beads were eluted and resolved by Western blotting using anti-c-Fos
antibodies (bottom). B, cells were starved for 24 h in serum-free culture
medium before being treated with 25 ng/ml EGF for 1 h. The nuclear
extracts were then subjected to DNA affinity precipitation assay. Wild-
type (WT) 5'-biotinylated oligonucleotides or CRE/E-box element mu-
tated oligonucleotides (CRE/E-box mu) corresponding to COX-2 promoter
region ranging from —67 to —42 bp were used as probes for DNA affinity
precipitation assay. Proteins bound to the beads were eluted and resolved
by Western blotting using anti-c-Fos antibodies. C, cells were treated
with 25 ng/ml EGF for 1 h and subjected to ChIP assay as described under
Materials and Methods.

was not caused by the transactivation domain on c-Jun but
by the transactivation activity from c-Fos.

Discussion

We reported previously that EGF-induced expression of
COX-2 in A431 cells was mediated through the Ras-MAPK
signaling pathway, and subsequent induction of c-Jun after
MAPK activation was required for the EGF response (Chen
et al., 2004). In the present study, we first used the chroma-
tin immunoprecipitation assay (Fig. 2B) and c-Jun siRNA
experiment (Fig. 3) to directly demonstrate the important
role of c-Jun in the EGF-induced expression of COX-2 in vivo.
The present study further provided additional evidence to
support the conclusion that N-terminal phosphorylation of
transactivation domain on c-Jun was not required for c-Jun
transactivation activity in the EGF-induced COX-2 expres-
sion. It was reported that the transcriptional activity of c-Jun
is increased after phosphorylation on Ser-63 and Ser-73 by
JNK (Smeal et al., 1991). In contrast, we found no difference
in the ability of wild-type c-Jun and the c-JunS63/73A mu-
tant to enhance the promoter activity of COX-2 gene (Fig.
5A). Moreover, SP600125, a pharmacological inhibitor of
JNK, efficiently abolished the Ser-63 and Ser-73 phosphory-
lation of c-Jun and JNK phosphorylation induced by EGF,
whereas it had no effect on COX-2 protein expression (Fig. 4).
Although it has been reported that c-Jun also could be phos-
phorylated by JNK on Thr-91 and Thr-93 (Morton et al.,
2003), but these two phosphorylation sites on transactivation
domain of c-Jun were not required for EGF-induced expres-
sion of COX-2 (Fig. 5C). Furthermore, overexpression of
c-JunS63/73A resulted in an increase in the COX-2 protein
expression in A431 cells (Fig. 5D). Our results indicated that
the transactivation function of c-Jun enhanced COX-2 ex-
pression induced by EGF treatment was independent of JNK
activation and N-terminal phosphorylation of c-Jun. Al-
though this finding was in contrast to numerous reports
indicating that N-terminal phosphorylation of ¢-Jun plays a
pivotal role on its transactivation activity (Dunn et al., 2002),
many other reports have demonstrated that N-terminal
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phosphorylation of c-Jun may not be required for gene ex-
pression. For example, calcium-activated c-Fos transcription
mediated by c-Jun (Cruzalegui et al., 1999) and light-induced
apoptosis of photoreceptor cells mediated by c-Jun (Grimm et
al., 2001) are independent of N-terminal phosphorylation of
c-Jun. The mechanism of c-Jun-stimulated gene expression
without N-terminal phosphorylation has been reported. Be-
hre et al. (1999) reported that c-Jun N-terminal phosphory-
lation site mutant interact with ETS domain transcription
factor PU.1 for M-CSF receptor promoter activation. More-
over, the formation of complex between p65 and TAM-67 on
the kB site activates the interleukin-6 promoter activity
(Faggioli et al., 2004), and CCAAT/enhancer-binding protein
B and TAM-67 on tumor necrosis factor-a gene promoter
synergistically activate the target gene expression (Zagariya
et al., 1998). In this study, we also provided several pieces of
evidence to indicate that c-Fos provided its transcription
activity via a c-Jun/c-Fos heterodimer in EGF-induced ex-
pression of COX-2. First, exposure of A431 cells to EGF
potently stimulated c-Fos protein expression and the binding
of c-Fos to COX-2 promoter region in vivo (Fig. 9C). The
binding of c¢-Fos to human COX-2 promoter region ranging
from —67 to —42 bp covering CRE/E-box site upon EGF
treatment was demonstrated by in vitro DNA binding assay
(Fig. 9, A and B). Second, overexpression of c-Fos resulted in
a significant induction of COX-2 promoter activity, which
was enhanced by EGF treatment (Fig. 10). Third, cotransfec-
tion of c-Fos with either wild-type or N-terminal phosphory-
lation site-mutated c-Jun mutants resulted in a similar
induction on promoter activity of COX-2. Moreover, cotrans-
fection of c-Fos with N-terminal deletion mutant of c-Jun
expression vector TAM-67 also resulted in an increase in
promoter activity than that of c-Fos overexpression alone,
and a synergistic activation of COX-2 promoter activity was
observed after stimulation of EGF (Fig. 11). However, we
could not rule out the possibility that other members of AP1
or ATF/CREB families may interact with c-Jun to regulate
EGF-induced expression of COX-2.

It has been reported that Fos/Jun dimer interacts with its
cognate binding site and regulates a wide array of genes
(Angel and Karin, 1991). The activity of AP1 regulated by
growth factors has been the subject of intense investigation.
Although N-terminal phosphorylation of c-Jun by JNK is
important for the AP1 activity (Binetruy et al., 1991; Smeal
et al., 1991), it is not required for COX-2 gene expression
based on the results of this study. c-Fos contains several
transcriptionally active regions, including several autono-
mous transactivation domains (Jooss et al., 1994; McBride
and Nemer, 1998). The modulation of transcription by c-Fos
is via the increase in the DNA binding affinity of Fos/Jun
dimer. However, the results of our present study suggested a
transactivation functional role of c-Fos in COX-2 gene regu-
lation. This finding was consistent with another report indi-
cating that phosphorylation of the C-terminal transactiva-
tion domain of c-Fos by extracellular signal-regulated kinase
modulates the transcription activity of AP1 (Monje et al.,
2003). In our present study, we provided direct evidence to
prove that c-Fos of Fos/Jun dimer acts as an activator for
gene transcription in the absence of N-terminal phosphory-
lation of c-Jun.

Several previous reports have suggested that the general
coactivator CREB-binding protein (CBP)/p300 stimulates c-

Jun-dependent transcription that is mediated through c-Jun
residue Ser-63 and Ser-73. However, the interaction of c-Jun
N-terminal transactivation domain with CBP seems to be
independent of c-Jun phosphorylation on Ser-63 and Ser-73
(Bannister et al., 1995). Moreover, it has been reported that
c-Fos could interact with CBP/p300 and regulate gene ex-
pression (Chan and La Thangue, 2001). We previously re-
ported that c-Jun induction and cooperation with p300 were
essential for EGF-induced expression (Chen et al., 2004). In
this study, we further demonstrated that c-Fos may provide
its transactivation activity for transactivation domain-trun-
cated c-Jun. Together, the formation of multiprotein tran-
scription complex including CBP/p300, c-Fos, and c-Jun was
required for EGF-induced expression of COX-2.

The activity of c-Jun is regulated at both transcriptional
and post-translational levels. As indicated above, changing in
N-terminal phosphorylation state of c-Jun was not required
for its transactivation potential in our system. c-Jun has been
reported to be phosphorylated at Thr-231, Ser-243, and Ser-
249 (Boyle et al., 1991) located proximal to the DNA binding
domain when the binding of c-Jun to DNA is inhibited. The
phosphorylated form of c-Jun is activated by dephosphoryla-
tion of these sites in response to protein kinase C activation
and the DNA binding activity of c-Jun is increased. Several
pieces of evidence were provided in this study to indicate that
C-terminal dephosphorylation of c-Jun after the increase in
DNA binding activity of c-Jun was required for EGF-induced
expression of COX-2 in A431 cells. First, activation of
TAM-67 by EGF treatment resulted in a significant activa-
tion of COX-2 promoter activity (Fig. 6B). This dominant-
negative mutant of c-Jun has been shown to inhibit the
function of endogenous AP1 protein through a “quenching”
mechanism and inhibit gene expression (Brown et al., 1994).
However, in COX-2 gene regulation, it acted as an enhancer
in response to EGF (Fig. 6B). Moreover, a synergistic effect of
COX-2 protein expression was observed in stable cell line
overexpressing TAM-67 and treated with EGF (Fig. 6C).
Second, the binding of ectopic expressed c-Jun to COX-2
promoter region was enhanced by EGF treatment (Fig. 7).
These results further confirmed that binding of c-Jun to
COX-2 promoter region was mediated through the C-termi-
nal regulation of c-Jun by EGF. The possible functional role
of c-Jun C-terminal phosphorylation state in promoter bind-
ing was furthermore studied by the site-directed mutagene-
sis approach. The c-JunM3A expression vector having Thr-
231, Ser-243, and Ser-249 replaced by alanines to mimic the
dephosphorylated state of c-Jun, had higher DNA binding
activity (Fig. 8B) and transcriptional activity (Fig. 8, C and
D) than wild-type c-Jun. These results strongly suggested
that the phosphorylation/dephosphorylation state of c-Jun C
terminus might play a functional role in EGF-induced ex-
pression of COX-2 gene in A431 cells.

Acetylation is another important type of post-translational
modification of transcription factors (Struhl, 1998). p300 has
been shown to acetylate c-Jun on C-terminal Lys268, Lys271,
and Lys273 and to regulate the transcriptional activity of
c-Jun (Vries et al., 2001). However, c-JunK3R, an expression
vector of mutant c-Jun in which Lys268, Lys271, and Lys273
were replaced by nonacetylable arginines, had no significant
effect on EGF-induced promoter activity of COX-2 (data not
shown). Hence, the possibility of c-Jun acetylation involved
in EGF-induced expression of COX-2 could be ruled out.



In summary, we demonstrated in this study that the in-
duction of COX-2 in A431 cells by EGF required c-Jun pro-
tein synthesis. However, N-terminal phosphorylation of c-
Jun was not required for EGF-induced expression of COX-2.
The regulation of c-Jun C terminus by EGF was required for
COX-2 gene transcription. c-Fos may provide the transacti-
vation function for c-Jun-driven transcriptional activity on
the gene expression of COX-2. Our results suggest a model in
which c-Jun expression, induced by EGF, could recruit either
c-Fos or other transcription factors to the promoter and reg-
ulate gene expression of COX-2 in A431 cells.

Acknowledgments

We are indebted to Dr. Bon C. Chung for providing plasmids
pMT108 and pMT161. Thanks also are due to Drs. Tzeng H. Leu,
Wen T. Chang, and Hsiao S. Liu for valuable discussions and to Drs.
Wai M. Kan and Shen K. Yang for a critical review of the manuscript.

References

Andrews N and Faller D (1991) A rapid micropreparation technique for extraction of
DNA-binding proteins from limiting numbers of mammalian cells. Nucleic Acids
Res 19:2499.

Angel P and Karin M (1991) The role of Jun, Fos and the AP-1 complex in cell-
proliferation and transformation. Biochim Biophys Acta 10:129-157.

Bannister AJ, Oehler T, Wilhelm D, Angel P, and Kouzarides T (1995) Stimulation
of c-Jun activity by CBP: c-Jun residues Ser63/73 are required for CBP induced
stimulation in vivo and CBP binding in vitro. Oncogene 11:2509-2514.

Behre G, Whitmarsh AJ, Coghlan MP, Hoang T, Carpenter CL, Zhang D-E, Davis
RJ, and Tenen DG (1999) c-Jun is a JNK-independent coactivator of the PU.1
transcription factor. J Biol Chem 274:4939—-4946.

Bennett BL, Sasaki DT, Murray BW, O’Leary EC, Sakata ST, Xu W, Leisten JC,
Motiwala A, Pierce S, Satoh Y, et al. (2001) SP600125, an anthrapyrazolone
inhibitor of Jun N-terminal kinase. Proc Natl Acad Sci USA 98:13681-13686.

Binetruy B, Smeal T, and Karin M (1991) Ha-Ras augments c-Jun activity and
stimulates phosphorylation of its activation domain. Nature (Lond) 351:122-127.

Boyle WJ, Smeal T, Defize LH, Angel P, Woodgett JR, Karin M, and Hunter T (1991)
Activation of protein kinase C decreases phosphorylation of c-Jun at sites that
negatively regulate its DNA-binding activity. Cell 64:573-584.

Brown PH, Chen TK, and Birrer MJ (1994) Mechanism of action of a dominant-
negative mutant of c-Jun. Oncogene 9:791-799.

Chan HM and La Thangue NB (2001) p300/CBP proteins: HATSs for transcriptional
bridges and scaffolds.  Cell Sci 114:2363-2373.

Chandrasekharan NV, Dai H, Roos KLT, Evanson NK, Tomsik J, Elton TS, and
Simmons DL (2002) From the cover: COX-3, a cyclooxygenase-1 variant inhibited
by acetaminophen and other analgesic/antipyretic drugs: cloning, structure and
expression. Proc Natl Acad Sci USA 99:13926-13931.

Chen LC, Chen BK, Chang JM, and Chang WC (2004) Essential role of c-Jun
induction and coactivator p300 in epidermal growth factor-induced gene expres-
sion of cyclooxygenase-2 in human epidermoid carcinoma A431 cells. Biochim
Biophys Acta 1683:38—48.

Chinenov Y and Kerppola TK (2001) Close encounters of many kinds: Fos-Jun
interactions that mediate transcription regulatory specificity. Oncogene 20:2438—
2452.

Cruzalegui FH, Hardingham GE, and Bading H (1999) c-Jun functions as a calcium-
regulated transcriptional activator in the absence of JNK/SAPK1 activation.
EMBO (Eur Mol Biol Organ) J 18:1335-1344.

Derijard B, Hibi M, Wu IH, Barrett T, Su B, Deng T, Karin M, and Davis RJ (1994)
JNK1: a protein kinase stimulated by UV light and Ha-Ras that binds and
phosphorylates the c-Jun activation domain. Cell 76:1025-1037.

Dunn C, Wiltshire C, MacLaren A, and Gillespie DA (2002) Molecular mechanism

2069

Functional Role of c-Jun in COX-2 Expression

and biological functions of c-Jun N-terminal kinase signalling via the c-Jun tran-
scription factor. Cell Signal 14:585-593.

Evans JF and Kargman SL (2004) Cancer and cyclooxygenase-2 (COX-2) inhibition.
Curr Pharm Des 10:627—634.

Faggioli L, Costanzo C, Donadelli M, and Palmieri M (2004) Activation of the
interleukin-6 promoter by a dominant negative mutant of c-Jun. Biochim Biophys
Acta 1692:17-24.

Grimm C, Wenzel A, Behrens A, Hafezi F, Wagner EF, and Reme CE (2001) AP-1
mediated retinal photoreceptor apoptosis is independent of N-terminal phosphor-
ylation of c-Jun. Cell Death Differ 8:859—867.

Herschman HR (1996) Prostaglandin synthase 2. Biochim Biophys Acta 299:
125-140.

Higuchi R, Krummel B, and Saiki RK (1988) A general method of in vitro preparation
and specific mutagenesis of DNA fragments: study of protein and DNA interac-
tions. Nucleic Acids Res 16:7351-7367.

Hinz B and Brune K (2002) Cyclooxygenase-2—10 years later. o/ Pharmacol Exp Ther
300:367-375.

Jooss KU, Funk M, and Muller R (1994) An autonomous N-terminal transactivation
domain in Fos protein plays a crucial role in transformation. EMBO (Eur Mol Biol
Organ) J 13:1467-1475.

Kuitert LME, Bergmann M, Adcock IM, and Barnes PJ (1997) Evidence for involve-
ment of NF-«B in the transcriptional control of COX-2 gene expression by IL-18.
Biochem Biophys Res Commun 237:28-32.

Kujubu D, Fletcher B, Varnum B, Lim R, and Herschman H (1991) TIS10, a phorbol
ester tumor promoter-inducible mRNA from Swiss 3T3 cells, encodes a novel
prostaglandin synthase/cyclooxygenase homologue. J Biol Chem 266:12866—
12872.

Kulmacz RJ and Wu KK (1989) Topographic studies of microsomal and pure pros-
taglandin H synthase. Arch Biochem Biophys 268:502-515.

Lin A, Frost J, Deng T, Smeal T, al-Alawi N, Kikkawa U, Hunter T, Brenner D, and
Karin M (1992) Casein kinase II is a negative regulator of c-Jun DNA binding and
AP-1 activity. Cell 70:777-789.

McBride K and Nemer M (1998) The C-terminal domain of c-fos is required for
activation of an AP-1 site specific for jun-fos heterodimers. Mol Cell Biol 18:5073—
5081.

Monje P, Marinissen MJ, and Gutkind JS (2003) Phosphorylation of the carboxyl-
terminal transactivation domain of c-Fos by extracellular signal-regulated kinase
mediates the transcriptional activation of AP-1 and cellular transformation in-
duced by platelet-derived growth factor. Mol Cell Biol 23:7030-7043.

Morton S, Davis RJ, McLaren A, and Cohen P (2003) A reinvestigation of the
multisite phosphorylation of the transcription factor c-Jun. EMBO (Eur Mol Biol
Organ) J 22:3876-3886.

Saccani S, Pantano S, and Natoli G (2001) Two waves of nuclear factor {kappa}B
recruitment to target promoters. J Exp Med 193:1351-1360.

Smeal T, Binetruy B, Mercola DA, Birrer M, and Karin M (1991) Oncogenic and
transcriptional cooperation with Ha-Ras requires phosphorylation of c¢-Jun on
serines 63 and 73. Nature (Lond) 354:494—496.

Struhl K (1998) Histone acetylation and transcriptional regulatory mechanisms.
Genes Dev 12:599—-606.

Tohnai N (2002) Cyclooxygenase isozymes and their gene structures and expression.
Prostaglandins Other Lipid Mediat 68-69:95-114.

van Dam H and Castellazzi M (2001) Distinct roles of Jun:Fos and Jun:ATF dimers
in oncogenesis. Oncogene 20:2453-2464.

Vogt PK (2001) Jun, the oncoprotein. Oncogene 20:2365-2377.

Vries RG, Prudenziati M, Zwartjes C, Verlaan M, Kalkhoven E, and Zantema A
(2001) A specific lysine in c-Jun is required for transcriptional repression by E1A
and is acetylated by p300. EMBO (Eur Mol Biol Organ) J 20:6095-6103.

Xie W and Herschman HR (1996) Transcriptional regulation of prostaglandin syn-
thase 2 gene expression by platelet-derived growth factor and serum. JJ Biol Chem
271:31742-31748.

Zagariya A, Mungre S, Lovis R, Birrer M, Ness S, Thimmapaya B, and Pope R (1998)
Tumor necrosis factor alpha gene regulation: enhancement of C/EBPbeta-induced
activation by c-Jun. Mol Cell Biol 18:2815-2824.

Zhu Y, Saunders MA, Yeh H, Deng WG, and Wu KK (2002) Dynamic regulation of
cyclooxygenase-2 promoter activity by isoforms of CCAAT/enhancer-binding pro-
teins. J Biol Chem 277:6923—6928.

Address correspondence to: Dr. Wen-Chang Chang, No.1, Ta-Hsueh Road,
Tainan 701, Taiwan. E-mail: wechang@mail.ncku.edu.tw




