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The functional role of the interaction between c-Jun and simian
virus 40 promoter factor 1 (Sp1) in epidermal growth factor
(EGF)-induced expression of 12(S)-lipoxygenase gene in human
epidermoid carcinoma A431 cells was studied. Coimmunoprecipi-
tation experiments indicated that EGF stimulated interaction be-
tween c-Jun and Sp1 in a time-dependent manner. Overexpression
of Ha-ras and c-Jun also enhanced the amount of c-Jun binding to
Sp1. In addition, the c-Jun dominant negative mutant TAM-67 not
only inhibited the coimmunoprecipitated c-Jun binding to Sp1in a
dose-dependent manner in cells overexpressing c-Jun but also
reduced promoter activity of the 12(S)-lipoxygenase gene induced
by c-Jun overexpression. Treatment of cells with EGF increased the
interaction between the Sp1 oligonucleotide and nuclear c-Jun/
Sp1 in a time-dependent manner. Furthermore, EGF activated the
chimeric promoter consisting of 10 tandem GAL4-binding sites,
which replaced the three Sp1-binding sites in the 12(S)-
lipoxygenase promoter only when coexpressed with GAL4-c-Jun
(1-223) fusion proteins. These results indicate that the direct
interaction between c-Jun and Sp1 induced by EGF cooperatively
activated expression of the 12(S)-lipoxygenase gene, and that Sp1
may serve at least in part as a carrier bringing c-Jun to the
promoter, thus transactivating the transcriptional activity of 12(S)-
lipoxygenase gene.

Arachidonate 12-lipoxygenase (arachidonate/oxygen 12-
oxidoreductase; EC 1.13.11.31) in the platelet was
the first mammalian lipoxygenase discovered (1). It catalyzes
the transformation of arachidonic acid into 12(S)-hydroper-
oxyeicosatetraenoic acid and is converted subsequently
to 12(S)-hydroxyeicosatetraenoic acid [12(S)-HETE] by a
glutathione-dependent peroxidase (2). Human platelet-type
12(S)-lipoxygenase was also found in human erythroleukemia
cells (3, 4), epidermal cells (5), and epidermoid carcinoma A431
cells (6). 12(S)-HETE may play a significant role in the patho-
genesis of some epidermal and epithelial inflammation, because
a markedly elevated 12(S)-HETE level was found in psoriatic
plague (7). In psoriatic lesions, overexpression of epidermal
growth factor (EGF) receptors (8), transforming growth factor-«
(TGFa) (9), and 12(S)-lipoxygenase (10) has been reported.
In studying the regulation of 12(S)-lipoxygenase, we reported
that EGF, TGFq, and phorbol 12-myristate 13-acetate (PMA)
induce expression of human 12(S)-lipoxygenase in A431 cells
(11-13). To study the signal transduction of EGF-induced
expression of 12(S)-lipoxygenase, we reported recently that EGF
induced expression of c-Jun through activation of extracellular
signal-regulated kinase (ERK) and c-Jun N-terminal kinase
(JNK) signaling and the activity of transcription factor activator
protein 1 (AP1) in cells, and that overexpression of c-Jun
increased expression of 12(S)-lipoxygenase mRNA (14). We
therefore conclude that EGF-induced expression of 12(S)-
lipoxygenase in A431 cells was mediated through the Ras-Raf-
MEK-ERK and Ras-Rac-JNK signaling pathways. Subsequent
induction of c-Jun led by ERK and JNK activation was essential
for this EGF response. However, neither the known API1-
binding sequence in the promoter region responsive to EGF nor
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the apparent binding between transcription factor AP1 and
EGF-responsive promoter DNA was observed (15, 16). Al-
though two simian virus 40 promoter factor 1 (Sp1)-binding sites
residing at —158 to —150 bp and —123 to —114 bp were essential
in the mediation of EGF induction of the 12(S)-lipoxygenase
gene, the EGF response was caused neither by the increase in
Sp1 biosynthesis nor by the dephosphorylation of Sp1, because
no change of the binding between nuclear Spl proteins and
promoter DNA was observed in control and EGF-treated cells
(16). We therefore speculated that c-Jun might interact with Sp1
protein, which then leads to activation of the 12(S)-lipoxygenase
gene promoter (14).

In this study, the functional interaction between c-Jun and Sp1
on EGF treatment in A431 cells was studied. The functional role
of the interaction between c-Jun and Sp1 in promoter activation
of the 12(S)-lipoxygenase gene was then elucidated. Evidence
obtained from this study shows directly that the interaction
between c-Jun and Sp1 mediated EGF-induced gene expression
of human 12(S)-lipoxygenase, and that Sp1 might function as a
carrier bringing c-Jun to the promoter region, thus activating
expression of the 12(S5)-lipoxygenase gene. The same mechanism
was also observed in the activation of 12(S)-lipoxygenase gene
expression induced by PMA in our preliminary study.

Materials and Methods

Materials. Mouse EGF (natural, culture grade) was purchased
from Collaborative Research. [y-3*P]ATP (5,000 Ci/mmol) was
purchased from Amersham Pharmacia. o-Nitrophenyl-g-
galactopyranoside and (octylphenoxy)polyethoxyethanol (IGE-
PAL CA-630) were from Sigma. The luciferase assay system was
from Promega. Qiagen-tip 100 was from Qiagen (Hilden, Ger-
many). B-Galactosidase plasmid driven by cytomegalovirus
(pCMVB) was from CLONTECH. Monoclonal antibodies
against c-Jun were obtained from Transduction Laboratories
(Lexington, KY). Polyclonal antibodies against c-Jun and Spl,
protein A-agarose and agarose conjugated to Spl or c-Jun
antibodies were from Santa Cruz Biotechnology. Lipofectamine,
DMEM, and Opti-MEM media were obtained from Life Tech-
nologies (Grand Island, NY). pFR-Luc, pFA2-c-Jun and pFC2-
dbd plasmids were purchased from Stratagene. Vector TAM-67
was kindly provided by Michael J. Birrer of the National
Institutes of Health. FBS was from HyClone. All other reagents
used were of the highest purity obtainable.

Abbreviations: 12(S)-HETE, 12(S)-hydroxyeicosatetraenoic acid; EGF, epidermal growth
factor; PMA, phorbol 12-myristate 13-acetate; ERK, extracellular signal-regulated kinase;
JNK, c-Jun N-terminal kinase; AP1, activator protein 1; Sp1, simian virus 40 promoter
factor 1.
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Cell Culture. Human epidermoid carcinoma A431 cells were
grown at 37°C under 5% CO; in 10-cm plastic dishes containing
10 ml of DMEM supplemented with 10% FBS, 100 pg/ml
streptomycin, and 100 units/ml penicillin. In this series of
experiments, cells were treated with 50 ng/ml EGF in culture
medium supplemented with 10% FBS, unless stated otherwise.

Western Blotting. An analytical 10% SDS-polyacrylamide slab gel
electrophoresis was performed. The cell nuclear extracts were
prepared from control and EGF-treated cells, and 30 ug of
protein of each was analyzed as previously described (16). For
immunoblotting, proteins in the SDS gels were transferred to a
polyvinylidene difluoride membrane by an electroblot appara-
tus. Antibodies against human Spl and c-Jun were used as
primary antibodies. Immunoblot analysis was carried out with
mouse or rabbit IgG antibody coupled to horseradish peroxi-
dase. An enhanced chemiluminescence kit (Amersham) was
used for detection. The density of the immunoblots was deter-
mined by an image analysis system installed with the software
BIO-ID (Vildber Lourmat, Marne-la-Valée, France).

Coimmunoprecipitation. Two hundred micrograms of nuclear
extracts was incubated with 10 ul of either anti-Spl or
anti-c-Jun antibody-agarose conjugate in 300 ul of immuno-
precipitation buffer [20 mM Hepes, pH 7.9/420 mM NaCl/1.5
mM MgCl,/0.2 mM EDTA/25% glycerol (vol/vol)/0.5 mM
phenylmethylsulfonyl/1 mM orthovanadate/2 pg/ml pepstatin
A/2 pg/ml leupeptin] under gentle shaking at 4°C overnight.
Beads were pelleted at 7,500 X g for 2 min and washed three
times with RIPA buffer [SO mM TrissHCI, pH 7.5/1% IGE-
PAL CA-630 (vol/vol)/150 mM NaCl/0.5% sodium deoxy-
cholate]. Protein was removed from the beads by boiling in
sample buffer (120 mM Tris'HCI, pH 6.8/10% glycerol/3%
SDS/20 mM DTT/0.4% bromophenol blue) for 5 min and was
subjected to SDS/PAGE on a 10% gel. Western blot analysis
was carried out as described above.

Transfection with Lipofectamine and Reporter Gene Assay. Cells were
transfected with plasmids by lipofection by using Lipofectamine
according to the manufacturer’s instruction with a slight mod-
ification. A431 cells were replated 36 h before transfection at a
density of 3 X 103 cells in 2 ml of fresh culture medium in a
3.5-cm plastic dish. For use in transfection, 12.5 ul of Lipo-
fectamine was incubated with 0.5 pg of pXLO luciferase plas-
mid, 0.2 ug of B-galactosidase plasmid, or indicated plasmids, as
described in each experiment, in 1 ml of Opti-MEM medium for
30 min at room temperature. Cells were transfected by changing
the medium with 1 ml of Opti-MEM medium containing the
plasmids and Lipofectamine and then incubated at 37°C in a
humidified atmosphere of 5% CO, for 24 h. After the change of
Opti-MEM medium to 2 ml of fresh culture medium, cells were
incubated for an additional 36 h, unless stated otherwise. The
luciferase and B-galactosidase activities in cell lysate were de-
termined as described previously (16).

Assay for Binding of the c-Jun/Sp1 Complex to Sp1 Consensus Sites.
Spl oligonucleotides, 5'-ATTCGATCGGGGCGGGGC-
GAGC-3" and Spl mutant 5'-CTTGCGAGGAGTTATTTT-
GCCGCAGAC-3' (SPM), were end labeled with [y-*?P]JATP
and T4 polynucleotide kinase. The binding reaction was per-
formed in 60 pl of reaction mixture containing 0.8 ug of
poly(dI-dC).poly(dI-dC), 20 mM Hepes, pH 7.9, 0.1 mM KClI, 2
mM MgCl,, 15 mM NaCl, 0.2 mM EDTA, 5 mM DTT, 10%
(vol/vol) glycerol, 2% (wt/vol) polyvinyl alcohol, 60 ug of the
cell nuclear extracts, and the radiolabeled probe (2.5 X 10° cpm).
The mixture was incubated at room temperature for 30 min and
then incubated with 35 ul of anti-c-Jun antibody-agarose con-
jugate or protein A-agarose in 300 ul of immunoprecipitation
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buffer [20 mM Hepes, pH 7.9/420 mM NaCl/1.5 mM MgCl,/0.2
mM EDTA/25% glycerol (vol/vol)/0.5 mM phenylmethylsulfo-
nyl/1 mM orthovanadate/2 ug/ml pepstatin A/2 ug/ml leupep-
tin] under gentle shaking at 4°C overnight. Beads were pelleted
at 7,500 X g for 2 min and washed three times with RIPA buffer.
Radioactivity in pelleted beads was determined by a scintillation
counter.

Plasmid Construction. For the generation of vector pXLO-8G
containing GAL4-binding sites connected to the 12(S)-
lipoxygenase gene promoter fragment (—100 bp) in vector
pXLO-8 (15), the fragment of GAL4-binding sites was amplified
by PCR by using pFR-Luc plasmid as template and the following
primers: GAL4a, 5'-CGCGGATCCCATGCCTGCAGGT-3’
and GAL4b, 5'-CGCGGATCCTACCCTCTAGAGT-3". PCR
products containing X10 GAL4-binding sites were cleaved with
BamHI and inserted into the BamHI site in pXLO-8 to generate
pXLO-8G. Sequence of the vector was confirmed by DNA
sequencing. The vector contains X 10 GAL4-binding sites but no
Spl consensus sequence.

Results

Coimmunoprecipitation of c-Jun and Sp1 in EGF-Treated Cells. Ex-
pression of Spl and c-Jun in nuclear extracts prepared from cells
treated with EGF for 1-9 h was studied by using immunoblot
analysis. No difference of Spl expression between control and
EGF-treated cells was observed (Fig. 14). Expression of c-Jun
was observed in cells treated with EGF for 1 h and was sustained
at least up to 9 h after EGF treatment (Fig. 1B). Interaction
between Spl and c-Jun was then studied by coimmunoprecipi-
tation by using Spl antibodies. No change of the immunopre-
cipitated Spl between control and EGF-treated cells was ob-
served (Fig. 1C). The coimmunoprecipitated c-Jun increased in
a time-dependent manner in EGF-treated cells. As shown in Fig.
1D, a significant binding of c-Jun to Spl was observed in cells
treated with EGF for 1 h. The binding significantly increased in
cells treated with EGF for up to 9 h. To verify further the
interaction between Spl and c-Jun, coimmunoprecipitation was
performed by using c-Jun antibodies. As shown in Fig. 1E, the
immunoprecipitated c-Jun was observed significantly in cells
treated with EGF for 1 h and increased significantly up to 9 h of
EGF treatment. An increase in coimmunoprecipitated Spl was
observed similar to that of the immunoprecipitated c-Jun (Fig.
1 E and F), supporting the presumption that on EGF treatment,
c-Jun interaction with Sp1 is enhanced.

Coimmunoprecipitation of c-Jun and Sp1 in Cells Overexpressing c-Jun
or Ha-ras. Dose-dependent expression of c-Jun in cells was
observed after transient transfection with a vector containing
c-Jun (Fig. 2A4). Interaction between c-Jun and Spl in c-Jun-
transfected cells was then studied by coimmunoprecipitation
by using Spl antibodies. As shown in Fig. 2B, no change
of immunoprecipitated Spl between control and c-Jun-
overexpressed cells was observed. However, coimmunopre-
cipitated c-Jun increased in a dose-dependent manner in cells
overexpressing c-Jun. We previously reported that activation
of the human 12(S)-lipoxygenase gene promoter by Ha-ras
overexpression was similar to that induced by EGF (17).
Therefore, the effect of Ha-ras overexpression on the inter-
action between c-Jun and Spl was studied by coimmunopre-
cipitation by using Sp1 antibodies. Transient transfection with
the expression vector of Ras induced expression of c-Jun in a
dose-dependent manner in cells (data not shown). An increase
in interaction between c-Jun and Spl in a dose-dependent
manner was observed in cells overexpressing Ras, as shown in
Fig. 2C.
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Fig.1. Time-dependent effect of EGF ontheinteraction between Sp1and c-Jun
invivo. Confluent cells were starved for 24 h in serum-free culture medium before
EGF treatment and then treated with EGF in culture medium without serum for
a different time period, as indicated. Nuclear extracts were prepared and sub-
jected to Western blotting by using antibodies specific for Sp1 and c-Jun (A and
B). Nuclear extracts from EGF-treated cells were immunoprecipitated (IP) with
antibodies (Ab) against Sp1 or c-Jun bound to protein A-agarose. Immunopre-
cipitates were subjected to 10% SDS/PAGE followed by Western blotting with
antibodies against Sp1 (C and F) and c-Jun (D and E), respectively.

Effect of c-Jun Dominant Negative Mutant on c-Jun/Sp1 Interaction
and 12(S)-Lipoxygenase Promoter Activation in Cells Overexpressing
c-Jun. The expression vector of the c-Jun dominant negative mutant
TAM-67 (18) was used to study whether interaction between c-Jun
and Spl mediates activation of the 12(S)-lipoxygenase gene pro-
moter. Dominant negative c-Jun expressed by vector TAM-67 is a
29-kDa protein, which is an N-terminal truncated protein of
wild-type c-Jun. Its molecular mass is 10 kDa smaller than that of
wild type. c-Jun and its dominant negative mutant TAM-67 are
therefore distinguishable by Western analysis. As shown in Fig. 34,
the polyclonal antibodies of c-Jun recognized the expression of
c-Jun and its dominant negative mutant TAM-67. Expression of the
dominant negative mutant TAM-67 was in a dose-dependent
manner in cells transfected with 2, 4, and 8 ug of dominant negative
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Fig.2. Binding of c-Jun and Sp1 in cells overexpressing c-Jun or Ha-ras. Cells
were transfected with a different amount of pRSVjun or pSV2ras by the
lipofection method. After the change of Opti-MEM medium to 3 ml of fresh
culture medium in a 6-cm plastic dish, cells were incubated for an additional
36 h. Expression of c-Jun protein (A) and the coimmunoprecipitated c-Jun/Sp1

complex by using anti-Sp1 antibodies (B and C) was analyzed by Western blot
with anti-c-Jun and anti-Sp1 antibodies.

vector (Fig. 34). Coimmunoprecipitation of Spl and c-Jun was
performed by using Spl antibodies. As shown in Fig. 3B, cotrans-
fection of the c-Jun dominant negative vector with the expression
vector of c-Jun in cells inhibited the coimmunoprecipitated c-Jun
with Spl in a dose-dependent manner, and concurrently the
dominant negative mutant protein coimmunoprecipitated with Sp1
increased in a dose-dependent manner. Changes in c-Jun and in
dominant mutant c-Jun coimmunoprecipitated with Sp1 correlated
in a mirror-image fashion. These results indicate that the dominant
negative mutant c-Jun induced inhibition of c-Jun/Sp1 interaction
in cells overexpressing c-Jun by competing with c-Jun to interact
with Spl. The promoter activity of the 12(S)-lipoxygenase gene
induced by c-Jun overexpression was also inhibited by the c-Jun
dominant negative mutant in a dose-dependent manner, as shown
in Fig. 4. The profile of the inhibitory effect on promoter activation
(Fig. 4) was similar to that of the inhibitory effect on the interaction
between c-Jun and Spl (Fig. 3B).
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Fig. 3. Effect of c-Jun dominant negative mutant on c-Jun/Sp1 interaction in
pRSVjun-treated cells. Cells were transfected with 2 g of pRSVjun and a different
amount of c-Jun dominant negative vector TAM-67 by the lipofection method.
After the change of Opti-MEM medium to 3 ml of fresh culture mediumin a 6-cm
plastic dish, cells were incubated for an additional 36 h. Expression of c-Jun and
TAM-67 proteins (A) and the coimmunoprecipitated c-Jun/Sp1 and TAM-67/Sp1
complex by using anti-Sp1 antibodies (B) was analyzed by Western blot with
anti-c-Jun and anti-Sp1 antibodies. pcDNA3.1 was used as a vector to adjust for
the same amount of plasmids in each experiment.
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Fig.4. Effect of c-Jun dominant negative mutant on the promoter activity
of 12-lipoxygenase in pRSVjun-treated cells. Cells were transfected with 0.5
ng of luciferase plasmid pXLO-7-1 bearing 12(S)-lipoxygenase gene pro-
moter (—224 bp), 0.2 ug of p-galactosidase, 0.5 ug of pRSVjun, and a
different amount of TAM-67 by the lipofection method. After the change
of Opti-MEM medium to 2 ml of fresh culture medium in a 3.5-cm plastic
dish, cells were incubated for an additional 36 h. The luciferase and
B-galactosidase activities were then determined. Values are means + SEM
of three determinations. pcDNA3.1 was used as a vector to adjust for the
same amount of plasmids in each experiment.

Effect of EGF on the Interaction Between Sp1 Oligonucleotide and
c-Jun/Sp1. To study directly the binding of nuclear c-Jun/Spl
with Sp1-binding sites in the 12(S)-lipoxygenase gene promoter,
an immunoprecipitation method was developed in this study. An
Sp1 oligonucleotide radiolabeled with 3?P-ATP was incubated
with cell nuclear extract. A complex of Spl oligonucleotide and
c-Jun/Sp1 was immunoprecipitated with agarose bearing c-Jun
antibodies, and the immunoprecipitated radiolabeled Spl oli-
gonucleotide was measured. As shown in Fig. 5, treatment of
cells with EGF increased interaction between the Spl oligonu-
cleotide and nuclear c-Jun/Sp1 in a time-dependent manner. A
significant effect was observed in cells treated with EGF for 1 h,

Binding (cpm x 10%)

Time (h)

Fig. 5. Effect of EGF on the interaction between Sp1 oligonucleotides and
c-Jun/Sp1. Nuclear extracts from EGF-treated cells were prepared and sub-
jected to the assay for binding of the c-Jun/Sp1 complex to Sp1 consensus sites.
The 32P-radiolabeled Sp1 oligonucleotide (®) and Sp1 mutant SPM (C1) were
used as a probe for binding, respectively. For background control, protein
A-agarose was used to substitute anti-c-Jun antibody-agarose conjugate in
the assay (m). Values are means = SEM of three determinations.
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Fig. 6. Transactivation of the 12(S)-lipoxygenase promoter consisting of X 10
GAL4-binding sites by GAL4-c-Jun in EGF-treated cells. Constructs of luciferase
reporters and expression vectors used in these experiments are indicated (A). The
transactivation effect of GAL4-c-Jun on a chimeric promoter bearing GAL4-
binding sites was analyzed (B). Cells were transfected with 0.5 ug of pXLO-8G, 0.2
g of B-galactosidase, 10 ng of pFA2-c-Jun, or 50 ng of pFC2dbd by the lipofection
method, as indicated. After the change of Opti-MEM medium to 2 ml of fresh
culture mediumin a3.5-cm plasticdish, cells were incubated for an additional 24 h
and then treated with 50 ng/ml EGF. After 30 min of EGF treatment, the medium
was removed, and the cells were further cultured in fresh culture medium for
6-18 h. Luciferase and B-galactosidase activities were then determined, respec-
tively. Values are means = SEM of three determinations.

and a maximum increase was found in cells treated with EGF for
3 h and was sustained up to 9 h after EGF treatment.

Activation of a Chimeric Reporter Bearing GAL4-Binding Sites by
GAL4-c-Jun. Nuclear c-Jun/Spl binding to the Spl consensus se-
quence in the promoter seems to play a crucial role in transcrip-
tional activation of 12(S)-lipoxygenase in EGF-treated cells, thus
we studied the functional role of Spl in this process. Spl may
function as a carrier bringing c-Jun to the gene promoter. To study
this possibility, a chimeric promoter (pXLO-8G) consisting of 10
tandem GAL4-binding sites, which replace the three Sp1-binding
sites in the promoter of 12(S)-lipoxygenase, was constructed as
shown in Fig. 64. It was then used to test promoter activation of
pXLO-8G by a fusion protein consisting of GAL4 and the N
terminus of c-Jun, which was overexpressed by vector pFA2-c-Jun
through the mediation of binding between the GAL4 protein and
its binding sites in the chimeric promoter of pXLO-8G. A vector
pFC2-dbd that overexpresses only GAL4 protein was used as a
negative control in this assay system. Results from this assay system
are indicated in Fig. 6B. Overexpression of the fusion protein
GALA4-c-Jun induced a 1-fold increase in the promoter activity of
pXLO-8G compared with control cells. EGF treatment of cells
activated the effect of fusion protein GAL4-c-Jun on the promoter
activity of pXLO-8G in a time-dependent manner. Treatment of
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cells with 50 ng/ml EGF for 6, 12, and 18 h resulted in 25, 116, and
283% increases in the stimulatory effect of GAL4-c-Jun on the
promoter activity. To study the essential role of binding between
GAL4 and GAL4-binding sites of promoter in transactivation of
GALA4-c-Jun, pFC2-dbd overexpressing only GAL4 protein was
cotransfected with the expression vector of GAL4-c-Jun for the
competition of binding to GAL4-binding sites. As shown in Fig. 6B,
the promoter activity of vector pXLO-8G induced by GAL4-c-Jun
overexpression in EGF-treated cells was inhibited by cotransfection
with pFC2-dbd overexpressing GAL4 protein. These results indi-
cate clearly that, in EGF-treated A431 cells, c-Jun recruited to the
gene promoter through mediation between GA L4 of fusion protein
and its binding sites in the chimeric promoter was also able to
transactivate the promoter activity of vector pXLO-8G and to
support the notion that Sp1 may serve at least in part as a carrier
bringing c-Jun to the promoter to transactivate the transcriptional
activity of the 12(S)-lipoxygenase gene.

Discussion

In this study, two pieces of evidence were provided to indicate that
c-Jun induced by EGF activated gene expression of 12(S)-
lipoxygenase by interacting with Spl in EGF-treated A431 cells.
First, an interaction between c-Jun and Sp1 induced by EGF was
observed. The amount of c-Jun interacting with Sp1 induced by
EGF was proportional to the induction of c-Jun expression (Fig. 1),
indicating that induction of c-Jun expression by EGF was a pre-
requisite for the following interaction between c-Jun and Spl in
EGF-treated cells. This theory was supported further by studies
with the overexpression vectors of c-Jun and Ha-ras. Overexpres-
sion of c-Jun and Ha-ras, respectively, in cells also enhanced the
amount of c-Jun interacting with Sp1 (Fig. 2). Second, the dominant
negative mutant of c-Jun blocked both the interaction between
c-Jun and Spl and the activation of the 12(S)-lipoxygenase gene
promoter in a similar fashion in cells overexpressing c-Jun (Figs. 3
and 4). These results indicated that direct interaction between c-Jun
and Spl cooperatively activated expression of the 12(S)-
lipoxygenase gene. We found previously that Sp1 binding to the two
Sp1 consensus sites residing at —158 to —150 bp and —123 to —114
bp of the promoter is essential not only for EGF induction but also
for basal expression of the 12(S)-lipoxygenase gene (16). Never-
theless, no change in binding between the nuclear Sp1 protein and
the promoter DNA between control and EGF-treated cells was
observed (16). In this report, we confirmed further that EGF
treatment has no effect on the expression of Sp1 in A431 cells (Fig.
1A). Taking these results together, we conclude that Sp1 was a basic
transcription factor required for expression of the 12(S)-
lipoxygenase gene. However, it may not be a target protein directly
modified by EGF-induced signaling in A431 cells.

Sp1 belongs to a zinc finger family of transcription factors that
recognize the GC-rich DNA sequence (19), and it interacts with
several transcription factors that bind to their respective response
elements in the regulation of responsive genes. For example, YY1
(20), the p65 subunit of NF«kB (21), GATAL1 (22), and HLTF (23)
have been shown to interact functionally with the zinc domain of
Spl. In the present studies, we found that interaction between c-Jun
and Spl played a pivotal role in EGF-induced expression of the
12(S)-lipoxygenase gene. Because no AP1-binding site is present in
the gene promoter of 12(S)-lipoxygenase (15), the activation mech-
anism of the 12(S)-lipoxygenase gene is therefore different from the
genes regulated by a transcription factor that binds to its own
responsive element, followed by interaction with Sp1 in the gene
promoter. Our present results clearly indicated the nuclear c-Jun
biosynthetically induced by EGF in A431 cells interacted directly
with Sp1 in the activation of 12(S)-lipoxygenase expression by EGF.
Another important finding from this study is the demonstration of
an increase in binding of nuclear c-Jun/Spl to the Spl-binding
oligonucleotide in cells on EGF treatment (Fig. 5). This evidence
supports strongly our theory that recruitment of c-Jun through
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direct interaction with Sp1 to the gene promoter may play a pivotal
role in the transactivation of 12(5)-lipoxygenase on EGF treatment.
Kardassis et al. reported recently that overexpression of c-Jun
transactivates the human p21WAF! gene, which carries TATA box in
the promoter, in HepG2 cells via a short proximal region with
multiple binding sites of Spl but without the AP1-binding site on
it (24). Their results suggest that a mechanism of activation of Sp1l
by c-Jun is based on the physical and functional interaction between
these two transcription factors. In the present report, we presented
more concrete evidence to indicate that, in EGF-treated cells, there
is direct interaction between c-Jun and Sp1 as shown by coimmu-
noprecipitation and an increase in binding of nuclear c-Jun/Sp1 to
Spl-binding oligonucleotide with the sequence present in the
12(S)-lipoxygenase gene promoter. Our results demonstrated that
in the transcriptional regulation of a gene that has no TATA box in
the promoter, an interaction between c-Jun and Sp1 was required
functionally to activate gene expression. In addition to EGF,
treatment of A431 cells with PMA also stimulated expression of
human 12(S)-lipoxygenase (13). We reported previously that acti-
vation of the human 12(S)-lipoxygenase gene promoter by PMA
was similar to that induced by EGF (25). Recently, we also found
that PMA treatment induced expression of c-Jun mainly through
activation of the Raf-MEK-ERK signaling pathway and partially
through that of the Ras-Raf-MEK-ERK signaling pathway and
then induced interaction between c-Jun and Sp1 in the same fashion
as that induced by EGF, indicating that protein kinase C activation
could also induce interaction between c-Jun and Spl (our unpub-
lished data).

c-Jun contains a C-terminal basic region leucine zipper DNA-
binding domain and an N-terminal transactivation domain, and its
transactivation activity can be regulated through phosphorylation
of clusters of serine/threonine residues in N terminus (26, 27). Two
major serine phosphoacceptor sites have been identified within the
N-terminal domain at Ser-63 and Ser-73 that are activated through
ERK and JNK signaling (28, 29). The C-terminal domain at
Thr-231 and Ser-249 has been found to be phosphorylated by
activation of casein kinase II, which is a constitutive protein kinase
(30). It is noteworthy that phorbol ester and overexpression of Ras
cause maximum activation of c-Jun by promoting both phosphor-
ylation of the N-terminal sites and dephosphorylation of the
C-terminal sites, resulting in a rapid and significant increase in the
activity of this key transcription factor (31-33). Another interesting
piece of evidence obtained from this study is the demonstration that
recruitment of c-Jun to the gene promoter through the binding
between GAL4 of fusion protein GAL4-c-Jun and GAL4-binding
sites in the chimeric promoter with no Sp1-binding sites on it was
also able to stimulate reporter activity, and that reporter activity was
enhanced by EGF treatment in a time-dependent fashion (Fig. 6B).
This EGF response was similar to that of the EGF effect on
promoter activation of 12(S)-lipoxygenase (34). These results sup-
port the notion that recruitment of c-Jun to the promoter was a
crucial step in EGF-induced gene activation of 12(S)-lipoxygenase,
and that Sp1 might function as a carrier in this process. Enhance-
ment of reporter activity in this chimeric promoter system by EGF
treatment, as shown in Fig. 6B, might be because of the increase in
transactivation activity of c-Jun in fusion protein GAL4-c-Jun
through N terminus phosphorylation. Because the C terminus was
reported to be the binding domain of c-Jun for interaction with Sp1
by using an in vitro binding assay (24), it will therefore be interesting
to investigate the functional role of dephosphorylation of c-Jun at
Thr-231 and Ser-249 of the C-terminal domain in the interaction
between c-Jun and Spl in gene activation of 12(S)-lipoxygenase
induced by EGF and PMA in the intact cell.

AP1 is formed by either the homodimer of c-Jun or the het-
erodimer of c-Jun and c-Fos. We reported previously that, in the
treatment of A431 cells with EGF, the expression of both c-Jun and
c-Fos was induced, but the induction of c-Jun was more significant
than that of c-Fos protein (14). The maximum induction of c-Jun
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was observed in cells treated with EGF and then sustained for at
least up to 9 h after EGF treatment (Fig. 1B). The kinetic changes
in the formation of the nuclear c-Jun/Sp1 complex (Fig. 1 C and D),
and in the binding of the nuclear c-Jun/Spl complex to the
Sp1-binding oligonucleotide (Fig. 5) were similar to the induction
of c-Jun biosynthesis (Fig. 1B). The maximum induction in these
three parameters was observed in cells treated with EGF for 1 h and
then sustained up to at least 9 h after EGF treatment. This evidence
strongly supports the functional role of interaction between c-Jun
and Sp1 in EGF-induced expression of the 12(S)-lipoxygenase gene
promoter. The functional role of c-Fos in EGF-induced expression
of 12(S)-lipoxygenase was not as evident as that of c-Jun. Although
a slight induction of promoter activity of 12(S)-lipoxygenase was
observed in cells overexpressing c-Fos, it was only one-eighth of the
response of c-Jun overexpression (14, 35). In contrast to the
long-term expression of c-Jun, the maximum expression of c-Fos
was observed in cells treated with EGF for 1 h, but the induction
then declined and almost disappeared in cells treated with EGF for
6 h (14). A plateau interaction between nuclear c-Jun and Sp1 was
still present in cells treated with EGF for 6 and 9 h (Fig. 1).
Therefore, the induction of c-Jun might contribute more than that
of c-Fos in EGF-induced expression of 12(S)-lipoxygenase and thus
c-Fos may play little functional role in the interaction between
nuclear c-Jun and Spl in the activation of the 12(S)-lipoxygenase
gene promoter in A431 cells treated with EGF.

Epidermal keratinocyte hyperproliferation is a major compo-
nent of the psoriatic phenotype. TGFa, which is the natural
ligand for EGF receptors present on keratinocytes, is overex-
pressed in psoriatic skin (9). The increased production of TGF«
may be an important contribution to keratinocyte hyperplasia,
because TGF« is a potent mitogen for keratinocytes (9). Appli-
cation of phorbol ester to mouse skin also induces psoriasiform
hyperplasia (36). Our results in this series of studies indicated
that all EGF, TGFa, and PMA induced expression of 12(S)-
lipoxygenase in human epidermoid cells and provided a mech-
anism to explain the formation of 12(S)-HETE in psoriatic
lesion. In an in vivo study, unequivocal growth promotion in
addition to the inflammation reaction was observed on 12(S)-
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HETE activation in guinea-pig skin (37). Taking these results
together, the high concentration of 12(S)-HETE because of
induction of 12(S)-lipoxygenase expression may contribute at
least in part to abnormal epidermal hyperproliferation and
inflammatory changes in the development of a psoriatic plaque.

Results from the present study, together with our previous
reports, provided an example in an intact cell system to demonstrate
how c-Jun, induced by extracellular stimulators such as growth
factors, cytokines, or stress signals, by cooperatively interacting with
Sp1, which binds to the Sp1-binding sites of the gene promoter, was
able to participate directly in the regulation of some housekeeping
genes lacking TATA box in the promoter. The signal transduction
pathway of EGF-induced gene expression of 12(S)-lipoxygenase in
A431 cells can be summarized as follows. The induction of Ras by
EGF is mediated by EGF receptors binding to Grb2 and Sos (38).
EGF efficiently activated Ras-Raf-MEK-ERK and Ras-Rac-JNK
pathways, which then activate AP1. Biosynthesis of c-Jun was
enhanced, subsequently interacted with Spl, and transactivated
promoter activation of the 12(S)-lipoxygenase gene, followed by an
increase in mRNA transcription and enzyme translation of 12(S)-
lipoxygenase. Our studies delineated the mechanisms by which
EGF mediates transcriptional activation of 12(S)-lipoxygenase in
epidermal cells. Induction of the interaction between c-Jun and Spl
may be an important link between the overexpression of EGF
receptors and TGFa and 12(S)-lipoxygenase expression in human
psoriatic lesions.
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