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Pro-inflammatory cytokines, environmental stresses,
as well as receptor tyrosine kinases regulate the activity
of JNK. In turn, JNK phosphorylates Jun members of
the AP-1 family of transcription factors, thereby control-
ling processes as different as cell growth, differentia-
tion, and apoptosis. Still, very few targets of the JNK-
Jun pathway have been identified. Here we show that
JNK is required for the induction of c-myc expression by
PDGF. Furthermore, we identify a phylogenetically con-
served AP-1-responsive element in the promoter of the
c-myc proto-oncogene that recruits in vivo the c-Jun and
JunD AP-1 family members and controls the PDGF-de-
pendent transactivation of the c-myc promoter. These
findings suggest the existence of a novel biochemical
route linking tyrosine kinase receptors, such as those
for PDGF, and c-myc expression through JNK activation
of AP-1 transcription factors. They also provide a novel
potential mechanism by which both JNK and Jun pro-
teins may exert either their proliferative or apoptotic
potential by stimulating the expression of the c-myc
proto-oncogene.

A wide range of growth factors, cytokines, and mitogens is
able to induce the expression of the c-myc proto-oncogene (1, 2).
In turn, c-myc is necessary for cellular proliferation induced by
different oncogenic tyrosine kinases (3). In normal cells as well
as in tumors, the ability of c-myc to control cellular prolifera-
tion has been mostly correlated to changes in its mRNA levels
through transcriptional and post-transcriptional mechanisms.
In fact, most of the oncogenic alterations that target c-myc
result in the increase of its messenger RNA and, in turn, of its
protein (4). Indeed, overexpression or gene amplification and
translocations of c-myc are frequent causes of numerous solid
and blood human tumors (5). In line with its ability to promote
cell cycle progression, in quiescent fibroblasts c-myc expression
is virtually undetectable. However, upon stimulation with
growth factors such as the platelet-derived growth factor
(PDGF),! its mRNA and then protein levels are rapidly induced
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until cells progress through the G,/S boundary of the cell cycle
(6, 7). Still, the mechanism by which growth factors promote
the expression of c-myc is poorly understood. In this regard, we
have recently described a Rac-dependent signaling pathway
initiated by PDGF, controlling the expression of the c-myc
proto-oncogene (6). Nonetheless, the mechanism by which Rac
mediates PDGF stimulation of the c-myc promoter has re-
mained elusive.

In this study, we show that JNK is required for PDGF
induction of c-myc expression. Furthermore, we identify a phy-
logenetically conserved AP-1-responsive element in the human,
mouse, and even Drosophila c-myc promoter. Such element
binds in vivo to members of the Jun family of transcription
factors, c-Jun and JunD, as indicated by chromatin immuno-
precipitation analysis. Finally, we show that through this ele-
ment PDGF is able to control the activity of the c-myc promoter
in an AP-1-dependent fashion, implying the existence of a novel
signaling pathway linking the PDGF receptor through JNK
and Jun proteins to nuclear events culminating in the expres-
sion of the c-myc proto-oncogene.

EXPERIMENTAL PROCEDURES

Reagents—Human recombinant PDGF (Intergen) was used at a final
concentration of 12.5 ng ml~'. The selective JNK inhibitor SP600125
(Biomol) was added to the cells 30 min before stimulation at the indi-
cated concentrations. pcDNAIII/GS-Myc-V5 was purchased from In-
vitrogen. Myelin basic protein was purchased from Sigma. Expression
vectors for Racl2V and the corresponding effector domain mutants
Rac12V/33N, Racl12V/37L, and Racl12V/40H were kindly provided by
C. J. Der (8). The bacterial expression vector pGEX-4T3 glutathione
S-transferase-ATF2 and expression vectors for MEKK1 and MLK3
were described previously (9, 10). pcDNAIII-Sis was generated by clon-
ing the sis (PDGF) oncogene in the EcoRI and NotI restriction sites. The
pmycAP-1 luciferase reporter vector was obtained by cloning two mouse
AP-1 elements in the pGL3 reporter vector (Promega). PCR amplifica-
tions of the c-Fos and c-Jun cDNAs were cloned in the pCEFL AU5 and
pCEFL AU1 expression vectors, respectively. The JunDBD-Sin3-bind-
ing domain of Mad (SID) expression vector was prepared cloning in
pCEFL HA the DNA-binding domain of c¢-Jun and the Sin3-binding
domain of Mad. The Gal4-driven luciferase reporter plasmid pGal4-Luc
was constructed by inserting six copies of a Gal4-responsive element
and a TATA oligonucleotide to replace the simian virus 40 minimal
promoter in the pGL3 vector (Promega). The Gal4-VP16 expression

HDAGCS, histone deacetylases; HA, hemagglutinin; SID, Sin3-binding
domain; JNK, c-Jun N-terminal kinase; AP-1, activator protein 1;
MAPK, mitogen-activated protein kinase; MEKK, MAPK/extracellular
signal-regulated kinase kinase kinase; Erk, extracellular signal-regu-
lated kinase; ChIP, chromatin immunoprecipitation assay; EMSA, elec-
trophoretic mobility shift assay; Stat-3, signal transducer and activator
of transcription-3; DBD, DNA-binding domain; Luc, luciferase; ATF,
activating transcription factor; MLK, mixed lineage kinase.

This paper is available on line at http://www.jbc.org

870z 'Sz AInc uo 1s8nb Aq /B10°0g ' mmawy/:dny woly pspeojumoq


http://www.jbc.org/

PDGF Regulation of c-myc Expression through JNK and AP-1

vector was prepared cloning the transactivation domain of the VP16
transcription factor in-frame with the DNA-binding domain of Gal4 into
the pCDNA III vector. Specific maps and restriction sites will be made
available upon request.

Cell Culture and Transfections—NIH 3T3 fibroblasts were main-
tained at 37 °C in 5% CO, in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% (v/v) bovine calf serum (BioWhit-
taker), 2 mM L-glutamine, and penicillin-streptomycin (Invitrogen).
NIH 3T3 cells were transfected by the LipofectAMINE Plus reagent or
LipofectAMINE reagent (Invitrogen) in accordance with the manufac-
turer’s instructions.

Northern Blot Analysis—After 24 h of starvation, NIH 3T3 cells were
washed with cold phosphate-buffered saline and total RNA was ex-
tracted by homogenization with TRIzol (Invitrogen) in accordance with
manufacturer’s specifications. Total RNA (10 pg) was fractionated in
2% formaldehyde-agarose gels, transferred to Hybond-XL nylon mem-
branes (Amersham Biosciences), and hybridized with ?P-labeled DNA
probes prepared with the Prime-a-Gene labeling system (Promega). As
a probe, we used a 450-bp PstI DNA fragment from the human c-myc
gene (pcDNAIIT/GS-Myc-V5). The RNA membranes were pre-hybrid-
ized for >2 h in hybridization solution (ExpressHyb, Clontech) at 70 °C.
The 32P-labeled probe was added to the blots and hybridized for another
16 h at 60 °C. The blots were washed twice for 30 min each in 2X SSC,
0.1% SDS at room temperature and then washed twice for 30 min each
in 0.2X SSC, 0.1% SDS at 60 °C. Accuracy of RNA loading and transfer
was confirmed by fluorescence under ultraviolet light after staining
with ethidium bromide.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays were
performed using the chromatin immunoprecipitation assay kit (Upstate
Biotechnology), in accordance with the manufacturer’s instructions.
Chromatin from NIH 3T3 cells has been fixed by directly adding form-
aldehyde (1% final) to the cell culture medium. Nuclear extracts have
been isolated from the cells and then sonicated to obtain mechanical
sharing of the fixed chromatin. Transcription factor-bound chromatin
has been immunoprecipitated with specific antibodies, cross-linking
has been reversed, and the isolated genomic DNA has been amplified by
PCR using specific primers encompassing the murine c-myc promoter:
forward AP66 (5'-ATACCTGTGACTATTCATTT-3') and reverse AP67
(5’-GATGCTTCCTTGCCTAAGAC-3'). The PCR products were sepa-
rated on a 2% agarose gel. Primers used as a control for the ChIP
analysis amplify an unrelated DNA sequence located on murine chro-
mosome 5: forward DE1 (5'-AGGACCCATCCAGATGGAGT-3') and re-
verse DE2 (5'-CAATGCTCCAAATCCTGTCA-3").

Electrophoretic Mobility Shift Assays (EMSA)—Nuclear extracts
were obtained from NIH 3T3 cells plated in 10-cm plates and grown to
70% confluency, starved overnight, and then stimulated with PDGF
when needed. Cells were washed in cold phosphate-buffered saline and
lysed in 400 ul of buffer A (10 mm HEPES, pH 7.9, 10 mum KCI, 0.1 mm
EDTA, 0.1 mm EGTA, 1 mm dithiothreitol, 0.5 mm phenylmethylsulfo-
nyl fluoride). After 15 min on ice, 25 ul of 10% Nonidet P-40 was added
and vigorously vortexed for 10 s. Homogenates were centrifuged for
30 s. Nuclear pellets were resuspended in 50 ul of ice-cold hypotonic
buffer C (20 mm HEPES, pH 7.9, 0.42 M NaCl, 1 mm EDTA, 1 mm EGTA,
1 mm dithiothreitol, 1 mm phenylmethylsulfonyl fluoride) and rocked at
4 °C for 15 min. Homogenates were centrifuged for 5 min, and the
supernatants (nuclear extracts) were aliquoted and stored at —70 °C.
After determining protein concentrations using Bio-Rad protein assay
(Bio-Rad), 2 ug of proteins were incubated at room temperature with 1
ug of poly(dI-dC) and 0.1 ug of salmon sperm DNA in 20 ul of binding
buffer (12 mm HEPES, pH 7.8, 60 mMm KCI, 2 mm MgCl,, 0.12 mm EDTA,
0.3 mm dithiothreitol, 0.3 mM phenylmethylsulfonyl fluoride, 12% glyc-
erol) for 15 min. Complementary synthetic oligonucleotides containing
the AP-1-responsive element plus adjacent sequences from the mouse
c-myc promoter (AP1F, 5'-ATACCTGTGACTCATTCATTT-3’, and AP1R,
5'-AAATGAATGAGTCACAGGTAT-3’) were obtained from MWG Bio-
tech and labeled with [y->?P]JATP using T4 polynucleotide kinase (In-
vitrogen). Labeled oligonucleotides were purified using G25 columns
(Amersham Biosciences) and used as probes (20,000 cpm/reaction) and
added to the reactions for an additional 15 min. Complexes were ana-
lyzed on non-denaturing (4.5%) polyacrylamide gels in TGE buffer (40
mM Tris, 270 mMm glycine, 2 mm EDTA, pH 8.0) and run at 13 V/cm at
4 °C. For supershift assays, 1 ug of the indicated antisera was added to
the binding reaction.

Kinase Assays—Methods to evaluate the phosphorylating activity
of MAPK and JNK by in vitro kinase assays have been described
previously (11).

Western Blot Analysis and Antibodies—Methods to evaluate the
phosphorylating activity of MAPK and JNK by in vitro kinase assay
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have been described previously (11). Lysates of total cellular proteins
were analyzed by protein immunoblotting after SDS-PAGE with spe-
cific rabbit antisera or mouse monoclonal antibodies. Immunocom-
plexes were detected by ECL Plus (Amersham Biosciences) by using
goat antiserum against rabbit or mouse IgG coupled to horseradish
peroxidase (Amersham Biosciences). EMSA, Western blots, immuno-
precipitations, and ChIP analysis were performed using rabbit poly-
clonal antibodies against JNK1 (C-17), Erk2 (C-14), Racl (C-14), c-Jun
(H-79), JunD (329), JunB (N-17), and ATF2 (C-19) (Santa Cruz Biotech-
nology); phospho-c-Jun (Ser-63) and phospho-c-Jun (Ser-73) (Cell Sig-
naling Technology); mouse monoclonal antibodies against HA and AU5
epitopes (Berkley Antibody Company); and JNK1 (BD Biosciences).

Reporter Gene Assays—For each well, cells were transfected by the
Lipofect AMINE reagent with different expression plasmids together
with 50 ng of the indicated reporter plasmid and 10 ng of pRL-null (a
plasmid expressing the enzyme Renilla luciferase from Renilla renifor-
mis) as an internal control. In all of the cases, the total amount of
plasmid DNA was adjusted with empty vector. After 16—20 h from
transfection, firefly and Renilla luciferase activities present in cellular
lysates from serum-starved cells were assayed using the Dual-lucif-
erase reporter system (Promega) and light emission was quantified
using the Lumat LB9507 luminometer (EG&G Berthold) as specified by
the manufacturer.

RESULTS AND DISCUSSION

Rac Effector Domain Mutants Differentially Impair Endoge-
nous c-myc Expression—To investigate the signaling pathways
activated by Rac impinging on the regulation of c-myc expres-
sion, we used specific constitutively active Rac effector domain
mutants that are differentially impaired in their downstream
signaling activities (8, 12). Therefore, we compared the ability
to stimulate c-myc expression of a constitutively active Rac12V
mutant with that of Rac alleles harboring additional mutations
in their effector domain (Racl2V/33N, Racl2V/37L, and
Rac12V/40H). We first explored, by Northern blot analysis, the
ability of Rac12V to induce c-myc expression using PDGF as a
positive control. As expected, the activated Racl12V mutant
significantly induced c-myc expression as evidenced by an in-
crease in the level of c-myc mRNA (Fig. 1A). We next investi-
gated the effect of the double mutants. As shown in Fig. 1B,
both the Rac12V/37L- and Rac12V/40H-mutated proteins were
ineffective in stimulating the expression of c-myc, whereas the
Rac12V/33N protein was fully competent to induce the tran-
scription of the c-myc proto-oncogene.

Recent work has established an impairment of JNK activa-
tion as a consequence of the transfection of the Rac12V/37L and
Rac12V/40H effector domain mutants (8). In line with these
studies, the data in Fig. 1C show that both Rac12V/37L and
Rac12V/40H not only were unable to stimulate c-myc expres-
sion but they were also incapable of stimulating the activity of
JNK, thereby suggesting the involvement of this kinase in
Rac-induced c-myc expression. Conversely, the Rac12V/33N-
mutated protein activated JNK at a level similar to the positive
control, Rac12V (Fig. 1C). All of the Rac mutants were ex-
pressed at comparable levels (Fig. 1D). Together, these results
strongly suggest that the JNK pathway is involved in the
regulation of c-myc expression.

JNK Activity Is Necessary for PDGF Induction of c-myc Ex-
pression—The possibility that JNK participates in the regula-
tion of c-myc expression prompted us to test whether the con-
stitutive activation of this signal transduction pathway could
stimulate the expression of the endogenous c-myc proto-onco-
gene. Therefore, we transfected NIH 3T3 cells with vectors
expressing two upstream activators of the JNK cascade, the
MEKK1 and MLK3 MAPK kinase kinases (10, 13). As shown in
Fig. 2A, both proteins induced the transcription of the endog-
enous c-myc gene at levels comparable to the positive control
Rac12V, indicating that JNK activation is sufficient to trigger
the expression of c-myc.

Although JNKs have been isolated and characterized as
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Fic. 1. Effects of Rac effector domain mutants on the expres-
sion of the endogenous c-myc gene. A, analysis of c-myc mRNA
expression in NIH 3T3 cells stimulated 1 h with PDGF or transiently
expressing the activated form of Racl, Rac12V (2 ug). B, analysis of
c-myc mRNA in NIH 3T3 cells transiently transfected with constitu-
tively active Rac effector domain mutants (2 ug) as indicated. C, stim-
ulation of HA-JNK (1 ng) activity in transiently transfected NIH 3T3
cells expressing specific constitutively active Rac effector domain mu-
tants (2 ug). D, analysis of the expression of the constitutively active
Rac effector domain mutants (2 pg). —, no treatment; WB, Western blot.
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stress-activated kinases based on their strong response to en-
vironmental stresses and inflammation stimuli, different
growth factors are also able to stimulate their activity (14).
Moreover, they have recently been involved in mediating the
proliferative effects of some oncogenes, including the product of
the ber-abl oncogene (15). Based on our data, we next explored
the participation of JNK in the regulation of c-myc expression
induced by PDGF. We began exploring the ability of this mito-
gen to activate JNK. As shown in Fig. 2B, exposure of NIH 3T3
fibroblasts to PDGF induced the activation of JNK, which
peaked 30 min after stimulation. As an approach to examine
the involvement of JNK in PDGF-induced c-myc expression, we
took advantage of the availability of a synthetic compound,
SP600125, a reversible ATP-competitive inhibitor that blocks
JNK without significantly affecting other related kinases (16).
We first confirmed the ability of the drug to inhibit JNK-de-
pendent pathways in our experimental model. Indeed,
SP600125 abolished PDGF-induced phosphorylation of the en-
dogenous c-Jun protein in a dose-dependent manner as scored
by Western blot analysis using a mixture of anti-phospho-
Ser-63 and phospho-Ser-73 c-Jun antibodies (Fig. 2C). Con-

PDGF Regulation of c-myc Expression through JNK and AP-1
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Fic. 2. A role for JNK in PDGF induction of c-myc expression.
A, analysis of c-myc mRNA expression in NIH 3T3 cells transfected with
expression vectors for Rac12V, MEKKI1, and MLK3 (2 ug each). B,
stimulation of endogenous JNK activity in NIH 3T3 cells treated with
PDGF for the indicated durations. C, analysis of serine 63 and serine 73
phosphorylation of the endogenous c-Jun in NIH 3T3 cells pretreated
with increasing concentrations of the specific JNK inhibitor, SP600125,
and then stimulated for 30 min with PDGF. D, analysis of MAPK
activity in NIH 3T3 cells pretreated with increasing concentrations of
specific JNK inhibitor, SP600125, and then stimulated for 5 min with
PDGF. E, analysis of c-myc mRNA in NIH 3T3 cells pretreated with
increasing concentrations of the specific JNK inhibitor, SP600125, and
then stimulated for 1 h with PDGF. —, no treatment; WB, Western blot.

versely, identical concentrations of the drug had no effect on
PDGF-induced Erk1/2 activation (Fig. 2D) and on Erk-depend-
ent c-Fos phosphorylation (data not shown), indicating the
specificity of the SP600125 for the JNK pathway as compared
with other highly related MAPK-signaling pathways. To test
the involvement of JNK in PDGF-induced c-myc expression, we
performed Northern blot analysis on NIH 3T3 cells pretreated
with increasing concentrations of the JNK inhibitor and then
stimulated with PDGF for 1 h. As a result, the drug strongly
inhibited PDGF-induced c-myc expression, even at the lowest
concentration of the drug (Fig. 2E). Remarkably, the kinetic of
inhibition of c-myc expression was coincident with the results
obtained for the inhibition of PDGF-induced JNK activation by
SP600125 (Fig. 2C). Thus, the emerging picture from these
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data is that activation of the JNK pathway may regulate c-myc
expression and, in turn, PDGF exploits JNK as a key molecule
to promote c-myc expression, possibly through phosphorylation
and activation of nuclear transcription factors.

A Typical AP-1-responsive Element in the c-myc Promoter—
Two principal promoters, P1 and P2, drive the transcription of
the human c-myc gene (17). Despite the extraordinary complex-
ity in the regulation of c-myc expression, the rate of transcrip-
tion from these two promoters is mainly governed by composite
negative and positive regulatory elements comprised within a
2.3-kb domain located upstream of the promoters (18). Among
these elements, E2F, Stat-3, NF-«B, and F cell receptor 4-bind-
ing sites have been identified (19-22). In search for additional
responsive elements that could mediate the JNK-dependent
regulation of the c-myc gene, we performed computer-assisted
analysis of its promoter region by the TRANSFAC data base
(23). Surprisingly, we could identify 1.3 kb upstream the hu-
man c-myc transcription start site, a TGAGTCA motif perfectly
matching the canonical AP-1-responsive element (Fig. 3A) (24).
Interestingly, a similar analysis found conserved responsive
elements also in the promoters of murine and even Drosophila
c-myc genes (Fig. 3A). The sequences of the respective respon-
sive elements were highly related to each other (Fig. 3A, boxed
nucleotides) as opposed to their immediate flanking regions,
suggesting that a strong selective pressure was exerted to
maintain these sites intact during evolution.

Several short sequences similar to known response elements
are frequently found in promoter regions of a variety of genes.
However, the arrangement of these sites in relation to neigh-
boring sequences often determines the functionality of the pre-
dicted binding site. Thus, we first studied the ability of an
oligonucleotide containing the murine c-myc AP-1-responsive
element plus adjacent sequences to form DNA/proteins com-
plexes by means of EMSA. As shown in Fig. 3B, left panel,
proteins from NIH 3T3 nuclear extracts recognized and
strongly bound the c-myc AP-1-responsive element as evi-
denced by the presence of a shifted complex that was more
prominent 4 h after PDGF addition as a consequence of the
accumulation of AP-1 proteins in the stimulated NIH 3T3 cells
(25). The binding was specific, because it was efficiently com-
peted by adding an excess of unlabeled c-myc AP-1 oligonucleo-
tide (Fig. 3B, right panel). To further investigate the nature of
the transcription factors bound to the described c-myc AP-1
element, we next performed supershift experiments by incu-
bating the binding reactions in the presence of specific antibod-
ies against Jun family members. These proteins have been in
fact described as substrates of the JNK signaling pathway, and
they could therefore possibly mediate the effect of this kinase
on the c-myc promoter. As shown in Fig. 3C, both c-Jun and
JunD antibodies strongly decreased the electrophoretic mobil-
ity of the complexes derived from NIH 3T3 cells stimulated 30
min with PDGF, whereas the JunB antibody had a much lower
effect. As an additional control, no ATF2 was detected in the
complexes (Fig. 3C), in line with the fact that Jun:ATF2 het-
erodimers bind more efficiently atypical 8-bp TGACGTCA sites
(26). Conversely, among Fos proteins, only Fra2 was detected
as part of the complexes (data not shown). On the basis of the
binding observed in vitro, we next examined by ChIP analysis
whether members of the Jun family could actually bind in vivo
the endogenous c-myc promoter. In NIH 3T3 cells, ChIP assays
clearly demonstrated the binding of both c-Jun and JunD to the
endogenous c-myc promoter 30 min after PDGF addition (Fig.
3D), coincidently with the time point at which PDGF induces
maximal JNK stimulation (see Fig. 2B). Conversely, we did not
observe any in vivo binding of JunB to the promoter (Fig. 3D).
As expected (see above), we could not detect ATF2 bound to the
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A
human c-mye  AAAATTGTGAGTCAGTGAACT
murine c-mye  ATACCTGTGACTCAT|TCATTT
drosophila c-mye  AGGCATATAACTCAGGAACTT
human collagenase  TAAAGCATGAGTCAGACACCT
B - 5X10X competitor
-1 24 6 91215 PDGF (hrs) + + +  PDGF (4hrs)
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Fic. 3. A typical AP-1 element in the c-myc promoter, recog-
nized by the c-Jun and JunD AP-1 family members. A, sequences
of predicted AP-1-responsive elements from human, mouse, and Dro-
sophila c-myc promoters obtained by the TRANSFAC data base (23).
The well established AP-1 element of the human collagenase gene is
used as a comparison. B, left panel, binding of nuclear proteins to the
AP-1-responsive element from the mouse c-myc promoter determined
by EMSA upon PDGF stimulation of NTH 3T3 cells. Right panel, control
of the specificity of the EMSA analysis on the AP-1 element of the
mouse c-myc promoter using the unlabeled oligonucleotides as compet-
itors in a concentration of 5- and 10-fold-molar excess versus the probe.
C, supershift analysis of nuclear factors bound to the AP-1 element of
the mouse c-myc promoter. D, ChIP analysis of the murine c-myc
promoter from NIH 3T3 cells treated 30 min with PDGF. Immunopre-
cipitates from each sample were analyzed by PCR using primers for the
mouse c-myc promoter as specified under “Experimental Procedures.”
As a control, a sample representing linear amplification of the total
input chromatin was included in the PCR (T.1.). Additional controls
included an immunoprecipitation lacking specific antibody (control) and
amplification of a sample without chromatin (mock). In the lower panel,
samples from the same immunoprecipitates were analyzed by PCR
using primers recognizing an unrelated DNA sequence present on mu-
rine chromosome 5. —, no treatment.

c-myc promoter (Fig. 3D), whereas it was able to bind the c-jun
promoter, which harbors an atypical 8-bp TGACATCA element
(data not shown). The same analysis, performed on untreated
quiescent NIH 3T3 cells, gave similar results (data not shown),
confirming that Jun family members are pre-bound to their
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Fic. 4. PDGF stimulation of c-myc A

expression is controlled by the AP-1-
responsive element. A, stimulation of
the c-myc AP-1 in NIH 3T3 cells cotrans-
fected with the pmycAP-1-Luc reporter
(50 ng) and expression vectors for c-Jun
and c-Fos (0.5 ug each). Expression of the
AUl-c-Jun and AU5-c-Fos proteins was
confirmed by anti-c-Jun and anti-AU5 im-
munoblots, respectively. B, stimulation of
the c-myc AP-1l-responsive element in
NIH 3T3 cells cotransfected with pmy-
cAP-1-Luc (50 ng) and expression vectors
for MEKK1 and MLK3 (0.5 ug each). As a
control, NIH 3T3 cells co-transfected with
an epitope-tagged HA-JNK (0.5 pg) and
expression vectors for MEKK1 and MLK3
(0.5 pg each) were also subjected to JNK
in vitro kinase assay (lower panels). C,
stimulation with PDGF of the c-myc AP-
1-responsive element in NIH 3T3 cells co-
transfected with pmycAP-1-Luc (50 ng).
In the case of sis-PDGF, the expression
vector for the oncogene (0.5 pg) was co-
transfected with the reporter (50 ng). D,
analysis of the stimulation of the c-myc
AP-1 element by the sis-PDGF oncogene
in NIH 3T3 cells cotransfected with pmy-
cAP-1-Luc (50 ng) with expression vector
for the sis-PDGF oncogene (0.5 pg) and
with the AP-1 repressor, JunDBD-SID
(50 ng), as indicated. E, analysis of the
stimulation of the Gal4-responsive ele-
ment by the Gal4-VP16 chimerical tran-
scription factor in NIH 3T3 cells cotrans-
fected with pGal4-Luc (100 ng) with
expression vector for the Gal4-VP16 mol- ¢
ecule (0.5 ng) and with the AP-1 repressor
(50 ng), JunDBD-SID, as indicated. F,
analysis of c-myc mRNA expression in
NIH 3T3 cells transfected with an expres-
sion vector for the JunDBD-SID molecule
(2 pg) and then stimulated with PDGF for
1 h. Equal loading of RNA was confirmed.
Expression of the HA-epitope tagged Jun
DBD-SID protein was confirmed by an-
ti-HA immunoblot performed after an-
ti-HA immunoprecipitation of the sam-
ples. —, no treatment; ¢, control; WB,
Western blot; IP, immunoprecipitation.

@

luciferase activity (fold induction)

responsive elements (25) and can be rapidly trans-activated by
phosphorylation in response to external stimuli (27). As an
additional control, no amplification was observed from the
same immunoprecipitates when using primers recognizing
DNA sequences unrelated to the c-myc promoter (Fig. 3D, lower
panel). At this point, it is important to notice that although
ChIP analysis was not able to detect binding of JunB to the
c-myc promoter, EMSA experiments showed a small amount of
this protein bound to the c-myc AP-1-containing EMSA probes.
We have attributed this apparent difference to the in vitro
nature of the EMSA and its limitations to precisely recapitu-
late the binding of the transcription factors at the level of the
endogenous promoters. At the same time, this situation under-
scores the importance of the results from the ChIP assay,
showing in vivo binding of c-Jun and JunD to the promoter.
Altogether, these results indicate that proteins of the AP-1
family, specifically c-Jun and JunD, are able to recognize and
bind in vivo the AP-1 element present in the c-myc promoter,
thus suggesting this element as a potential mediator of JNK-
dependent regulation of c-myc expression induced by PDGF.
The AP-1 Element Controls PDGF Stimulation of c-myc Ex-
pression—We next investigated whether the c-myc AP-1 ele-
ment was able to mediate PDGF-induced stimulation of c-myc
expression. The control of histone acetylation is a key step in
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the general regulation of cellular transcriptional events (28). In
turn, a model has been recently proposed in which the trans-
activation potential of c-Jun and possibly that of its related
proteins is constitutively repressed by a histone deacetylases
(HDACS) containing complex, which physically interacts with
c-Jun itself and can be released upon JNK-dependent phospho-
rylation of the protein (29). Therefore, we reasoned that an
artificial molecule specifically targeting HDACs to AP-1 ele-
ments could recapitulate HDAC-dependent negative regulation
of AP-1-containing promoters but in a dominant repressive
fashion (unable to be relieved by upstream stimuli). Therefore,
we engineered a molecule in which the DBD of c-Jun has been
fused to the SID. The resulting protein (JunDBD-SID) is able to
bind Sin3 and, through this, recruit HDACs (30). We expect
this repressor to be able to specifically inhibit transcription by
targeting through the c-Jun DBD, AP-1 elements that are
present in the endogenous promoters. To control the specificity
of the repressor, we first engineered a reporter plasmid carry-
ing the luciferase gene expressed under the control of a tan-
demly repeated AP-1 element from the murine c-myc gene
(pmycAP-1-Luc). Such a construct behaves as a typical AP-1
reporter, its activity being readily induced by the c-Jun and
c-Fos members of the AP-1 family (Fig. 4A) and by upstream
stimulators of the JNK pathway, MEKK1 and MLK3 (Fig. 4B)
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(10, 13). As expected, the activity of the pmycAP-1-Luc plasmid
was also readily induced by PDGF, its effect being much stron-
ger when the corresponding oncogene (Sis) was cotransfected
with the reporter (Fig. 4C). We hypothesized that the expres-
sion of luciferase from this construct should be strongly inhib-
ited by the JunDBD-SID repressor through specific targeting to
the c-myc AP-1 and recruitment of HDACs. As expected, very
low amounts of the JunDBD-SID repressor were sufficient to
completely abolish the activity of the pmycAP-1-Luc reporter
induced by sis, the oncogenic form of the PDGF-proto-oncogene
(Fig. 4D), while not affecting the luciferase activity induced by
a Gal4-VP16 (Fig. 4E) or a p53 molecule (data not shown) on
their respective reporter vectors. Therefore, these data con-
firmed the effectiveness and specificity of the engineered pro-
tein and the dependence of its activity upon the presence of
functional AP-1 elements. It is also important to notice that
such experiments not only control the specificity of our ap-
proach but also contribute to establish that the c-myc AP-1is a
fully functional element that can be stimulated by PDGF and
the JNK pathway. This finding further supports the hypothesis
that JNK plays a key role in the regulation of c-myc expression,
possibly induced by PDGF activation of its cognate receptors.

Finally, to prove the ability of the AP-1 element to regulate
the transcription of the c-myc promoter, we analyzed by North-
ern blot the RNAs produced by PDGF-treated cells expressing
the JunDBD-SID protein. Strikingly, the AP-1 repressor
clearly inhibited PDGF-induced accumulation of c-myc mRNA
(Fig. 4F). Altogether, these findings strongly support the idea
that the AP-1 sequence identified in the c-myc promoter is
functional, being able to control the c-myc expression induced
by PDGF through the recruitment of members of the AP-1
family of transcription factors. In all, these findings also con-
tribute to understand some of the molecular mechanisms by
which c-Jun acts as a positive regulator of the cell cycle (24, 27)
because only very few c-Jun targets involved in the control of
the cell cycle have been yet identified. In fact, this study adds
c-myc to the short list of prototypes genes, such as cyclin D1
and p53 (31, 32), that are regulated by c-Jun and involved in
cellular proliferation. Our finding also show that JunD is
bound to the c-myc promoter and can regulate c-myc expres-
sion, which may help to explain the role of this protein as
mediator of cellular survival (33, 34).

The ability of JNK to mediate a typical proliferative pathway
such as the one connecting PDGF to c-myc induction contrasts
with the pro-apoptotic effects attributed to JNK in response to
different environmental stresses (14). Nonetheless, JNK has
been also implicated in mediating survival signals in response
to integrins (35), tumor necrosis factor-a (34), and cellular
oncogenes (15). Interestingly, recent evidence shows that JunD
is able to act downstream of JNK as a sensor that transmit
survival or apoptotic signals depending on the state of others
transcription factors (34). Two non-mutually exclusive mecha-
nisms are usually taken into account to explain the possibility
for JNK to mediate both apoptotic and survival signaling. The
latter mechanism considers the possibility that cells may in-
terpret a transient JNK activation as a survival signal as
opposed to the apoptotic response elicited by a sustained JNK
activity (36). The latter mechanism considers the possibility
that JNK signals for cellular survival depend on the coopera-
tion with other pathways such as Akt and NF-«B (34). Indeed,
both these mechanisms could operate in our PDGF-dependent
system. In fact, we have shown a transient activation of JNK in
response to PDGF (Fig. 2B) and PDGF itself is able to contem-
porarily stimulate multiple signaling pathways, including Akt
and NF-«B (37). Nonetheless, the possibility remains that spe-
cific stimuli, activating JNK in the absence of pro-survival
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activity of AP-1 transcription factors bound to the promoter of
the c-myc proto-oncogene.

signals, may induce apoptosis through a c-myc-dependent path-
way. As c-myc itself has been involved in both pro- and anti-
apoptotic responses, the mechanism by which regulation of
c-myc expression by JNK-c-Jun/JunD relates to these two op-
posite responses will warrant further investigation.

Our previous results indicated that PDGF induces c-myc
expression through the Src-dependent activation of the Vav2
exchange factor, acting on the small GTPase Rac (6). By study-
ing the downstream components of the Rac pathway, we now
show that JNK and two AP-1 family members, c-Jun and JunD,
are essential components of the signaling cascade that mediate
PDGF stimulation of c-myc expression (Fig. 5), which signifi-
cantly establishes a new functional connection between Jun
proteins and the c-myc proto-oncogene. The proposed pathway
also suggests a mechanism by which both JNK and Jun pro-
teins might exert their proliferative or apoptotic potential
through the expression of the c-myc proto-oncogene. Further
work will be required to establish the contribution of the “JNK-
Jun pathway” to the biological responses of tyrosine kinase
receptors such as the PDGF receptors as well as other mem-
brane receptors that use the c-Myc protein to signal
cellular proliferation.

Acknowledgments—We thank C. J. Der for reagents and M. Santoro,
F. Carlomagno, M. Incoronato, and A. M. Musti for discussion and
critical reading of the paper.

REFERENCES

1. Kelly, K., Cochran, B. H., Stiles, C. D., and Leder, P. (1983) Cell 35, 603—610
2. Roussel, M. F., Cleveland, J. L., Shurtleff, S. A., and Sherr, C. J. (1991) Nature
353, 361-363
. Barone, M. V., and Courtneidge, S. A. (1995) Nature 378, 509-512
. Grandori, C., Cowley, S. M., James, L. P., and Eisenman, R. N. (2000) Annu.
Rev. Cell Dev. Biol. 16, 653—699
5. Dang, C. V., Resar, L. M., Emison, E., Kim, S., Li, Q., Prescott, J. E., Wonsey,
D., and Zeller, K. (1999) Exp. Cell Res. 253, 63-77
6. Chiariello, M., Marinissen, M. J., and Gutkind, J. S. (2001) Nat. Cell Biol. 3,
580-586
. Chiariello, M., Gomez, E., and Gutkind, J. S. (2000) Biochem. J. 349, 869—876
. Westwick, J. K., Lambert, Q. T., Clark, G. J., Symons, M., Van Aelst, L.,
Pestell, R. G., and Der, C. J. (1997) Mol. Cell. Biol. 17, 1324-1335
9. Chiariello, M., Marinissen, M. J., and Gutkind, J. S. (2000) Mol. Cell. Biol. 20,
1747-1758
10. Teramoto, H., Coso, O. A., Miyata, H., Igishi, T., Miki, T., and Gutkind, J. S.
(1996) oJ. Biol. Chem. 271, 27225-27228
11. Chiariello, M., and Gutkind, J. S. (2002) Methods Enzymol. 345, 437—-447

® =3

870z 'Sz AInc uo 1s8nb Aq /B10°0g ' mmawy/:dny woly pspeojumoq


http://www.jbc.org/

50030

12.

13.

14.
15.

16.

17.
18.
19.

20.

21.

22.
23.

Joyce, D., Bouzahzah, B., Fu, M., Albanese, C., D’Amico, M., Steer, J., Klein,
J. U, Lee, R. J., Segall, J. E., Westwick, J. K., Der, C. J., and Pestell, R. G.
(1999) oJ. Biol. Chem. 274, 25245-25249

Minden, A., Lin, A., McMahon, M., Lange-Carter, C., Derijard, B., Davis, R. J.,
Johnson, G. L., and Karin, M. (1994) Science 266, 1719-1723

Davis, R. J. (2000) Cell 103, 239-252

Hess, P., Pihan, G., Sawyers, C. L., Flavell, R. A., and Davis, R. J. (2002) Nat.
Genet. 32, 201-205

Bennett, B. L., Sasaki, D. T., Murray, B. W., O’Leary, E. C., Sakata, S. T., Xu,
W., Leisten, J. C., Motiwala, A., Pierce, S., Satoh, Y., Bhagwat, S. S.,
Manning, A. M., and Anderson, D. W. (2001) Proc. Natl. Acad. Sci. U. S. A.
98, 13681-13686

Spencer, C. A., and Groudine, M. (1991) Adv. Cancer Res. 56, 1-48

Hay, N., Bishop, J. M., and Levens, D. (1987) Genes Dev. 1, 659—-671

Kiuchi, N., Nakajima, K., Ichiba, M., Fukada, T., Narimatsu, M., Mizuno, K.,
Hibi, M., and Hirano, T. (1999) J. Exp. Med. 189, 63-73

He, T. C., Sparks, A. B., Rago, C., Hermeking, H., Zawel, L., da Costa, L. T.,
Morin, P. J., Vogelstein, B., and Kinzler, K. W. (1998) Science 281,
1509-1512

Wong, K. K., Zou, X., Merrell, K. T., Patel, A. J., Marcu, K. B., Chellappan, S.,
and Calame, K. (1995) Mol. Cell. Biol. 15, 6535—6544

Ji, L., Arcinas, M., and Boxer, L. M. (1994) Mol. Cell. Biol. 14, 7967-7974

Heinemeyer, T., Wingender, E., Reuter, 1., Hermjakob, H., Kel, A. E., Kel,
0.V, Ignatieva, E. V., Ananko, E. A., Podkolodnaya, O. A., Kolpakov, F. A.,
Podkolodny, N. L., and Kolchanov, N. A. (1998) Nucleic Acids Res. 26,
362-367

24.
25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

PDGF Regulation of c-myc Expression through JNK and AP-1

Shaulian, E., and Karin, M. (2001) Oncogene 20, 2390-2400

Lallemand, D., Spyrou, G., Yaniv, M., and Pfarr, C. M. (1997) Oncogene 14,
819-830

van Dam, H., Huguier, S., Kooistra, K., Baguet, J., Vial, E., van der Eb, A. J.,
Herrlich, P., Angel, P., and Castellazzi, M. (1998) Genes Dev. 12, 1227-1239

Mechta-Grigoriou, F., Gerald, D., and Yaniv, M. (2001) Oncogene 20,
2378-2389

Grunstein, M. (1997) Nature 389, 349-352

Weiss, C., Schneider, S., Wagner, E. F., Zhang, X., Seto, E., and Bohmann, D.
(2003) EMBO J. 22, 3686-3695

Ayer, D. E., Laherty, C. D., Lawrence, Q. A., Armstrong, A. P., and Eisenman,
R. N. (1996) Mol. Cell. Biol. 16, 5772-5781

Albanese, C., Johnson, J., Watanabe, G., Eklund, N., Vu, D., Arnold, A., and
Pestell, R. G. (1995) J. Biol. Chem. 270, 23589-23597

Schreiber, M., Kolbus, A., Piu, F., Szabowski, A., Mohle-Steinlein, U., Tian, J.,
Karin, M., Angel, P., and Wagner, E. F. (1999) Genes Dev. 13, 607-619

Weitzman, J. B., Fiette, L., Matsuo, K., and Yaniv, M. (2000) Mol. Cell 6,
1109-1119

Lamb, J. A., Ventura, J. J., Hess, P., Flavell, R. A., and Davis, R. J. (2003) Mol
Cell 11, 1479-1489

Almeida, E. A., Ilic, D., Han, Q., Hauck, C. R., Jin, F., Kawakatsu, H.,
Schlaepfer, D. D., and Damsky, C. H. (2000) J. Cell Biol. 149, 741-754

Chen, Y. R., Wang, X., Templeton, D., Davis, R. J., and Tan, T. H. (1996)
J. Biol. Chem. 271, 31929-31936

Romashkova, J. A., and Makarov, S. S. (1999) Nature 401, 86-90

8102 ‘Gz AInc uo 1s9nb Aq /6.10°9q [ mavwy//:dny wioly papeojumoq


http://www.jbc.org/

The Platelet-derived Growth Factor Controls c-myc Expression through a JNK- and
AP-1-dependent Signaling Pathway
Carlo lavarone, Annunziata Catania, Maria Julia Marinissen, Roberta Visconti, Mario
Acunzo, Carolina Tarantino, M. Stella Carlomagno, Carmelo B. Bruni, J. Silvio Gutkind
and Mario Chiariello

J. Biol. Chem. 2003, 278:50024-50030.
doi: 10.1074/jbc.M308617200 originally published online September 30, 2003

Access the most updated version of this article at doi: 10.1074/jbc.M308617200

Alerts:
* When this article is cited
* When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 37 references, 19 of which can be accessed free at
http://www.jbc.org/content/278/50/50024.full.html#ref-list-1

8T0Z ‘Gz AInc uo 1sanb Aq /610 oq [ mmmy/:dny wody pepeojumoq


http://www.jbc.org/lookup/doi/10.1074/jbc.M308617200
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;278/50/50024&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/50/50024
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=278/50/50024&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/278/50/50024
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/278/50/50024.full.html#ref-list-1
http://www.jbc.org/

