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Ras-activated signal transduction pathways are implicated in the control of cell proliferation, differentiation,
apoptosis, and tumorigenesis, but the molecular mechanisms mediating these diverse functions have yet to be
fully elucidated. Conditionally active forms of Raf, v-Src, and MEK1 were used to identify changes in gene
expression that participate in oncogenic transformation, as well as in normal growth control. Activation of Raf,
v-Src, and MEKI1 led to induced expression of c-Myc and cyclin D1. Induction of c-Myc mRNA by Raf was an
immediate-early response, whereas the induction of cyclin D1 mRNA was delayed and inhibited by cyclohex-
imide. Raf activation also resulted in the induction of an established c-Myc target gene, ornithine decarbox-
ylase (ODC). ODC induction by Raf was mediated, in part, by tandem E-boxes contained in the first intron of
the gene. Activation of the human colony-stimulating factor 1 (CSF-1) receptor in NIH 3T3 cells leads to
activation of the mitogen-activated protein (MAP) kinase pathway and induced expression of c-Fos, c-Myc, and
cyclin D1, leading to a potent mitogenic response. By contrast, a mutated form of this receptor fails to activate
the MAP kinases or induce c-Myc and cyclin D1 expression and fails to elicit a mitogenic response. The
biological significance of c-Myc and cyclin D1 induction by Raf and v-Src was confirmed by the demonstration
that both of these protein kinases complemented the signaling and mitogenic defects of cells expressing this
mutated form of the human CSF-1 receptor. Furthermore, the induction of c-Myc and cyclin D1 by oncogenes
and growth factors was inhibited by PD098059, a specific MAP kinase kinase (MEK) inhibitor. These data
suggest that the Raf/MEK/MAP kinase pathway plays an important role in the regulation of c-Myc and cyclin
D1 expression in NIH 3T3 cells. The ability of oncogenes such as Raf and v-Src to regulate the expression of
these proteins reveals new lines of communication between cytosolic signal transducers and the cell cycle

machinery.

The Ras-activated mitogen-activated protein (MAP) kinase
signaling pathway participates in the control of a variety of
biological processes, including cell proliferation, migration,
differentiation, and apoptosis. The importance of this pathway
in metazoan development is emphasized by the fact that loss-
of-function mutations of components of this pathway have
severe consequences on development. Moreover, constitu-
tively activated forms of Ras proteins are found in approxi-
mately 35% of all human cancers (13, 36, 49, 60, 63, 132).

Cycling of the Ras family of membrane-bound GTPases be-
tween GTP-bound (active) and GDP-bound (inactive) states is
regulated by guanine nucleotide exchange factors and GTPase-
activating proteins (25). GTP-bound Ras recruits a variety of
proteins to the plasma membrane, including Ral-GDS, Rinl,
p120%%SAF 1110 PI3’ kinase, and Raf (44, 46), many of which
serve to propagate the signal from activated Ras throughout
the cell. Among the best-characterized effectors of Ras are the
Raf family of serine-specific protein kinases, which play an
important role in cell proliferation, differentiation, and survival
(19, 23, 62, 78, 112, 120, 122-124).

The three members of the Raf family of protein kinases,
A-Raf, B-Raf, and Raf-1, share similar structural features and
are activated as a consequence of the engagement of cell sur-
face receptors by their cognate ligands (114, 125). Although
the precise mechanism of Raf-1 activation is not fully eluci-
dated, the favored model suggests that Raf-1 is recruited to the
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plasma membrane by direct binding to activated Ras. Mem-
brane associated Raf-1 is then believed to be phosphorylated
and thereby activated by members of the Src family of protein
tyrosine kinases which have pleiotropic effects on the control
of cell morphology, migration, and the cell cycle (29, 61, 65, 66,
74, 82, 93, 113, 117, 121, 126). However, there are indications
that additional mechanisms for Raf-1 regulation exist (74, 130,
135). Activated Raf-1, in turn, phosphorylates to activate MAP
kinase kinase (MEK), which in turn phosphorylates to activate
p42 and p44 MAP kinase, also known as ERK2 and ERK1,
respectively (22, 32, 53, 92). Activated MAP kinases elicit
pleiotropic effects on cell function by phosphorylating a diverse
array of cellular proteins, including a number of transcription
factors that influence patterns of cellular gene expression (73,
77, 118).

Activated forms of Ras, Raf, and MEK can induce DNA
synthesis and cellular transformation in vitro, and dominant-
interfering forms of Raf and MEK can block Ras-induced
mitogenesis and transformation (19, 24, 40, 50, 64, 103). In
NIH 3T3 cells Raf is competent to induce DNA synthesis at
low levels of activation, whereas at higher levels of activation it
induces cell cycle arrest (128). To understand the molecular
basis of Raf-induced cell proliferation and oncogenic transfor-
mation, we sought to identify changes in gene expression that
occur after Raf activation by using conditionally active forms of
these protein kinases (ARaf:ER) (87, 100). ARaf:ER proteins
are rapidly activated by the addition of estrogen or its ana-
logues to the cell culture medium, resulting in alterations in
gene expression that lead to oncogenic transformation (87,
100, 128).

Considerable evidence has implicated c-Myc and cyclin D1
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as important regulators of the mammalian cell cycle (5, 42, 54,
67, 136). Activation of the transcription factor c-Myc in quies-
cent fibroblasts induces cell cycle reentry, whereas inhibition of
c-Myc function results in cell cycle arrest (8, 9, 16, 57, 127). The
D-type cyclins are transcriptionally induced in the mid-G,
phase of the cell cycle and partner with cyclin-dependent ki-
nases (CDK4 and CDKG®) to elicit phosphorylation of the ret-
inoblastoma (Rb) protein. Rb phosphorylation leads to the
release of the transcription factor E2F that influences the ex-
pression of genes required for the progression of cells into S
phase (107). Both c-Myc and cyclin D1 have oncogenic poten-
tial and are overexpressed in a variety of human cancers (30,
35, 43, 76, 86, 104, 111).

In this study we demonstrate the induction of the genes
encoding c-Myc and cyclin D1 by the Raf/MEK/MAP kinase
pathway in NIH 3T3 cells. The functional significance of the
induction of these genes is substantiated by the apparent ability
of Raf to complement a defective form of the human CSF-1
receptor, which fails to induce DNA synthesis in NIH 3T3 cells
as a consequence of its inability to induce the expression of
c-Myc and cyclin D1. Furthermore, the ability of a variety of
growth factors and oncogenes to induce c-Myc and cyclin D1 is
abrogated by a specific and selective inhibitor of MEK activa-
tion. Finally, since Src-family protein tyrosine kinases have
been implicated in the regulation of c-Myc, we describe the
ability of a conditionally active form of v-Src that activates the
MAP kinase pathway leading to induced expression of c-Myc
and cyclin D1, to complement the mitogenic defect of the
mutated colony-stimulating factor 1 (CSF-1) receptor. These
data suggest that, at least in NIH 3T3 cells, the Ras-activated
MAP kinase pathway plays an important role in controlling the
expression of these crucial cell cycle regulators.

MATERIALS AND METHODS

Cell culture. NIH 3T3 cells expressing ARaf-1:ER, AB-Raf:ER, and AB-Raf:
ER* have been described previously (87, 100, 128). Clonal populations of NIH
3T3 cells expressing either the human CSF-1 receptor or a mutated version of
this receptor containing a tyrosine-to-phenylalanine mutation at amino acid 809
(CSF-1R[809F]) were a gift of Martine Roussel (97-99). NIH 3T3 cells express-
ing Raf-1;pp):ER and v-Src:ER were generated by retroviral infection of the
appropriate target cells as described previously (14, 100). All cells were grown in
Dulbecco’s modified Eagle medium (DMEM) containing 10% (vol/vol) fetal calf
serum (FCS) and rendered quiescent in either 0.5% (vol/vol) FCS, deluxe serum-
free medium (DSFM), or DSFM lacking insulin, selenium, and transferrin (mod-
ified DSFM) (128). Cells expressing v-Src:ER were cultured in DMEM contain-
ing 10% (vol/vol) charcoal-stripped FCS (Gemini Bioproducts). Recombinant
human CSF-1 was a gift of Steve Clark (Genetics Institute). Raf:ER proteins
were activated with 4-hydroxytamoxifen (4-HT; Research Biochemicals Interna-
tional) or ICI 182,780 (gift of Alan Wakeling, Zeneca Pharmaceuticals). Ethanol
was used as a solvent control in all experiments.

Expression of Raf-1;;,,:ER, v-Src:ER, and AMEKI:ER. To construct condi-
tionally active Raf-1;pp))ER, DNA sequences encoding full-length human Raf-1
containing two activating point mutations (Y340D and Y341D; a gift from
Debbie Morrison) were fused to the hormone binding domain of the HE14 allele
of the human estrogen receptor (hbER) and cloned into the pBabepuro3 retro-
virus expression vector (14, 27, 72). To generate v-Src:ER, DNA sequences
encoding the Schmidt Ruppin A form of v-Src (a gift from Josh Kaplan) were
fused to hbER and cloned into the pWZLblast3, pBabepuro3, or pLNCX ret-
roviral expression vectors (45, 100). In the case of pWZLblast3 (a gift from Jay
Morgenstern), expression of a bicistronic mRNA from the murine leukemia virus
long terminal repeat containing the encephalomyocarditis virus internal ribo-
some entry site permits the expression of both v-Src:ER and the blasticidin drug
resistance gene (see Fig. 6A). To generate AMEK1:ER, DNA sequences encod-
ing a constitutively active form of MEKI containing an amino terminal deletion
(AN3) and two activating mutations (S218E and S222D) (a gift from Natalie
Ahn) (64) were fused to hbER and cloned into the pBabepuro3 retroviral
expression vector. Raf-1;ppy, v-Src, and AMEK1 DNA sequences were all am-
plified by PCR to introduce the appropriate restriction enzyme sites for cloning
(details available upon request).

Retrovirus stocks were prepared by the transfection of retrovirus vectors into
Bosc23 cells as described previously (83, 128). Cells were infected with retrovirus
stocks and cultured in neomycin-, puromycin-, or blasticidin-containing media as
appropriate. After selection for drug resistance, cells were pooled and tested for
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expression of Raf-1;pp:ER, v-Src:ER, and AMEK-1:ER by Western blotting. A
clonal population of AMEKI1:ER expressing cells was isolated by ring cloning.

Western blotting and antibody detection. Cell extracts were prepared, quan-
titated, and blotted as described previously, except that 280 mM B-mercapto-
ethanol was used as a reducing agent and lysates were heated to 70°C prior to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Antisera used in this
study were raised against c-Myc and phosphotyrosine (UBI, Inc.); p42 MAP
kinase, p44 MAP kinase, and the human estrogen receptor (Santa Cruz Biotech-
nology); and phospho-ERK1/ERK2 (New England Biolabs). Anti-cyclin D1 an-
tiserum was a kind gift from David Parry. Antigen-antibody complexes were
visualized by using the enhanced chemiluminescence (ECL) detection system
(Amersham).

Immune-complex kinase assays. MAP kinase activity was measured by an in
vitro immunoprecipitation-kinase assay by using myelin basic protein (MBP) as
a substrate as described previously (100).

RNase protections. RNase protections were conducted as described previously
(68). A mouse c-Myc exon 1 riboprobe was prepared with a cDNA linearized
with BamHI (a gift from Nissim Hay). This riboprobe protected a Pl-initiated
c-Myc transcript of approximately 400 bp and a P2-initiated transcript of approx-
imately 350 bp. A mouse ornithine decarboxylase (ODC) cDNA (nucleotides 729
to 2357; a gift from Philip Coffino) was linearized with Eco471II, and the result-
ing riboprobe protected a fragment of approximately 517 bp. A full-length mouse
cyclin D1 cDNA (a gift from Emma Lees) was linearized with Sa/l, and the
resulting riboprobe protected a fragment of approximately 250 bp (nucleotides
826 to 1075). A riboprobe prepared from a plasmid containing a 120-bp fragment
of human GAPDH was included in all of the hybridizations and used as a loading
control. Ten micrograms of total RNA (RNeasy kit; Qiagen) or tRNA (as a
negative control) were hybridized overnight at 45°C with both gene-specific and
GAPDH riboprobes, treated with RNase A and RNase T; to digest the single-
stranded RNA, extracted with phenol, and ethanol precipitated, with the result-
ing protected fragments resolved by electrophoresis on 6% (wt/vol) acrylamide
sequencing gels. Results were quantitated with a Molecular Dynamics Storm
PhosphorImager.

Transient transfections. Reporter constructs, comprising the c-Myc, ODC, or
cyclin D1 promoters linked to luciferase, were transiently transfected into con-
fluent monolayers of NIH 3T3 cells cultured in 60-mm tissue culture dishes by
using either DNA-Lipofectamine complexes (Gibco-BRL) or the DEAE-dextran
method (69). The mouse c-Myc promoter-luciferase construct (pGL2-myc, pro-
vided by Mike Ostrowski) was comprised of a 500-bp PvulI-SstI fragment that
included approximately 140 bp upstream and 360 bp downstream of the mouse
c-Myc P2 promoter. The ODC promoter-luciferase constructs (ODCALuc or
ODCALucS-5A) were provided by John Cleveland and were described previ-
ously (15). The mouse cyclin D1 promoter-luciferase construct [mD1_gg4luc;
provided by Gordon Peters] was comprised of 984 bp of DNA located upstream
of the transcription initiation site of the mouse cyclin D1 gene. In all experiments
the luciferase reporter constructs were cotransfected with pSRa—3-Gal (provid-
ed by Naoko Arai), which contains a constitutively active promoter linked to
sequences encoding B-galactosidase as a control for transfection efficiency (69).
After transfection the cells were split into the wells of a 24-well dish and allowed
to adhere in DMEM containing 10% (vol/vol) FCS for 3 h. The medium was then
replaced with DMEM containing 0.5% (vol/vol) FCS plus ethanol (solvent con-
trol), 4-HT, or ICI 182,750. Cells were harvested 36 to 48 h later in Reporter lysis
buffer (Promega); luciferase activity was measured by using the luciferase assay
system (Promega), and B-galactosidase activity was measured by using the Ga-
lacto-Light kit (Tropix) and quantitated with an AutoLumat LB953 luminometer
(EG & G Berthold). To control for transfection efficiency, all results are ex-
pressed as the ratio of luciferase to B-galactosidase activity. In bar graphs, each
bar represents the average of four samples (c-Myc experiments), three samples
(cyclin D1 experiments), or six samples (ODC experiments), and error bars
indicate standard deviations.

DNA synthesis assays. Cells were grown to confluence in 96-well microtiter
dishes, held at confluence for 3 days, cultured for an additional 24 h in DSFM,
and then treated with either 10% (vol/vol) FCS, 300 nM CSF-1, 4-HT, or 300 nM
CSF-1 plus 4-HT. Then 1 pCi of [methyl-*H]thymidine was added to each well
simultaneously with the addition of growth stimuli, and the cells were incubated
for a further 36 h prior to harvest with a Skatron Cell Harvester as described
previously (128). Each measurement was conducted in quadruplicate, and error
bars indicate standard deviations. The absence of a visible error bar indicates
that the standard deviation was too small to register on the graph at the scale
used.

RESULTS

Transcriptional regulation of c-Myc and cyclin D1 expres-
sion by Raf. To determine the effects of MAP kinase activation
on the expression of components of the cell cycle machinery,
we explored the consequences of Raf activation on the expres-
sion of c-Myc and cyclin D1. RNA and protein samples were
prepared from a pooled population of NIH 3T3 cells express-
ing a conditionally active form of oncogenic B-Raf (AB-Raf:
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FIG. 1. Induction of c-Myc by Raf in NIH 3T3 cells. (A) c-Myc mRNA regulation. NIH 3T3 cells expressing AB-Raf:ER* were cultured in 0.5% serum for 16 h,
and RNA samples were prepared at different times after the addition of 1 uM ICI to activate AB-Raf:ER*. The expression of c-Myc (upper panel) and GAPDH (lower
panel) mRNAs was detected by simultaneous RNase protection assay. The fold induction of c-Myc mRNA was quantitated by obtaining the ratio of c-Myc to GAPDH
mRNAs by PhosphorImager analysis. (B) Comparison of c-Myc mRNA induction by serum versus AB-Raf:ER* activation. NIH 3T3 cells expressing AB-Raf:ER* were
cultured in 0.5% serum for 16 h, and RNA samples were prepared at different times after stimulation with 10% FCS (closed diamonds) or the activation of AB-Raf:ER*
with 1 wM ICI (open squares). c-Myc and GAPDH mRNAs were detected by RNase protection, and data were quantified by PhosphorImager analysis. Results are
presented as the fold induction over the baseline level of expression. (C) Activation of the c-Myc promoter. NIH 3T3 cells expressing AB-Raf:ER* were transiently
transfected with reporter constructs consisting of the promoter region of human c-Myc linked to luciferase (pGL2-myc) and pSRaB-Gal as a control for transfection
efficiency. Transfected cells were treated with either ethanol (solvent control, open bar) or 500 nM 4-HT (shaded bar) in 0.5% serum for 36 h, at which time the
luciferase and B-galactosidase activities were measured. Results are presented as the ratios of the luciferase to B-galactosidase activities. (D) Induction of c-Myc protein
expression. NIH 3T3 cells expressing AB-Raf:ER* were cultured in 0.5% FCS for 16 h, and cell extracts were prepared at different times after the addition of 500 nM
4-HT. The expression of p62¢™¥¢ was detected by Western blotting with a specific antiserum (upper panel). The same Western blot was reprobed for the expression
of p42 MAP kinase as a control for equal loading in each lane (lower panel). (E) Effect of increasing AB-Raf:ER* activity on c-Myc expression. NIH 3T3 cells expressing
AB-Raf:ER* were cultured in modified DSFM for 24 h and stimulated with different concentrations of 4-HT, and cell extracts were prepared 4.5 h later. MAP kinase
activity was measured by performing p42MAPX immune complex kinase assays with MBP as a substrate (upper panel). c-Myc expression was analyzed by Western

blotting.

ER™) (87) that was rendered quiescent and then treated with
ICI 182,780 (ICI) to activate AB-Raf:ER™* for different lengths
of time as indicated (Fig. 1A). RNase protection analysis in-
dicated that c-Myc mRNA was induced 4- to 15-fold after
AB-Raf:ER* activation, with kinetics and magnitude of induc-
tion similar to those observed in response to serum stimulation
(Fig. 1A and B) (37). In asynchronously growing NIH 3T3
cells, the basal level of c-Myc expression was significantly
higher, such that c-Myc mRNA was induced only two- to three-
fold after Raf activation (data not shown). Treatment of pa-
rental NIH 3T3 cells or cells expressing a kinase-inactive form
of ARaf-1:ER (ARaf301:ER) with ICI or 4-HT had no effect
on the levels of c-Myc mRNA, indicating that the induction of
c-Myc requires Raf kinase activity (data not shown).

In order to determine if the induction of c-Myc mRNA by
AB-Raf:ER* was mediated by an increase in c-Myc transcrip-
tion, NIH 3T3 cells were transiently transfected with a reporter
construct (pGL2-myc) consisting of a portion of the c-Myc
promoter fused to luciferase. Activation of AB-Raf:ER* led to

a ninefold induction of luciferase activity (Fig. 1C), indicating
that Raf activation leads to transactivation of the c-Myc pro-
moter. The induction of c-Myc mRNA in response to serum
stimulation is immediate early in that it is resistant to the
effects of cycloheximide, an inhibitor of protein synthesis (47).
Similarly, activation of AB-Raf:ER* or treatment of cells with
cycloheximide alone resulted in an increase in c-Myc mRNA
levels (Fig. 2A, top panel). Activation of AB-Raf:ER* in the
presence of cycloheximide led to superinduction of c-Myc
mRNA, indicating that c-Myc is an immediate-early transcrip-
tional target of Raf activation.

Confirmation of the c-Myc mRNA analysis was sought by
examining cell extracts for the expression of p62°™*° by West-
ern blotting. Consistent with the mRNA analysis, activation of
AB-Raf:ER* resulted in a rapid induction of p62°™¥ that was
readily detected after 40 min and was sustained at elevated
levels for at least 6 h (Fig. 1D).

We have previously shown that the activity of ARaf:ER
proteins can be titrated by varying the concentration of 4-HT
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FIG. 2. Regulation of cyclin D1 and c-Myc expression by Raf. (A) Cycloheximide sensitivity of Raf-induced cyclin D1 and c-Myc mRNA expression. NIH 3T3 cells
expressing AB-Raf:ER* were cultured in 0.5% FCS for 24 h and were then either left untreated or treated with 25 pg of cycloheximide per ml for 1 h. These cells were
then either left untreated (CHX) or treated with 1 pM ICI to activate AB-Raf:ER* for different lengths of time as indicated. The expression of cyclin D1, c-Myc, and
GAPDH mRNAs were quantitated by RNase protection assays. (B) Cyclin D1 promoter activation. NIH 3T3 cells expressing AB-Raf:ER* were transiently transfected
with reporter constructs consisting of the promoter region of mouse cyclin D1 linked to luciferase [mD1_gg4)Luc] and pSRaB-Gal as a control for transfection efficiency.
Transfected cells were treated with either ethanol (solvent control, open bar) or 1 wM 4-HT (closed bar) for 41 h, at which time luciferase and B-galactosidase activities
were measured. Results are presented as the ratios of the luciferase to the B-galactosidase activities.

added to the cell culture medium. Low levels of Raf activity
(up to 2 nM 4-HT in AB-Raf:ER*-expressing cells) promote
cell proliferation, and high levels of Raf activity (=5 nM 4-HT)
promote a G, arrest that is mediated by p21<'P* (128). To inves-
tigate the expression of c-Myc in response to different levels of
Raf activation, we treated quiescent AB-Raf:ER*-expressing
cells with different concentrations of 4-HT for 4.5 h and ex-
amined MAP kinase activation and c-Myc expression (Fig. 1E).
Both p62°™¥¢ expression and MAP kinase activity were max-
imal at concentrations of 4-HT greater than 2 nM, with higher
concentrations of 4-HT having no additional effect on MAP
kinase activity or the level of p62°™>¢ expression.

Cells transformed by activated Ras express elevated levels of
cyclin D1, and previously we have demonstrated that activation
of ARaf-1:ER leads to induced cyclin D1 expression (58, 128).
We therefore investigated the induction of cyclin D1 mRNA by
Raf. Activation of AB-Raf:ER* led to a sustained induction of
cyclin D1 mRNA, which was maximal between 5 and 7 h after
AB-Raf:ER* activation (Fig. 2A, middle panel). Such induc-
tion kinetics are consistent with the regulation of cyclin D1
expression after either serum stimulation or AB-Raf:ER* ac-
tivation (128). In contrast to the induction of c-Myc mRNA by
Raf, the induction of cyclin D1 mRNA was entirely abrogated
by pretreatment of the cells with cycloheximide. These data are
consistent with the CSF-1-mediated induction of cyclin D1
mRNA which occurs in mid-G, and is cycloheximide sensitive
(67). Given the differences in the kinetics and cycloheximide
sensitivities of the c-Myc and cyclin D1 genes, it seems likely
that Raf regulates these genes by different mechanisms.

In order to determine whether the induction of cyclin D1 by
Raf was mediated by transcriptional activation of the cyclin D1
promoter, AB-Raf:ER*-expressing cells were transiently trans-
fected with a reporter construct consisting of 984 bp of the
mouse cyclin D1 promoter linked to luciferase. Activation of
AB-Raf:ER* led to a 17-fold induction of cyclin D1 promoter
activity (Fig. 2B), a finding in agreement with previous work
indicating that in certain circumstances the MAP kinase path-
way plays an important role in the regulation of cyclin D1
expression (56). Collectively, these data suggest that the cyclin
D1 gene is a delayed-early transcriptional target of Raf acti-
vation in NIH 3T3 cells.

Induction of ODC gene expression by Raf. The c-Myc tran-
scription factor has been implicated in the regulation of cell
proliferation, differentiation, and apoptosis (5). c-Myc acts in
concert with a heterodimerization partner Max to transactivate
transcription through cis-acting sequences known as E-boxes
(CACGTG) (11, 12, 51, 84). A number of cellular genes have
been identified as potential targets for transactivation by c-
Myc, including ODC, an enzyme that catalyzes the rate-limit-
ing step in polyamine biosynthesis which is essential for cell
proliferation (7, 33, 38). If the induction of c-Myc by Raf is of
functional consequence, it would be predicted that a c-Myc
target gene such as ODC would be induced by Raf in an
E-box-dependent manner. We therefore sought to determine
whether Raf activation was sufficient to induce the expression
of ODC. Activation of either ARaf-1:ER or AB-Raf:ER™* in
NIH 3T3 cells led to a 17- to 36-fold induction of ODC mRNA
expression (Fig. 3A and data not shown). Compared to HB-
EGF, which is induced with immediate-early kinetics, the in-
duction of ODC mRNA was delayed, reaching maximum levels
4 to 12 h after Raf activation (Fig. 3A) (70). These data are
consistent with a temporal requirement for intermediate events
between Raf activation and ODC mRNA induction.

The transcriptional activation of ODC by c-Myc is mediated
by tandem E-boxes located in the first intron of the ODC gene
(7). To determine if the induction of ODC transcription by Raf
requires these E-boxes, we utilized a pair of reporter constructs
comprising either the wild-type ODC promoter (ODCALuc)
or a reporter in which the E-boxes were mutated (CACGTG
—CACCTG), rendering the reporter unresponsive to c-Myc
(ODCALucS-5A) (80). Activation of AB-Raf:ER* led to a
3.7-fold induction of ODCALuc activity, whereas ODCA
LucS-5A was activated 2.3-fold (Fig. 3B). This 37% decrease
in the ability of Raf to activate the ODCALucS-5A reporter,
although modest, was highly reproducible in five separate ex-
periments. Moreover, the residual transactivation of the
ODCALucS-5A construct by Raf is consistent with the prevail-
ing model of ODC transcriptional regulation that suggests that
c-Myc works in concert with other regulated transcription fac-
tors to control ODC expression (1, 52, 75, 80, 81, 129). These
data suggest that c-Myc binding sites are required for the full
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FIG. 3. Induced expression of ODC after Raf activation. (A) Induction of ODC mRNA by Raf. NIH 3T3 cells expressing ARaf-1:ER were cultured in DMEM
containing 0.5% serum for 16 h, and RNA samples were prepared at different times after the addition of 1 wM ICI. Expression of the mRNAs encoding ODC (upper
panel), heparin-binding epidermal growth factor (HB-EGF, middle panel), and GAPDH (lower panel) was quantitated by using RNase protection assays. (B) ODC
promoter activation. NIH 3T3 cells expressing AB-Raf:ER* were transiently transfected with reporter constructs consisting of the promoter region of human ODC
linked to luciferase (ODCALuc) or a form of this promoter containing a point mutation in each of the two E-boxes located in the first intron of the gene
(ODCALucS-5A). pSRaB-Gal was cotransfected with the ODC reporter plasmids as a control for transfection efficiency. Transfected cells were treated with either
ethanol (solvent control, open bars) or 500 nM 4-HT (shaded bars) for 40 h, at which time the luciferase and B-galactosidase activities were measured. Results are

presented as the ratios of the luciferase to the B-galactosidase activities.

induction of ODC gene transcription in response to Raf acti-
vation.

Further support for a role for the Ras/Raf pathway in the
regulation of c-Myc and ODC expression came from separate
experiments with human cell lines. HCT-116 is a tumorigenic
colon carcinoma cell line expressing a mutationally activated
form of Ki-Ras (G13D) and elevated levels of c-Myc. Hke-3
cells are a nontumorigenic derivative of HCT-116 derived by
homologous-recombination-mediated ablation of the activated
Ki-Ras gene that expresses decreased levels of c-Myc (108). In
these cells the wild-type ODCALuc reporter was transactivated
90-fold more efficiently in HCT-116 cells than in HKe-3 cells
(data not shown). This is consistent with the work of others
showing increased ODC gene expression in Ha-Ras-trans-
formed fibroblasts treated with basic fibroblast growth factor
(39, 41, 71) and suggest that Ras-activated signaling pathways
may play a role in the regulation of c-Myc and ODC in the
context of human cancer cells.

Complementation of defective CSF-1 receptor signaling by
Raf. To further address the significance of c-Myc and cyclin D1
induction by Raf, we made use of two clonal NIH 3T3 cell lines
expressing either the human CSF-1 receptor (CSF-1R) or a
mutated derivative containing a tyrosine-to-phenylalanine mu-
tation at a site of ligand-dependent phosphorylation (CSF-
1R[809F]) (94, 97, 98). Addition of CSF-1 to NIH 3T3 cells
expressing the human CSF-1 receptor leads to the induction of
c-Fos, c-Jun, c-Myc, and cyclin D1 and elicits a robust prolif-
erative response. Although the binding of CSF-1 to the mu-
tated CSF-1 receptor elicits tyrosine phosphorylation of the
receptor and induced expression of c-Jun and c-Fos, it fails to
fully induce cyclin D1 and c-Myc mRNAs, with the conse-
quence that the cells fail to proliferate in response to CSF-1
(98). The mitogenic defect of the CSF-1R[809F] is comple-
mented by the ectopic overexpression of either cyclin D1 or
c-Myc (95, 99). Since Raf activation resulted in the induction
of both c-Myc and cyclin D1, we wished to examine whether
the mutated CSF-1 receptor was able to activate the Raf/MEK/

MAP kinase pathway and whether Raf could functionally com-
plement the biochemical and biological defects in the CSF-
1R[809F]-expressing cells.

To investigate the ability of the normal and mutated CSF-1
receptors to activate the Raf/MEK/MAP kinase pathway in
NIH 3T3 cells, quiescent cells of both types were treated with
CSF-1 for different periods of time from 5 to 60 min, and the
MAP kinase activity was measured (Fig. 4A). Activation of the
wild-type CSF-1 receptor led to activation of the p42 and p44
MAP kinases that peaked after 5 min of CSF-1 addition (~13-
fold induction) and remained elevated (~5-fold induction) for
up to 60 min after CSF-1 addition. By contrast, addition of
CSF-1 to cells expressing the mutated CSF-1 receptor resulted
in only a twofold activation of the MAP kinases over the same
time period. These data indicate that despite the apparent
inability of the CSF-1R[809F] to fully activate the MAP kinase
pathway, this receptor retains its ability to induce the expres-
sion of c-Fos and c-Jun (98). Such data are consistent with a
requirement for MAP kinase activation for induced expression
of c-Myc and cyclin D1 mRNAs.

To determine whether Raf could functionally complement
the signaling and mitogenic defects in the CSF-1R[809F]-ex-
pressing cells, we constructed a conditionally active form of
full-length human Raf-1. Mutation of two tyrosine residues in
full-length Raf-1 to aspartic acid (Y340D and Y341D) gives
rise to a constitutively activated form of the protein that is
highly transforming in NIH 3T3 cells (27). Sequences encoding
this form of Raf-1 (Raf-1j;) were fused to the hormone-
binding domain of the human estrogen receptor to generate
Raf-1;,:ER (Fig. 4B) (14). Activation of Raf-1;5:ER in
NIH 3T3 cells led to rapid activation of the p42 and p44 MAP
kinases, induced expression of c-Myc and cyclin D1, and on-
cogenic transformation (Fig. 4B and data not shown). We
chose to use this form of conditionally active Raf-1 because
maximal activation of the p42 and p44 MAP kinases was at
least threefold lower in response to Raf-1;5p:ER activation
than in the previously characterized ARaf-1:ER proteins that
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carry a deletion of the CR1 and CR2 negative regulatory re-
gions. This allows a larger range of 4-HT concentrations in
which the activation of Raf alone is insufficient to induce cell
proliferation (128). In addition, since the presence of aspartic
acid residues at these positions is thought to mimic phosphor-
ylation, this form of Raf-1 may be a more accurate mimic of
the protein that has been activated as a consequence of growth
factor receptor engagement. NIH 3T3 cells expressing CSF-
1R[809F] were infected with a retrovirus encoding Raf-15py:
ER, and pooled populations of cells expressing both proteins,
referred to as CSF-1R[809F]/Raf-1pp):ER, were established.

To determine if Raf activation was able to rescue the bio-
chemical defects in cells expressing CSF-1R[809F], cells were
rendered quiescent and then stimulated with either CSF-1,
10% (vol/vol) FCS, 4-HT, or 4-HT plus CSF-1 for different
lengths of time, and the expression of c-Myc and cyclin D1
proteins was assessed by Western blotting. CSF-1 treatment of
cells expressing the wild-type CSF-1 receptor led to a strong
induction of both cyclin D1 and c-Myc, whereas CSF-1 treat-
ment of CSF-1R[809F]-expressing cells resulted in poor induc-
tion of both of these proteins even upon prolonged exposure of
the Western blot (Fig. 4C, left and middle panels) (99). Acti-
vation of Raf-1pp:ER in the CSF-1R[809F]/Raf-1pp;:ER
cells either alone or in combination with CSF-1 treatment led
to induction of both cyclin D1 and c-Myc (Fig. 4C, right pan-
els). The combination of 4-HT plus CSF-1 did not appear to
potentiate the kinetics of cyclin D1 or c-Myc induction by
Raf-1;pp:ER. These data indicate that activation of Raf-
1ipp:ER complemented the signaling defect of cells express-
ing the defective CSF-1 receptor, leading to restoration of
induced c-Myc and cyclin D1 expression.

To determine if Raf-1pp:ER was able to complement the
mitogenic defect in CSF-lR[809F]-expressing cells, cells were
rendered quiescent and then treated with either CSF-1, 10%
(volfvol) FCS, 4-HT, or CSF-1 plus 4-HT, and reentry into the
cell cycle was assessed by evaluating [methyl-*H]thymidine in-
corporation into DNA. Treatment of CSF-1R-expressing cells
with either serum or CSF-1 led to induction of DNA synthesis,
whereas 4-HT had no effect (Fig. 4D, left panel). Cells express-
ing the defective CSF-1 receptor responded to serum stimula-
tion but not to either CSF-1 or 4-HT (Fig. 4D, left panel) (97).
Quiescent CSF-1R[809F]/Raf-15:ER cells displayed a mito-
genic response to serum stimulation but not to CSF-1 or acti-
vation of Raf-1;5p:ER alone (Fig. 4D, right panel). However,
concomitant activation of Raf-1;5p:ER with CSF-1 treatment
resulted in a synergistic mitogenic response that was not ob-
served with either 4-HT or CSF-1 treatment alone. Although
activation of Raf is sufficient to induce mitogenesis in NIH 3T3
cells, these experiments were conducted at levels of Raf acti-
vation (modulated by titrating the concentration of 4-HT) that
were insufficient to induce DNA synthesis (Fig. 4D, right
panel, open bars).

Interestingly, in multiple experiments we noted that the re-
sponse of cells expressing the mutated CSF-1 receptor to con-
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comitant treatment with CSF-1 and Raf activation was less
than that observed in cells expressing the wild-type CSF-1
receptor. There are several possibilities to explain such obser-
vations. First, it may be that the phosphorylation of tyrosine-
809 of the CSF-1 receptor initiates multiple signaling pathways
required for cell cycle progression. Second, it is possible that
the mutated CSF-1 receptor is defective in all Ras-activated
signaling pathways; hence, Raf may only partially complement
the loss of activated Ras. Third, such differences may be a
reflection of intrinsic clonal variation between separately de-
rived populations of NIH 3T3 cells. Finally, these results may
be a reflection of the ability of Raf to inhibit cell proliferation
as a consequence of the induction of p21<'P! which could be
occurring in a subpopulation of retrovirus-infected cells (128).
Nonetheless, collectively, these data are consistent with a
model that suggests that the defective CSF-1 receptor is unable
to fully activate the MAP kinase pathway leading to c-Myc and
cyclin D1 induction. Moreover, activation of Raf in conjunc-
tion with CSF-1 is sufficient to restore, at least in part, the
biochemical and biological response of these cells.

MEK activation is necessary and sufficient for the induction
of c-Myc and cyclin D1. To determine whether MEK activation
was either necessary or sufficient for c-Myc and cyclin D1
induction, we constructed a conditionally active form of MEK1
(AMEKI:ER) by fusing sequences encoding a constitutively
active form of the protein to the hormone-binding domain of
the human estrogen receptor as described previously (64, 128).
In addition, we used a specific and selective inhibitor of MEK1
(PD098059) to address whether MEKI1 activity was required
for the induction of c-Myc and cyclin D1 by growth factors and
oncogenes.

Activation of AMEKI1:ER in NIH 3T3 cells led to activation
of the p42 and p44 MAP kinases and elicited morphological
transformation, although both effects occurred with slower ki-
netics than was observed previously with ARaf-1:ER (Fig. 5B
and 5C and data not shown). In addition, activation of
AMEKI:ER in quiescent NIH 3T3 cells led to the induction of
c-Myc and cyclin D1 that was detected between 3 and 26 h
after the activation of AMEKI:ER. The expression of both
proteins remained elevated for at least 48 h after AMEK1:ER
activation (Fig. 5C). The delayed induction of both proteins,
compared to Raf activation, correlates with the slower activa-
tion of the MAP kinases observed in response to AMEK1:ER
activation (Fig. 5C, lower panel). However, c-Myc and cyclin
D1 were induced to the same extent by AMEKI1:ER as by Raf.
These data indicate that MEK1 activation is sufficient for the
induction of c-Myc and cyclin D1 and are consistent with the
ability of activated forms of MEK1 to induce DNA synthesis in
NIH 3T3 cells (19, 128).

To address a possible requirement for MEK activity in the
induction of c-Myc and cyclin D1 in response to Raf activation
we pretreated NIH 3T3 cells expressing AB-Raf:ER* with
PD098059, a specific and selective inhibitor of MEK1 activity
or dimethyl sulfoxide (DMSO) as a solvent control (4, 128).

hormone-binding domain of the human estrogen receptor (hbER) to generate Raf-1;pp:ER (diagram). NIH 3T3 cells infected with a replication-defective retrovirus
encoding Raf-1jpp):ER were treated with ethanol (solvent control) or 1 pM 4-HT for 48 h as indicated, at which time photomicrographs were taken. (C) Induced
expression of c-Myc and cyclin D1. NIH 3T3 cells expressing either the wild-type CSF-1 receptor (left panel) or CSF-1R[809F] (middle panel) were cultured in DSFM
for 40 h and treated with 300 nM CSF-1 for different periods of time as indicated. NIH 3T3 cells expressing both the CSF-1R[809F] and Raf-1;pp):ER (right panel)
were cultured in DSFM for 40 h, at which time they were treated with 50 nM 4-HT in the absence or presence of 300 nM CSF-1 for different periods of time as indicated.
Expression of c-Myc and cyclin D1 was detected by Western blotting. For cyclin D1 detection, ECL exposures were all for the same length of time; for c-Myc, wild-type
CSF-1R, and Raf-1;pp:ER/CSF-1R[809F], Western blots were exposed for the same length of time but the CSF-1R[809F] Western blot was deliberately overexposed
in order to detect the lower level of basal c-Myc expressed in these cells. (D) Proliferation of CSF-1R-expressing cell lines. NTH 3T3 cells expressing the wild-type CSF-1
receptor CSF-1R[809F] (left panel) or both CSF-1R[809F] and Raf-1pp:ER (right panel) were cultured in DSFM for 28 h and then either left untreated (NT) or
treated with 10% FCS (SER), 300 nM CSF-1 (gray bars), 4-HT (2 or 50 nM, open bars), or CSF-1 plus 4-HT (solid bars). Cell proliferation was determined by

measuring the incorporation of [*H]thymidine over a period of 36 h.
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FIG. 5. MEK activity is sufficient and necessary for the induction of c-Myc and cyclin D1. (A) Construction of AMEKI:ER. DNA sequences encoding a
constitutively active form of MEK1 (AN3, S218E, and S222D) were fused to the hormone-binding domain of the HE14 allele of the human estrogen receptor and cloned
into the pBabepuro3 replication-defective retroviral expression vector (64, 72). (B) Morphological transformation of NIH 3T3 cells after activation of AMEK1:ER. NIH
3T3 cells expressing AMEK1:ER were cultured in DSFM for 24 h and then treated with either ethanol (solvent control) or 1 pM 4-HT for 48 h as indicated, at which
time photomicrographs were taken. (C) MAP kinase activity and expression of c-Myc and cyclin D1 after AMEK1:ER activation. NIH 3T3 cells expressing AMEK1:ER
were cultured in DSFM for 24 h and then treated with 1 uM 4-HT for various lengths of time. Expression of c-Myc (top panel) and cyclin D1 (middle panel) was
detected by Western blotting, and MAP kinase activity was assessed by p42 and p44 immune complex kinase assay with MBP as a substrate (lower panel). (D) Effect
of inhibiting MEK activity on Raf induction of c-Myc and cyclin D1 expression. NIH 3T3 cells expressing AB-Raf:ER* were cultured in DSFM for 24 h and then treated
with either DMSO (solvent conrol) or 100 uM PD098059 for 40 min. Different concentrations of 4-HT were then added, and cells were harvested after either 6 h (top
and middle panels) or 25 h (bottom panel). The activities of the p42 and p44 MAP kinases (top panel) were measured by immune-complex kinase assay, and expression
of c-Myc and cyclin D1 (middle and bottom panels) was assessed by Western blotting. (E) Effect of inhibiting MEK activity on CSF-1 induction of c-Myc and cyclin
D1. NIH 3T3 cells expressing the wild-type CSF-1 receptor (WT CSF-1R) were cultured in DSFM for 20 h and then treated with either DMSO or 100 .M PD098059
for 40 min. Cells were then treated with 300 or 225 nM CSF-1 and harvested after either 1 h (middle and bottom panels) or 22.5 h (top panel). c-Myc and cyclin D1
expression (top and middle panels) was assessed by Western blotting. The c-Myc blot was reprobed with an anti-p42 MAP kinase antiserum as a control for equal
loading. (F) Effect of inhibiting MEK activity on PDGF induction of c-Myc. Parental NIH 3T3 cells were cultured in DSFM for 16 h and then treated with either 100
M PD098059, 10 nM wortmannin, or DMSO as a solvent control for 40 min. Cells were then treated with 10 ng of PDGF per ml and harvested 2 h later. c-Myc
expression was assessed by Western blotting.

Cells were then treated with increasing concentrations of 4-HT
and harvested after either 6 h (to measure c-Myc expression)
or 25 h (to measure cyclin D1 expression) (Fig. 5D). By 6 h
after AB-Raf:ER* activation, p42 and p44 MAP kinase acti-
vation was readily detected with a phospho-specific anti-active
MAP kinase antiserum (Fig. 5D, top panel) or by an immune-
complex kinase assay (data not shown). Activation of the p42
and p44 MAP kinases was inhibited by treatment with
PD098059, whereas the addition of DMSO had no effect.
Treatment of cells with PD098059 inhibited the induction of
both c-Myc and cyclin D1 proteins in response to AB-Raf:ER*
activation. However, at higher levels of Raf activation (25 nM
4-HT), the inhibition of c-Myc and cyclin D1 expression by
PD098059 was less profound. It is not clear if this incomplete
inhibition is a consequence of only a partial blockade of MAP
kinase activation in these cells or if it may reflect that, at higher
levels of Raf activation, MEK-independent pathways are in-

volved in the regulation of these genes. However, these data
suggest that MEK activity is required for the full induction of
c-Myc and cyclin D1 in response to Raf activation.

To determine whether MEK activity is required for the abil-
ity of the CSF-1 receptor to induce c-Myc expression, quies-
cent NIH 3T3 cells expressing the wild-type CSF-1 receptor
were treated with different concentrations of CSF-1 (300 or
225 nM) in the absence or presence of PD098059 (Fig. SE).
Cells were harvested after either 1 or 22.5 h of CSF-1 treat-
ment for analysis of c-Myc and cyclin D1 expression, respec-
tively. The induction of both c-Myc and cyclin D1 proteins by
CSF-1 was significantly inhibited in the presence of PD(098059,
indicating that MEK activity is required for the full induction
of these proteins by CSF-1. These data are further consistent
with a requirement for MAP kinase activation for induction of
c-Myc and cyclin D1 by the CSF-1 receptor. As described
above for Raf, it is not clear if the residual expression of cyclin
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FIG. 6. Construction of v-Src:ER. (A) Construction of v-Src:ER. DNA sequences encoding the SRA form of v-Src were fused in frame to the hormone-binding
domain of the human estrogen receptor and cloned into a series of replication-defective retrovirus vectors. (B) Morphological transformation of NIH 3T3 cells after
activation of v-Src:ER. NIH 3T3 cells expressing v-Src:ER were cultured in DSFM for 16 h and treated with either ethanol (solvent control) or 1 WM 4-HT (to activate
v-Src:ER) for 48 h, as indicated, at which time photomicrographs were taken. (C) Tyrosine phosphorylation of cellular proteins after activation of v-Src:ER. Control
NIH 3T3 cells (control cells, two left lanes) or NIH 3T3 cells expressing v-Src:ER (three right lanes) were cultured in 10% FCS and treated with 1 wuM 4-HT for various
lengths of time as indicated. Tyrosine phosphorylation of cellular proteins was assessed by Western blotting with the 4G10 antiphosphotyrosine monoclonal antibody.

D1 and c-Myc is due to incomplete inhibition of the MAP
kinase pathway or the existence of MEKI-independent path-
ways leading to the control of these genes.

Finally, we addressed the requirement for MEK activity in
NIH 3T3 cells for the induction of c-Myc in response to the
potent mesenchymal growth factor, platelet-derived growth
factor (PDGF). Quiescent NIH 3T3 cells were stimulated with
PDGEF in the absence or presence of PD098059. The induction
of c-Myc in response to PDGF was strongly inhibited by
PD098059 (Fig. 5F). Interestingly, treatment of these cells with
wortmannin, an inhibitor of PI3’ kinase activity, also decreased
PDGF-induced c-Myc expression, suggesting a potential role
for phosphatidylinositol lipid-regulated signaling pathways in
the regulation of c-Myc expression (Fig. 5F).

Complementation of defective CSF-1 receptor signaling by
v-Src. Previous experiments have indicated a potential role for
the Src family of protein tyrosine kinases in the regulation of
c-Myc expression in response to growth factor stimulation of
mouse fibroblasts. Further, it has been suggested that a Src-
dependent, Ras-independent pathway may be crucial in the

regulation of c-Myc in such cells (6). We therefore sought to
determine if activated Src could regulate either c-Myc or cyclin
D1 expression and, additionally, if Src could complement the
mitogenic defect in NIH 3T3 cells expressing the CSF-1R
[809F]. A conditionally active form of v-Src was constructed by
fusing sequences encoding the Schmidt Ruppin A form of
v-Src to the hormone-binding domain of the human estrogen
receptor as described above for Raf-1 and MEKI1 (Fig. 6A).
NIH 3T3 cells expressing v-Src:ER displayed hormone-depen-
dent morphological transformation (Fig. 6B) and tyrosine
phosphorylation of cellular proteins (Fig. 6C). As shown pre-
viously, treatment of NIH 3T3 cells infected with a control
retrovirus (Neo) with 4-HT had no effect on the low level of
tyrosine phosphorylation found in these cells and no effect on
cell morphology (Fig. 6C) (100).

Activation of v-Src:ER in quiescent NIH 3T3 cells resulted
in activation of the p42-p44 MAP kinases within 1 h and the
induction of both c-Myc and cyclin D1 proteins within 1 and
4 h, respectively (Fig. 7A). The kinetics of c-Myc and cyclin D1
induction after v-Src:ER activation were similar to those ob-
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or 100 M PD098059 for 40 min, and then stimulated with various concentrations of 4-HT (0 to 2 nM) for 24 h. Expression of cyclin D1 was assessed by Western

blotting.

served in response to the activation of ARaf-1:ER, suggesting
that v-Src:ER is able to activate some of the same changes in
gene expression induced by activation of Raf and MEK. Such
results are consistent with previous observations that transfor-
mation of cells by v-Src requires the activity of Ras proteins
(110).

To address whether activation of v-Src:ER was sufficient to

complement the mitogenic defect of the mutated CSF-1 recep-
tor, we generated a population of cells expressing both the
CSF-1R[809F] and v-Src:ER. These cells were rendered qui-
escent and then were stimulated as described in Materials and
Methods. Serum stimulation of these cells led to induced DNA
synthesis, whereas treatment with CSF-1 or activation of v-
Src:ER alone with low concentrations of 4-HT had no effect on
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cell proliferation (Fig. 7B). Activation of v-Src:ER in the pres-
ence of CSF-1 resulted in a strong synergistic induction of
DNA synthesis. Like Raf-1;55:ER, high-level activation of
v-Src:ER alone results in a robust mitogenic response; hence,
this experiment was performed at levels of v-Src:ER activation
(modulated by varying the concentration of 4-HT) that were
insufficient to induce DNA synthesis (Fig. 7B, open bars).
These data are consistent with a role for Src family protein
kinases in the regulation of the MAP kinase pathway leading to
the induction of cyclin D1 and c-Myec. It is interesting to note
that the mitogenic response of these cells to CSF-1 and v-
Src:ER activation exceeded the serum response in a manner
analogous to that of cells expressing the wild-type CSF-1 re-
ceptor. Such observations may reflect the fact that v-Src:ER is
able to activate both Ras-dependent and Ras-independent sig-
nal transduction pathways to support cell proliferation.

To determine whether the induction of c-Myc and cyclin D1
by v-Src:ER required the activity of MEK, we assessed the
effects of the MEK inhibitor PD098059 on the ability of v-Src
to induce the expression of c-Myc and cyclin D1. Quiescent
NIH 3T3 cells expressing CSF-1R[809F] and v-Src:ER were
treated with either PD098059 or DMSO prior to the addition
of 4-HT for 1 h to activate v-Src:ER. Consistent with our
previous observations, the induction of c-Myc by v-Src:ER was
inhibited by PD098059 (Fig. 7C). Similarly, in NIH 3T3 cells
the induced expression of cyclin D1, assessed 24 h after v-
Src:ER activation, was inhibited by pretreatment of the cells
with PD098059 (Fig. 7D). These data suggest that v-Src re-
quires the activity of MEK to fully induce the expression of
c-Myc and cyclin D1.

DISCUSSION

Considerable effort is currently focused on forging connec-
tions between components of the cytoplasmic signal transduc-
tion machinery, transcription factors, and regulators of the cell
cycle. Although the precise details remain incompletely under-
stood, the prevailing model suggests that engagement of
growth factor receptors by their cognate ligands results in
activation of numerous signaling pathways that modulate gene
expression leading ultimately to an appropriate biological re-
sponse. Since activated growth factor receptors influence a
diverse array of cytosolic signal transduction pathways, at-
tempts are under way to link specific signal transduction path-
ways with the activation of particular downstream target genes.

Several lines of evidence have suggested that in mouse fi-
broblasts Ras regulates the expression of the Fos and Jun
components of the AP-1 transcription factor, whereas a Src-
dependent, Ras-independent signaling pathway mediates c-
Myc expression (6, 26). First, classical experiments on onco-
gene cooperation indicated that ectopically introduced Ras
and Myc cooperate efficiently to transform primary murine
cells and to accelerate tumor formation in mice (10, 90, 105,
133). Second, MAP kinase activation was implicated in the
phosphorylation of the ternary complex factor Elk-1 which
binds to the serum response element in the c-Fos promoter
and contributes to the activation of c-Fos transcription (85).
Third, activation of the human CSF-1 receptor in NIH 3T3
cells leads to the induction of c-Fos, c-Jun, c-Myc, and cyclin
D1 expression and reentry into the cell cycle. Cells expressing
a mutated form of the CSF-1 receptor induce c-Fos and c-Jun
but do not induce c-Myc and cyclin D1 and fail to proliferate
in response to CSF-1. The fact that the CSF-1R[809F] is ca-
pable of inducing the expression of c-Fos provided circumstan-
tial evidence for the normal functioning of the Ras-activated
MAP kinase pathway. The failure to induce c-Myc and cyclin
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D1 was taken as evidence that a separate pathway leading to
the expression of these genes was compromised by mutation.
Since this mutated receptor fails to associate with c-Src and can
be complemented by the ectopic overexpression of c-Myc or
cyclin D1, these results provided evidence for the possible
existence of a Ras-independent pathway(s) leading to the ex-
pression of these proteins (18, 97-99). Finally, microinjection
studies of PDGF-induced mitogenesis in NIH 3T3 cells sug-
gested that the effects of dominant-negative Ras were over-
come by ectopic overexpression of AP-1 but not of c-Myc,
whereas the effects of dominant-negative c-Src were overcome
by ectopic overexpression of c-Myc but not of AP-1. These data
suggested that Ras functions upstream of c-Fos and c-Jun
(AP-1), whereas c-Src and its family members function up-
stream of c-Myc. However, the inability to conduct biochemi-
cal analyses of microinjected cells precluded a more definitive
analysis of the regulation of the c-Myc and AP-1 transcription
factors in these latter experiments (6).

In these studies we demonstrate a link between the activa-
tion of the Raf/MEK/MAP kinase pathway and the transcrip-
tional activation of c-Myc and cyclin D1. The kinetics of in-
duction of these genes by Raf is fully consistent with previously
published data on their induction by serum and growth factors:
Raf activation leads to the immediate-early induction of c-Myc
transcription and delayed induction of cyclin D1. Evidence that
the induction of c-Myc by Raf was functionally productive was
inferred from the ability of Raf to induce the expression of a
known c-Myc-responsive gene, ODC, in a manner that is at
least partly dependent on tandem E-boxes in the first intron of
the gene (7). Interestingly, of five c-Myc responsive target
genes that we tested, only ODC was significantly induced after
Raf activation, suggesting that there are additional factors
influencing the expression of c-Myc target genes. These may
include the expression or activity of the transcription factor
AP-2, which has been suggested to influence c-Myc-mediated
transcriptional activation (31).

The work of other investigators also supports a connection
between the Ras-activated MAP kinase pathway and the ex-
pression of c-Myc. The level of c-Myc mRNA is decreased
after the ablation of activated Ki-Ras in human colon carci-
noma cells. In addition, c-Myc expression is upregulated in
Swiss 3T3 cells transformed by oncogenic Ha-Ras (59, 108).
Furthermore, it has been suggested that Raf is involved in the
induction of c-Myc transcription in response to v-abl activation
and growth factor stimulation (48, 137). It has also been dem-
onstrated that Ras transformation of NIH 3T3 cells is inhibited
by the expression of dominant-negative forms of c-Myc or by
the inhibition of c-Myc expression (109). Finally, it is likely that
regulation of c-Myc by the MAP kinase pathway is not limited
to transcriptional control of c-Myc gene expression. It has been
reported that MAP kinase-mediated phosphorylation of c-Myc
modulates its transforming and transactivation potential and
that MAP kinase and c-Myc physically associate with each
other (17, 34, 88, 106). It will be important to fully characterize
the transcriptional and posttranslational interactions between
the MAP kinase pathway and c-Myc in order to properly un-
derstand their functional relationship. It should further be
emphasized that the ability of the MAP kinase pathway to
induce the expression of c-Myc and cyclin D1 in NIH 3T3 cells
does not preclude an important role for other growth factor-
activated signaling pathways in the expression of these proteins
in fibroblasts or indeed in other cell types (102, 116).

Our studies of NIH 3T3 cells expressing the CSF-1R and
CSF-1R[809F] provide additional evidence for a functional
connection between the Raf/MEK/MAP kinase pathway and
cyclin D1 and c-Myc. NIH 3T3 cells expressing CSF-1R[809F]
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are defective in their ability to activate the p42 and p44 MAP
kinases in response to CSF-1 stimulation, a finding consistent
with a model that places the MAP kinase pathway upstream of
c-Myc and cyclin D1. Importantly, in cells expressing CSF-
1R[809F], activation of the MAP kinase pathway mediated
either by activated Raf-1 or v-Src complemented, at least in
part, both the biochemical and the biological defects in these
cells. Further evidence for a role for the MAP kinase pathway
in growth factor- and oncogene-induced c-Myc and cyclin D1
expression was demonstrated by the use of a specific and se-
lective MEK inhibitor, PD098059, which prevented the induc-
tion of c-Myc and cyclin D1 in response to both growth factors
and oncogenes. Despite the strong connection between the
MAP kinase pathway and the expression of c-Myc and cyclin
D1 observed in these experiments, we cannot rule out the
possibility that there are additional signaling pathways acti-
vated as a consequence of the phosphorylation of tyrosine-809
of the human CSF-1 receptor that participate in the regulation
of these genes.

A possible resolution for some of the apparent discrepancies
in the literature may reflect the mechanism of Raf-1 activation
in response to growth factor stimulation. The current model
suggests that activated Ras recruits Raf-1 to the plasma mem-
brane, where it is phosphorylated by members of the Src family
of protein tyrosine kinases. Phosphorylation of Raf-1 on these
sites (Y340 and Y341) significantly potentiates its ability to
activate the MAP kinase pathway. Indeed, the form of the
conditionally active full-length Raf-1 that we used in these
experiments is thought to be at least a partial mimic of the
tyrosine phosphorylated form of the protein (14, 27, 65, 66).
Therefore, inhibitors of both Ras and Src might be expected to
interfere with the normal activation of the Raf/MEK/MAP
kinase pathway and the subsequent induction of c-Myc and
cyclin D1. Such a model is consistent with the observations that
the activation of the wild-type CSF-1 receptor results in acti-
vation of c-Src but that the CSF-1R[809F] fails to associate
with c-Src (18).

An important role for the Ras-activated MAP kinase path-
way in the transmission of mitogenic signals from Src is sup-
ported by the work of others. For example, transformation by
v-Src is inhibited by neutralizing anti-Ras antibodies or by
overexpression of GAP (21, 79, 110). Furthermore, the Ras-
activated MAP kinase pathway has been shown to be required
for induction of certain Src transcriptional target genes (20, 89,
131). Finally, the phenotypic effects of overexpression of a
Drosophila homologue of a Src-family kinase are inhibited by
loss of Ras function (115).

Although we have not defined the cis-acting elements in
either the c-Myc or cyclin D1 promoters that confer Raf re-
sponsiveness, there may be a role for Ets-family transcription
factors in the transcriptional regulation of these genes. The
importance of Ets transcription factors in mediating both
growth factor- and oncogene-induced gene expression is illus-
trated by the fact that both Ets-1 and Ets-2 rescue the mito-
genic defect in CSF-1R[809F]-expressing cells (96). In addi-
tion, dominant-negative forms of Ets-2 have been shown to
suppress induction of c-Myc and cyclin D1 by CSF-1 and epi-
dermal growth factor (EGF), respectively (2, 55). Dominant-
negative Ets-2 has also been shown to suppress morphological
transformation induced by v-Raf and CSF-1 (55, 101). Further,
induction of the cyclin D1 promoter has been shown to be
suppressed by the ectopic expression of dominant-negative
MEKI1 or MAP kinase phosphatase 1 (56). These results are
consistent with the inability of the mutated CSF-1 receptor to
activate the MAP kinase-mediated phosphorylation of Ets-2 in
NIH 3T3 cells (28, 69, 134).
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Since the CSF-1R[809F] is unable to fully activate the MAP
kinase pathway and yet induces the expression of c-Fos, these
data call into question the role of the MAP kinase pathway in
c-Fos expression (119). In separate experiments, we have as-
sessed the effects of Raf activation on the expression of c-Fos.
Unlike c-Myc and cyclin D1, Raf activation does not mimic the
effects of growth factor stimulation on c-Fos mRNA or protein
expression inducing, at best, only a modest increase in c-Fos
expression (17a). However, when Raf activation is combined
with a second signal such as a calcium agonist, a strong syner-
gistic induction of c-Fos expression is observed. A requirement
for the MAP kinase pathway in the regulation of c-Fos was
inferred from the fact that treatment of cells with PD098059
prevented c-Fos induction by serum or EGF. These data sug-
gest that the MAP kinase pathway is required for c-Fos induc-
tion in response to mitogens but that maximal induction of
c-Fos may require the cooperation of other signaling pathways.
Such conclusions are supported by studies utilizing transgenic
mice containing c-Fos reporter constructs, as well as by recent
studies of the effects of Rho-family GTPases on c-Fos expres-
sion that indicate that c-Fos regulation is significantly more
complex than earlier studies had indicated (3, 91). Clearly,
future experiments must be dedicated to gaining a more pre-
cise understanding of the biochemical mechanisms underlying
these transcriptional responses and the ultimate phenotypic
consequences of such changes on cell physiology.
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