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ABSTRACT

The colony stimulating factor-1 receptor (CSF-1R)
affects mitogenic growth and gene expression in NIH
3T3 cells through signaling pathways that require the

products of the c- ras and c- myc proto-oncogenes. In

this work we tested the hypothesis that there is direct
communication between the Ras and Myc pathways. In
transient transfection assays Ras increased by 5-fold
transcriptional transactivation by chimeric c-Myc—
Gal4 proteins. A constitutive active form of the CSF-1R
also stimulated this activity and co-expression of a

dominant negative ras gene ablated receptor stimula-

tion. Deletion analysis of the c-Myc N-terminal region
demonstrated that amino acid residues between posi-

tions 92 and 143 are the targets for Ras action.

Transactivation by chimeric Myc proteins that were
stably expressed could be transiently enhanced by
either CSF-1 or serum, with peak activity occurring 2 h
after mitogen stimulation. The steady-state levels of
the chimeric c-Myc transactivators were increased
following stimulation with CSF-1 or serum, but this
increase in steady-state protein level did not strictly
correlate with the increase in transactivation activity.
Thus, Ras signaling may directly affect the activity of
the c-Myc N-terminal region.

INTRODUCTION

to DNA in a sequence-specific manngéb) and possesses two
distinct transactivation domains in its N-termin@s The Myc
polypeptide forms heterodimers with another bHLH Zip protein,
themaxgene product/). The Mye-Max dimers can transactivate
artificial reporters that contain the Myc recognition sequence
CACGTG. Transactivation is antagonized when Max dimerizes
with another partner, Ma@),

The ras and myc oncogenes collaborate to effect neoplastic
transformation of primary mammalian cel.(The interaction
of these two genes provides a model for multi-stage carcinogene-
sis. The molecular basis for this collaboration has not been
elucidated. However, the sequences in Myc required for cooper-
ative transformation with Ras coincide with the regions necessary
for DNA binding and transactivatio,(0). Therefore, cooper-
ative transformation of primary animal cells requires the com-
bined activation of a signaling cascade and nuclear transcriptional
events.

Recent evidence suggests communication between the Ras anc
Myc pathways during transformation of immortalized cell lines
(11-13). When expression of the receptor for colony stimulating
factor-1 (CSF-1R), the product of thénes proto-oncogene, is
enforced in NIH 3T3 cells, CSF-1-dependent mitogenic growth
and transformation of the cells is promoted)( CSF-1R
mitogenic signaling can be abrogated by direct mutation of a
critical autophosphorylation site, Tyr809, in the recefitoy ¢r
by overexpression of either of two dominant suppressors of the
Ras signaling pathway, the catalytic domain of the GTPase
activating protein (GAP-CL6) or the DNA binding domain of
c-Ets2 (13). In all three cases, the stimulation of c-Myc by CSF-1

The products of theas genes are 21 kDa proteins that bindis also abrogated, while expression of the immediate-early genes
guanine nucleotides). Localization to the inner surface of the c-fos cjun, junB and cets2 is unaffectedl(l-13,16). Constitutive
plasma membrane is required for the biological activity of Rasxpression of c-Myc in these CSF-1-unresponsive cell lines
(1). In immortalized cell lines, ligand-activated tyrosine kinaseestores ligand-activated mitogenic growth and transformation
receptors are coupled to p21Ras via interaction with the Sft1-13). These results indicate that a CSF-1R/Ras signaling

homology-containing proteins, such as Grb-2 andihguanine

pathway is necessary (although not sufficient) for neoplastic

exchange factor, So®)( Thus, the formation of a signaling transformation of NIH 3T3 cells and that information flows in this
complex that promotes the generation of the active GTP form pathway through the receptor Tyr809 to Ras to Ets family

Ras is necessary for mitogenic growth of cultured c8lls (

transcription factors to c-Myc.

The product of the mycgene has been implicated as a key One prediction made by this model is that timeycpromoter

factor in cell growth and differentiatior)( The Myc protein

contains a Ragesponsive enhancer element and that this element

resides in the nucleus and belongs to the basic helix—loop—hetiantains Ets factor recognition motifs#-19). In fact, it has been

zipper (bHLH Zip) family of transcription factor3)( Myc binds

demonstrated that the neyc proximal promoter contains a
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binding site for c-Et4 or c-Ets2 and that c-Et4 can transacti- with Sma and Xbd. myc fragments were used to replacenyb

vate the anycpromoter in transient transfection ass&@®.(A  DNA sequences from pGR-MYRY), likewise digested witBma

critical link of Ets proteins to Ras signaling pathways was nandXbd.

demonstrated. In contrast, studies on c-Jun have demonstratethe reporter plasmid used to assess GM transactivation was

that the activity of this transcription factor is increased by RgsG5E1bLuc 26,27). The GR reporter plasmid, pSK/SL95

action primarily via post-translational modification of the proteircontained eight copies of a glucocorticoid-responsive element

and that this mechanism is central to the collaboration of Ras af@RE) and a herpes simplex virus thymidine kinase (HSV TK)

c-Jun in transformation of primary rodent celts,22). Our  promoter driving luciferase.

recent work with Ets factors also indicates that post-translationalEpitope-tagged versions of GRm(41-143) and GR#A62)

alteration of these factors by a Ras signaling pathway is cruciaere expressed via a CMV promoter. The plasmid pCZN (

to their action 23). In the present work, we have attempted tovas modified by PCR so that it contained two additional copies

assess whether c-Myc activity was affected post-translationalty the influenza hemagglutinin tag. The triple epitope region was

by Ras signaling pathways. sequenced to confirm the reading frame. The GR DNA binding
Utilizing transient transfection assays, activated Ras or domain £5) was subsequently cloned in-frame with the triple

constitutively active form of the CSF-1R can increase trangpitope tag to create pEP3-GR. The EP3-GRm plasmids were

activation mediated by the c-Myc domain located between amimenerated by subcloning ofiyc sequences from the pGRm

acid residues 92—143 when this domain is fused to the heterologwastors described above. Expression vectors for the CSELR (

DNA binding domains of Gal4 or the glucocorticoid receptor. CellsasN17 (30) and activatedras (31) have been previously

that stably express the c-Myc(41-143) transactivation domain alodgscribed.

with an appropriate reporter have been constructed. In these cells,

CSF-1 or serum can increase the activity in a temporally regulated )

manner, with a peak of activity occurritig h after treatment. The Transfections

stability of the c-Myc fusion protein produced in these cells is

increased by growth factor or serum treatment, although tHéansient transfection assays were performed as previously

increase is not sufficient to fully account for the elevated activit§€Scribed 11). _ _
of the N-terminal domain. NIH 3T3 cells expressing the CSF-1R were co-transfected with

GM(41-143), pG5E1bLuc and a hygromycin resistance marker
by the calcium phosphate method, and individual drug resistant

MATERIALS AND METHODS colonies were cloned and analyzed. Stable cell lines were also
. generated that expressed the triple epitope-tagged versions of
Cells and culture conditions GRm(41-143) and the -SA62 point mutation, the pSK/SL95

NIH 3T3, NIH 3T3 expressing the human CSF-18 and COS reporter and a hygromycin resistance gene. Drug-resistant colonies
cells were maintained in Dulbecco’s modified Eagle's mediun{’€e pooled and the pooled clones used for further analyzes. These

(DMEM) supplemented with 10% fetal bovine serum, 9.5 mppell lines are designated CMV-WT and CMV-62, respectively.

L-glutamine and 10Qg/ml mezlocillin. Purified recombinant
CSF-1 was a gift from Steven C.Clark (Genetics Institutey,ivsis of RNA and protein expression
Cambridge, MA). Cells were starved in DMEM plus 0.1% feta?\ y P P

bovine serum prior to stimulation with CSF-1. Cells werexnA was isolated from the WT-10 cultures upon serum stimulation
stimulated with fetal bovine serum after starvation in RPMI-164g,4 \as subjected to Northern blot analysis as previously described
plus 4 mML-glutamine, 50uM (-mercaptoethanol, 100M  (1¢) Specific hybridized bands for both probes were quantitated
mezlocillin, 400ug/ml bovine serum albumin,&g/mlinsulin,  yjth the Betascope 603 blot analyzer (Betagen, Waltham, MA).
10pg/ml transferrin and 5 ng/ml sodium selenite. Stable cell lines 14 analyze the expression of different fusion proteins in transient
were stimulated after 24 h starvation with either 600 U/ml CSF}gnsfections, COS cells were transfected withd.6f each pGM

(1 U = 0.44 fmol) or with 30% fetal bovine serum. plus 1ug either pHomer6 or pHO6T1 using DEAE-Dextran as
previously described3@). Two days post-transfection, cells were
Plasmids metabolically labeled for 4 h with 1QECi/ml [33S]methionine

(Amersham). Cells were lysed in Ab buffer as descriBayir

The SV40 promoter driveBald—mydGM) expression plasmids the presence of 0.5 mM phenylmethylsulfonyl fluoridgid/onl
pGM(1-262), pGM(1-41), pGM(41-103), pGM(103-143) andeupeptin, 7.5ug/ml pepstatin and 10g/ml aprotinin. Immune
pGM(41-143) were a gift from Chi V.Dang (Johns Hopkinscomplexes were formed using a polyclonal rabbit serum against
University) and have been describ&)l (The GM expression the Gal4 DNA binding domain and precipitateith protein
plasmids containing various nayc deletion mutations were A-Sepharose CL-4B (Pharmacia). Immunoprecipitates were frac-
generated by the polymerase chain reaction (PCR) using priméomated on polyacrylamide gels in the presence of SDS. Gels were
based on cryc sequences as previously describ&d).(Re-  treated with Amplify (Amersham), dried and exposed to X-ray film.
combinant PCRX4) was used to create a point mutation at Ser62 For Western blot analysis, treated monolayers were scraped in
within a 41-143 context and an internal deletion of codonSDS sample buffer and fractionated on polyacrylamide gels in the
92-111 from a 63—143 context. All constructs were sequenceddesence of SDS. Gels were electroblotted to nitrocellulose and
confirm codon deletions and the proper reading frame witbrobed with the mouse monoclonal antibody raised against the
respect taGal4. influenza hemagglutinin epitope (12CA5F; Babco, Berkeley, CA)

Al GR—-myc (GRm) expression plasmids were created bynd detected using the enhanced chemiluminescence method (ECL,
digestion of thenycsequences from corresponding pGM construct&mersham).
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RESULTS A
Human ¢-mye Exen 2 RELATIVE
Ras stimulates the transactivation potential of an [ ] THANSAGTIVATION
N-terminal domain of c-Myc - ras + ras
1-262 I 13 &8
1-41 [ 25 sz

Dominant suppression of a mitogenic CSF-1R/Ras sighaling
pathway abrogates the induction ofmge expression and
overexpression of exogenoumgerescues the mitogenic action
of this signaling pathwayl{—13). Thus, c-Myc functions as a
critical nuclear end point for mitogenic signaling from CSF-1R/Ras B
In the case of Ras/c-Jun collaboration the N-terminal activation 500
domain of c-Jun is the critical target for Ras acth22). The - vos
N-terminus of c-Myc also encodes transactivation doméins (
These domains can be assayed as fusion proteins when joined
in-frame to a yeast Gald DNA binding domai). (To assess
whether the transactivation domains of c-Myc are also a target for
Ras signaling, expression plasmids for Gald—Myc fusion proteins
were analyzed in transient transfections in NIH 3T3 cells in the
absence and presence of an activated lida-aliele.

Human cmyccoding sequences were expressed in-frame with _
a yeast Gal4 DNA binding domain under the control of an SV40 = —
early promoter and transactivation by Myc—-Gal4 proteins were
measured using a luciferase reporter plasmid that contained five & N
copies of the Gald DNA binding consensus (see Materials and &
Methods). Figurd A depicts portions of the c-Myc transactivation
domain that were fused to Gal4 and their relative transactivation

. . . Figure 1. Ras augmented the activity of the 41-143 transactivation domain of
potentials in the absence and presence of an actreatatiele, c-Myc. (A) Shown are the coding sequences of humagaexon 2 that were

while FigurelB displays a graphic representation of the data. Inyssayed in NIH 373 cells in transient transfection assays as GM chimeras to
the absence of a co-transfeatsiallele, the relative transactivation delineate sequences that exhibit Ras-enhanced transactivation. Transactivation
potentials of the various Myc fusion proteins were comparable withy the different c-Myc domains is expressed relative to the basal activity of
their activities in CHO cells5j. However, co-transfection of an GM(#1-143), defined as 100%. Filled boxes depict sequences that were
activatedras enhanced transactivation by GM(1-262) or by rgsponswe to Ras gand stlppled_sequences were not responsive B) Ras._(
- > . ) raphic representation of the luciferase data used in the calculation of relative

GM(41-143)4- to 5-fold in this set of transfection experiments. transactivation activities. The data for each construct represent the average of
Transactivation by GM(1-41) was 2-fold, which was the samet least three independent transfections where the luciferase activity is corrected
level as background transactivation of the reporter by Ras in i@ an RSV-SEAP intemal control. Error bar indicate the SEM of the
absence of any exogenous transactivator PBj. experiments.

Ras did not increase the activity of an SV40-SEAP plasmid
(data not shown). In addition, response to the co-transfested
allele was not a function of the basal transactivation potential of
the different GM fusion proteins. GM(1-41) was a more efficient ) ) . ) )
transactivator than GM(1-262), but only GM(1-262) responded Deletion of amino acids between residues 41 and 62 slightly
to Ras (Fig.1). Thus, the Ragesponsive activity of the Myc increased basal activity of the transactivation domain but Ras

transactivation domain is specific to a region encompassirggmulation of this basal activity was not significantly affected
amino acid residues between 41 and 143 of c-Myc. (Fig.2). A mutation that resulted in the substitution of Ala for Ser

at position 62 also had no significant effect on either basal or
Rasinduced activities as measured by the transient transfection
) o ) o assays (Fig). In these experiments, the effect of Ras oiviye

Mapping the minimal Rasresponsive region in the 1-41 domain or Gal4 DNA binding domain alone was <2-fold.
N-terminal portion of c-Myc These data indicate that Ser62 is not the major target of Ras action

under our experimental conditions. In contrast, deletion of amino
The region between 41 and 143 in the N-terminus of c-Myc waids 92-111 resulted in both an 80% decrease in basal level
mutagenized in an attempt to further delimit the sequences tlaativity, as well as a complete loss of fResponsiveness (Fig),
conferred Ras responsiveness in the transient assay system. imbiating that this region comprises at least part of the Ras target
response of Myc transactivation potential to Ras was lost when thiethe c-Myc N-terminal region.
41-143 region was split into two regions from codons 41 to 103 andThe c-Myc N-terminal mutations were positioned adjacent to a
103 to 143 (data not shown for the Gal4 constructs, however ssond heterologous DNA binding domain to validate the results
Table 1), suggesting that the target of Ras action might span tlaé the transient transfection experiments using GM expression
region contiguous with amino acid 103. However, because Ser62ptdismids. The differentnyc coding sequences were subcloned
human c-Myc has previously been shown to be critical fdirom the GM plasmids to a plasmid encoding a rat glucocorticoid
transactivation of a c-Myc domain including amino acid residuggceptor (GR) DNA binding domai2%). These GR—Myc fusion
1-103 84,35), we initially focused our attention on this region. proteins were compared in transient assays (Tablgeletion of

41-143 I 100 492

4Ull- + ras

Luciferase RActivity

1040
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A c-myc Transactivation Domain RELATIVE could not rule out the possibility that Ras increased protein stability
' ' TRANSACTIVATION during a specific segment of the cell cycle (see below).
— ras + rgs
T-41 2a a7 ) - .
Table 1.Relative transactivation by GR—Myc proteins
41-143 | 100 537
$>A62 I 147 483 Chimeric proteif Basal reporter Reporter activity Relative
63-143 I 249 658 activity? +Ra$ inductiorf
ds2-111 18 28 GRm(1-41) 22 35 1.6
GRm(41-103) 15 22 15
B - C — GRmM(103-143) 22 30 1.4
. + v GRm(41-143) 100 642 6.4
2 ® 2 GRmM(41-143,S.A62) 62 272 4.4
= =
= g GRm(63-143) 68 267 3.9
=
= . GRM(41-143A92-111) 25 38 152
@ )
o g GRm(63-123) 20 32 1.6
k]
3 3 GRm(82-143) 98 353 3.6
3 -

aNumbers in parentheses indicate the portion of c-Myc expressei Joint
mutation of residue Ser62 to alanin€2—-11, in-frame deletion of amino acids
92-111 inthe 41-143mycbackground. See Materials and Methods for details.
bRelative luciferase activity with the GRm(41-143) basal activity set as 100.
Three independent experiments were performed and the mean of these experi-
ments was used to calculate the values presented.

Figure 2. Mapping the sequences of c-Myc required for-&asanced  CThe activity in the presence of Ras divided by the basal activity.
transactivation. A) The structure of mutations in c-Myc domain 41-143

assayed by transient transfection in NIH 3T3 cells as GM chimeras and their

relative transactivation potentials in the presence and absence of activated Ras.

The activities are again presented relative to the activity of 41-143, which is sat-Fms can increase Myc transactivation activity via a

as 100%. As in Figure 1, filled regions exhibited-Balsanced transactivation,  Ras pathway

whereas stippled regions were not ‘Responsive. B and C) Graphic

representation of the luciferase data used in the calculation of relativaConstitutive, exogenous Ras signaling augmented c-Myc trans-

transactivation activities. GM fusion proteins that exhibited lower activity are At ; ; i ati
presented in (B) and those with higher activity in (C). The data represent thgcuvatlon potential. In order to determine whether activation of

average of three independent experiments where luciferase activity is correctéd? €ndogenous Ras might likewise affect Myc activity, v-Fms, a
for an RSV-SEAP internal control. Error bars indicate the SEM of the CONstitutively active CSF-1R ), was used to activate endogenous

experiments. Ras signaling. Co-transfection of pGRm(41-143) with activased

or vfmsresulted in a 6-fold enhancement of transactivation potential

, , ) (Fig. 4). However, co-transfection of a dominant-negatsh17

amino acids 41-62 or conversion of Ser62 to Ala62 had na) resulted in the abrogation of Myc transactivation in response to
significant effect oiRas stimulation of transactivation potential. \,_gms (Fig.4). Since RasN17 is inhibitory only to normal Ras
Two additional N-terminal mutations were constructed and testgghction @0), the dominant-negative allele did not interfere with
in the GR background. Deletion of amino acids 41-82 gave gyhanced transactivation by activated Ras (data not shown). The
phenotype similar to deletion of amino acids 41-62. Truncation gishonse of both Ser62 mutants to v-Fms were similar to those in
amino acid residues 124-143 severely impaired Ras responsivengsgansections witras (data not shown). Thus, c-Myc transactiva-
of the c-Myc transactivation potential (TabjeThese data indicate {ion potential is regulated similarly by oncogenic and normal Ras.
that the region between amino acids 92 and 143 comprises the
minimal region of c-Myc that confers responsiveness to the R@s,jitional activation of Myc transactivation potential

signaling pathway. . ; - i ! .
Immunoprecipitation using a polyclonal antiserum to the Galw cells stably expressing the 41-143 N-terminal domain

domain revealed no appreciable differences in levels of fusidtably transfected cell lines were established to evaluate the kinetics
proteins expressed in transiently transfected COS cell8{Fife = of CSF-1R/Ras modulation of c-Myc N-terminal transactivation
chose to use COS cells for this experiment because it is genergitytential. NIH 3T3 cells stably expressing a wild-type human
accepted that this system provides a reliable way to determi@SF-1R (4) were co-transfected with the pGM(41-143)
whether mutations affect protein folding (see for exa@)leThus,  expression plasmid, the pG5ElbLuc reporter plasmid and an
the various mutations do not result in the production of c-Myexpression plasmid for a hygromycin B resistance gejelivo
proteins with grossly different stabilities. The difference inndependent clones, WT-6 and WT-10, were analyzed for the
apparent mobility between GM(41-143) and GM{&52) is an  response of Myc transactivation to stimulation with CSF-1
artifact of the cloning of the point mutant pGM{862) arising ligand. Quiescent, serum-starved cultures were stimulated with
from fewer codons in the polylinker of this GM chimera.CSF-1 and luciferase reporter activity was measured at various
Co-transfection of an activatads allele did not increase the times following growth factor stimulation. CSF-1 stimulation
stability of the precipitated proteins (FR). However, since the enhanced transactivation by GM(41-143), with reporter activity
cells are growing asynchronously in these transient assays, peaking 2 h post-stimulation (FBA). The induced level of Myc
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1500
A {1 Alone
M 1 2 % 4 5 § T B 9 10 EZA +ras
B + fms
B + tms & N17

:

Lucilerase activity

-
t4.3.

i 0
M 1 2 3 4 5 & . e . )
Figure 4.The transactivation potential of c-Myc is enhanced by normal cellular
Ras in transient transfections. Transient transfections were performed in NIH
46 3T3 cells with the pSK/SL95 reporter construct and either pGR (GR DNA
- binding domain alone) or pPGRm(41-143). These constructs were transfected
30 1 alone, with an activategs, a constitutively active CSF-1R {w9 or vfms
-‘-. plus the dominant negativeasN17. The results of three independent
o experiments are depicted where the luciferase activity is corrected for an
RSV-SEAP internal control. Error bars indicate the SEM of the experiments.
- -
14.3 -

=i (Fig. 5B). Therastransformed WT-10 cells had a higher basal level
of Myc transactivation, however, while the stimulation by serum
Figure 3. Expression of Gal4-Myc fusion proteins in transient transfections. Was reduced compared with cells not harboring an activased
COS cells were transfected with differ@wl4-mycexpression vectors in the  gene, the peak activity of the Myc chimeric transactivator remained
presence of an expression vector for activated Ha-or with the empty  tightly regulated and not constitutively elevated. Thus, the Ras

expression vector. Cells were metabolically labeled W#]nethionine and i ;
GM chimeric proteins were immunoprecipitated from cell lysates with a pathway appears necessary but not sufficient for regwatmg the

polyclonal antiserum against the Gal4 DNA binding domain. Immunoprecipi- activity of the Myc Ch'merlc protein. .

tates were fractionated on SDS-containing polyacrylamide gels. Fluorographs Northern blot analysis of RNA from serum-stimulated WT-10
of dried gels are shown. Lanes M in both paneld4@emethylated protein ~ cells indicated that expression of Bal4d—mycRNA was not
molecular weight standards, with the sizes of markers (in kDa) indicated to theyffected by serum growth factors (F&C). Similar data were

left of the panels.X) Cells were transfected as follows: Gal4 DNA binding f 1. -

domain (lanes 1 and 2), GM(1-41) (lanes 3 and 4), GM(41-143) (lanes 5 angbtamed when RNA from_ CSF-1-treated WT-10 cells was
6), GM(63-143) (lanes 7 and 8) and GM(862) (lanes 9 and 10). Extracts analyze_d bY_ Northern bl()_ttlng (data not _Shown)- Thus, growth
were prepared from cells co-transfected with an empty expression vector (odtactor signaling does not induce expression of the GM(41-143)
numbered lanes) or with an expression vector for an actirasedlele (even chimeric gene. Using antisera to the Gal4 domain, expression of

numbered lanes)BJ Cells were transfected as follows: GM(41-143) (lanes 1 _ ; ;
and 2), GM(82-143) (lanes 3 and 4) and GM(d92111) lanes 5 and 6). Extraci'c._CM(41-143) fusion protein was not clearly detected by

were prepared from cells co-transfected with an empty expression vector (od'(ﬁnmunopredpitation of proteins_, from metabolical!y labeled
numbered lanes 1, 3 and 5) or with an expression vector for an actasmted WT-10 cells or by Western blotting of WT-10 protein extracts
allele (even numbered lanes). (data not shown). The c-Myc protein is characteristically unstable
and has a half-life of the order of 30 m@6), Our inability to

o o o _ detect the Myc—Gal4 protein in these cells was due to a high
transactivation returned to basal activity within 4-8 h followinghackground obtained with the antiserum employed and probably
growth factor stimulation, indicating a tight regulation of MyCtg an inherent instability of the c-Myc peptide produced.
transactivation vivo(Fig.5A). Cells that contained the reporter but

not the GM(41-143) expression vector, or an expression vector : :
only the Gal4 DNA binding domain, showed no response to growj kﬁg:é%\;ﬁigrgrfg :;r?(()a\;;thpg(t:t:é?ssé?neugiggnse of Mye
factor treatment. CSF-1 induces peak expression of endogenous
c-mycmRNA at 1-2 h12), suggesting that CSF-1 stimulation of Myc transactivation potential was tightly regulated in response to
quiescent cells leads to coordinate transient increases in c-Msither CSF-1 or serum (Fig). If phosphorylation was involved in
expression and transactivation potential early in G1. increasing the activity of the chimeric Myc proteins, then dephos-
The response of Myc transactivation was also examined phorylation of proteins might account for the deactivation observed
response to stimulation by fetal calf serum. Quiescent, seruidter 2 h stimulation. Thus, inhibitors of serine/threonine protein
starved WT-10 cells were stimulated with serum and reportphosphatase might inhibit the observed down-regulation that
activity was measure at various times following stimulation. Seruwccurred. The tumor promoter okadaic acid is a potent inhibitor
stimulation enhanced Myc transactivation potential to the sanaf the serine/threonine-specific protein phosphatases 1 and 2A
extent and with similar kinetics as CSF-1 stimulation (). (37) and the affect of this compound on the activity of the
Thus, Myc transactivation potential is regulated with similar kineticshimeric Myc protein was analyzed.
by CSF-1 and serum. Furthermore, serum stimulation increaseduiescent WT-10 cells were serum stimulated in the presence of
Myc activity when WT-10 cells were infected withes retrovirus  increasing concentrations of okadaic acid. Serum alone induced
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Lum/ug

Lum fud
2

503

15 Figure 6. Okadaic acid deregulated c-Myc transactivation potential in stably
transfected cells. Serum-starved WT-10 cells were treated with the indicated
o concentration of okadaic acid and/or 30% fetal bovine serum over an 8 h period.
. \i Extracts from duplicate dishes were prepared and analyzed for luciferase
2 activity at the indicated times and the averages are shown. Similar results were
obtained in three independent experiments.

Lum/ul

O

WT-6 clones (see above), we constructed additional cell lines that
expressed the GR-Myc fusion proteins from the potent CMV
0w 0 immediate early promoter. Additionally, this vector allowed the
et B GR-Myc fusions to be epitope tagged with an influenza hemaggluti-
nin peptide antiger?@). Antibody against this antigen produces a
lower background in the region the fusion proteins migrate. Pooled
clones of cells that expressed both the 41-143 c-Myc domain as well
as the 41-143(A62) mutated domain were prepared and assayed.
When stimulated with serum, both CMV-WT and CMV-62 cell
Figure 5. The transactivation potential of c-Myc is enhanced by normal cellularlines  displayed kinetics for c-Myc N-terminal transactivation
Ras in stably transfected cell lines. CSF-1R-expressing NIH 3T3 cells werédentical to those observed in the WT-10 and WT-6 cell lines (Fig.
stably transfected with pGM(41-143) and the pG5E1bLuc reporter construc‘%A)_ Similar data were observed upon stimulation of these cell lines

and single cell clones were isolated. Cells were serum starved and stimulated. . .
with either CSF-1 or serum to activate Ras signalipSgerum-starved cells ith CSF-1 (data not shown). Cells that contained only the luciferase

were stimulated with CSF-1 over an 8 h period and extracts were analyzed fdiePorter did not respond to serum stimulation (data not shown). No
luciferase activity at the indicated times. Shown are the results of thredncrease in RNA levels of the chimeric genes in response to serum
independent experiments on two independent clones, WT-6 and WT-10. Errastimulation was observed (data not shown). These data confirm that

bars indicate SEMB) Serum-starved WT-10 ands-infected WT-10 cells ; R . ; :
were stimulated with 30% fetal bovine serum over an 8 h period and extractsR as signaling induces the activity of Myc-Gal4 chimeric products
s an early response to serum or CSF-1.

were analyzed for luciferase activity at the indicated times. The data shown ard ! . . .
the average of a single experiment performed in triplicate. Error bars indicate The expression of the epitope-tagged GR-Myc fusion proteins
SEM. Similar results were obtained in multiple experime@sQuantitation was assessed by Western blot analysis of proteins from CSF-1
of a Northern blot of RNA from serum-stimulated WT-10 cells where the blot fregted CMV-WT cells (Fig7B). CSF-1 signaling resulted in a

f

was probed with Gal4(1-147) and moysetin radiolabeled DNAs. c.p.m. o - P . .
Gal4 hybridized bands were standardized to c.p.gracfin hybridized bands transient stabilization of the GR-Myc fusion protein that was

based on quantitation using the Betagen Betascope 603 blot analyzer. partially coincident with increased activity of the c-Myc trans-
activation domain. The stabilization of chimeric protein was
evident at 4 and 8 h after growth factor treatment, when trans-
o ) ) ) o activation by this fusion protein had declined (Fiyversus B). A
Myc transactivation potential with typical kinetics (F®. In  gimilar protein stabilization was seen upon stimulation of
contrast, 100 nM okadaic acid increased the time window of Myg\v.62 cells (data not shown). Both GR-Myc chimeric proteins
transactivation induced by serum (Fig Both the time window and \yere also stabilized by serum stimulation (data not shown).
the magnitude of the Myc N-terminal activity were potentiated byynjike the data from our transient transfections and immuno-
concomitant treatment of the WT-10 cells with 200 nM okadaic aclﬁecipitations, where cells were growing asynchronouslyJig.
and serum (Fig). Okadaic acid treatment in the absence of seruese data indicate that a CSF-1/Ras signaling pathway induces
did not affect the N-terminal c-Myc activity. Inhibition of serine/5 transient stabilization of the Myc transactivation domain
threonine-specific phosphatase disrupts the tight regulation @fsricted to an early time window after growth factor stimulation.
growth factor-induced c-Myc transactivation potential. However, the apparent 2- to 3-fold increased level of expressed
o : ; e ia i fusion protein is insufficient to fully account for the 7-fold level
groﬁ;agg%r%gshggc:;ﬁ%n proteins is increased by of induced transactivation (Fig). In addition, the GR—-Myc
fusion products remain elevated at 4-8 h post-stimulation, when
In order to overcome the technical problems associated witfansactivation activity is largely extinguished. The lack of a tight
assaying c-Myc N-terminal fusion protein levels in the WT-10 andorrelation between chimeric protein levels and transactivation
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A A unique aspect of this work was that the growth factor CSF-1
« a0 or serum could stimulate transactivation by this region of c-Myc

3 o wr in a tightly regulated manner. The peak of Myc transactivation

” /2\ — activity is coordinate with maximal expression of the endogenous

- 1 c-mycgene productl?). These data suggest that CSF-1R/Ras
E / _ \l\ signaling coordinately regulates the expression and activity of
3% AT o c-Myc upon growth factor stimulation of cells and is consistent
/J /\ \ with a role of Myc as a competence factor in the early G1 phase

0 / Z N he of the cell cycle §8). One caveat to this interpretation is that our
/ 3 experiments take advantage of chimeric Myc proteins and
n+ T T T T 0 artificial gene reporter systems. Studies on authentic early G1

targets for c-Myc, targets yet to be identified, will be required to
determine the full biological relevance of our findings.

Previous experiments indicated that overexpressionmfcc-
could rescue deficiencies in the Ras pathway caused by mutation
of CSF-1R or by overexpression of GAP-[1,(2), indicating
that expression of m¥yc alone is the critical factor. However,
these results are not inconsistent with our present observations in
that while Ras signaling was diminished in the published
experiments, it was not ablated. In addition, our work indicates
that while necessary, Ras signaling alone is not sufficient to fully
activate the Myc 92—143 domain. Thus, a residual amount of Ras
signaling in combination with additional CSF-1R signaling

Fioure 7. CSE-1/Ras sianaling stabilizes the Mve t ivation domai pathways and overexpression ahgemay be required for the
igure /. - as signaling stapilizes the Myc transactivation domain. 1. H H H
(A) Stable mixed clones of cells containing epitope-tagged versions ofrescue of CSF-1 dependent mitogenic grovvth in these other

GRmM(41-143) or GRM(SA62), as well as the GR-specific luciferase eXperimentstlz)- o
reporter, were analyzed. Cells were serum starved then stimulated with 30% Previous reports have indicated that Ser62 of c-Myc can be
serum andMyc transactivation determined at the indicated times following phosphorylateih vitro by MAP kinases and that this residue is

stimulation. A representative experiment performed in triplicate is shown. SEMinvoIved in the activation of c-Mvc transactivation potential in
of the determinations is indicated by the error b&)sA(Western blot of the Y P

antibody-tagged GRm(41-143) from extracts of CMV-WT cells stimulated '€SPONS€ 1o EGF signalir@!l(39)_. The requirement for phOSph_Of

over time with 250 U/ml CSF-1. Numbers above the lanes indicate the duratiofiylation at Ser62 correlates with c-Myc transactivation activity

of CSF-1 treatment in hours. The band corresponding to the GR-Myc chimerguring the G2/M transition in the cell cycl&), consistent with

is indicated by the arrow to the left of the blot. The other prominent band is gy requirement for c-Myc in G2/M after EGF stimulatidf,{41).

non-specific, cross-reacting protein (data not shown). However, these data were obtained with amino acid residues
1-103 of c-Myc. For this domain, substitution of alanine for
serine at position 62 results in both decreased basal and inducec

potential indicate that protein stabilization cannot alone accouktyc transactivation34,40). In contrast, deletion through Ser62

for Ras activation. or substitution of an alanine at Ser62 only marginally reduced
basal transactivation potential in the Myc(41-143) context and
DISCUSSION these mutations did not abolish the Ras responsiveness of this

region. In addition, an increase in c-Myc transactivation activity

Collaboration between Ras and Myc suggests that alterationsdigyond the early G1 phase of the cell cycle was not observed in
a minimum of two independent pathways are obligatory even@ir experiments. Because of the different domains assessed in the
during neoplastic transformatio®)( The results presented heretwo sets of experiments, as well as differences in experimental
indicate that communication at the molecular level between thegenditions, it may be that two separate activities of c-Myc were
pathways must also be considered in models describing muhireasured. In our case, we detect a property of c-Myc manifested
stage tumor progression. Such communication between a sigrialthe G1 portion of the cell cycle, while the other experiments
ing pathway and nuclear transcription factor has previously bewth the 1-103 domain measured an activity at the G2/M
revealed in the cooperativity between Ras and c2I)iof Ets-2  transition of the cell cycled().
(23). Atthe molecular level, Ras signaling results in phosphoryla- Homozygous point mutations in thenyccoding region have
tion at Ser63 and Ser73 in the N-terminal domain of c2Iypd)  been detected in Burkitt's lymphomé2|. Two hot spots for
or Thr72 in Ets-243). Phosphorylation at these sites augmentsutation in the N-terminal portion of c-Myc have been identified.
transcriptional transactivation by c-Jun or Ets-2, leading tMany of these are clustered around Ser62 and THZ8(d
up-regulation of genes that promote tumorigenicity. often result in loss of either of these phosphorylation sites. The

Similarly, in transient assays an active Ras signaling pathwagher hot spot for mutation is in the region 85-100. Interestingly,
potentiated transactivation by c-Myc chimeric proteins. Amino acithutations to serine or threonine, as well as conservative changes
residues 92—143 were defined as a minimal target for Ras action. Bbthreonine to serine are found in the latter region. Therefore,
co-operative transformation with Ras, amino acids 106—143 of Mynutations in anycthat result in loss of function as well as gain
are critical ((0). Thus, the Ras-activated region revealed in ouof function might be expressed in these tumor cells. The effect of
experiments correlates well with the region of c-Myc necessary fitese mutations on Myc transactivation activity needs to be
collaboration with activated Ras(). determined, but these data might indicate distinct roles for
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different portions of the N-terminal region of c-Myc during thell
generation of Burkitt's lymphoma. This view is consistent with

the hypothesis expressed above, i.e. that the regions around Sé?ﬁf

Roussel,M.F., Cleveland,J.L., Shurtleff,S.A. and Sherr,C.J. (N2@dde
353 361-363.

ortner,D.M., Ulivi,M. and Ostrowski,M.C. (1992) Int. Oncal, 1,
21-225.

and 92-111 are necessary for c-Myc activities expressed 13t Langer,S.J., Bortner,D.M., Roussel,M.F., Sherr,C.J. and Ostrowski,M.C.

distinct portions of the cell cycle.
Phosphorylation of c-Myc may play a role in the cooperativity4

with Ras, since the phosphatase inhibitor okadaic acid deregu-

lates the growth factor/serum control of Myc transactivation
potential. Additionally, the results indicate that the stability of theg
c-Myc domain is increased by growth factor or serum. The region
83-126 of c-Myc contains an example of a proline/glutamate/séyZ
ine/threonine-rich sequence (PEST seque#h8g;a sequence
involved in determining rapid protein turnover, a characteristic
property of proto-oncogene products such as c-Myc. Howevag
the lack of a strict correlation between apparent fusion protein
stability and transactivation evident at 4-8 h after CSF-39
stimulation indicate that increased protein stabilization along
cannot account for regulation of Myc activity 22
An alternative interpretation of these data is that rapid turnover

(1992)Mol. Cell. Biol, 12, 5355-5362.

Roussel,M.F. and Sherr,C.J. (198&)c. Natl. Acad. Sci. US&6,
7924-7927.

Roussel,M.F., Shurtleff,S.A., Downing,J.R. and Sherr,C.J. (F380)

Natl. Acad. Sci. USA7, 6738-6742.

Bortner,D.M., Ulivi,M., Roussel,M.F. and Ostrowski,M.C. (198&nes

Dev, 5, 1777-1785.

Wasylyk,B., Wasylyk,C., Flores,P., Begue,A., Leprince,D. and Stehelin,D.
(1990)Nature 346, 191-193.

8 Reddy,M.A., Langer,S.J., Colman,M.S. and Ostrowski,M.C. (196R)

Endocrinol, 6, 1051-1060.

Bortner,D.M., Langer,S.J. and Ostrowski,M.C. (199%) Rev. Oncogen

4, 137-160.

Roussel,M.F., Davis,J.N., Cleveland,J.L., Ghysdael,J. and Hiebert,S.W.
(1994)Oncogeng9, 405-415.

Binetruy,B., Smeal,T. and Karin,M. (19%3ature 351, 122-127.

Smeal,T., Binetruy,B., Mercola,D.A., Birrer,M. and Karin,M. (1991)
Nature 354 494-496.

of c-Myc mediated by the PEST sequences is the default and that Yang,B.-S., Hauser,C.A., Henkel,G., Colman,M.S., Van Beveren,C.,

CSF-1RRas action promotes complex formation between c-Myc
and other cellular proteins, thereby blocking access of PES]

Stacey,K.J., Hume,D.A., Maki,R.A. and Ostrowski,M.C. (1996). Cell.
Biol., 16, 538-547.
Higuchi,R. (1990) In Innis,M.A., Gelfand,D.H., Sninsky,J.J. and White,T.J.

sequences to the default protein degradation machinery. c-Myc has eds) PCR Protocols: A Guide to Methods and Applicatidwsademic

been shown to interact with a number of cellular proieiigo or

in viva, including the Rb-related protein p1@7Z)and transcrip-
tion factors TATA binding protein and TFII-B$,46) among
others. Thus, direct phosphorylation of either c-Myc or of the
other factors in response to growth factor/Ras signaling may
result in increased complex formation and thus lead indirectly 3
increased c-Myc stability. 29
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