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We have studied the transcriptional activity of the phosphoprotein(Tapscott etal., 19881, binds as a homo- or
mouse MyoDl gene promoterin vivo and in vitro using heterodimer to the consensus sequence CANNTG (Davis et al.,
cell nuclear extracts.5‘ 19901, and trans-activates muscle-specific promoters (Lassar et
mouse G8 myoblasts and muscle
deletion analysis of the promoter and transcription-comal., 198913; Piette et al., 1990; Lin et al., 1991; Sartorelli et al.,
petition analysis using oligonucleotides corresponding 1990;Wentworth et al., 1991). The dimerization with other
to several cis-actingelements revealed that
the basal ac- regulatory proteins like E12 and E47 (Murre
et al., 1989; Baldtivity of the MyoDl promoter is conferred by two SP1 win and Burden, 1989) or with its inhibitorID (Benezra et al.,
boxes, an AP-2 box, and a
CAAT box. We have identified 1990) takes place by means of its helix-loop-helix domain. Skela negative regulatory sequence located between nucleo-etal muscle differentiation is blocked by serum (Petersonet al.,
tide position -342 to -322 with respect to the cap site. The
1990) and growthfactors, like fibroblastgrowthfactor
and
negative regulatory element shows sequence homology
transforming growth factor+; these peptides inhibit both fuwith CAMP-responsive element (CRE) and AP-1 binding
site (S’-GAGCACTGAGGTCAGTACAG-3’).
As determined sion and MyoDl expression (Olson et al., 1986; Wice et al.,
by gel mobility shift competition analysis, oligonucleo- 1987; Vaidya et al, 1989). Several oncogenes have also been
tides containing AP-1 binding sites inhibit protein inter- shown to inhibitmuscle differentiation and MyoDl expression,
actions with the MyoDl CRE-like element.
We also show like ras (Olson et al., 19871, myc (Miner and Wold, 1991), fos
et al., 1989a). Jun can form heterodimers with
that binding to this element is down-regulated during and jun (Lassar
myogenic differentiation and can be reinduced by the MyoDl through theleucine zipper and thehelix-loop-helix moaddition of serum. Furthermore, mutationof the CRE- tives and inhibits trans-activationof the MyoDl promoter and
like element induces MyoD promoter activity in diving the muscle creatine kinase enhancer(Bengal et al., 1992). All of
genes, the transcripmyoblasts. By using anti-c-Fosantibodies we show that thejun andfos genes are immediate early
Our re- tion of which is rapidlyinduced in response tocell stimulation
AP-1 is binding to the MyoDl CRE-like element.
sults indicate thatAP-1 negatively modulatesMyoDl ex- with growth factors, cytokines,and other agents (Lamph
et al.,
pression in growing myoblasts and strongly suggest that
1988; Angel et al., 1987). The fos andjun gene products constic-Fosand c-Jun inhibit myogenesis and
MyoDl expres- tute the transcription factor AP-1, which trans-activates sevsion by direct binding to a negative
cis-actingelement in eral promoters inresponse to serum andgrowth factors (Brenthe MyoDl promoter.
ner etal., 1989; Kim etal., 1990). AP-1 can also inhibit
transcription (Schule et al., 1990a, 1990b); moreover, a single
DNA sequence might mediate both AP-1 positive and negative
Muscle cell differentiation is presumably the end-pointof a effects on transcription (Diamond et al., 1990). Recently, it was
cascade of intracellular events involving progenitor cell deter- shown that okadaic acid (0A)l blocks myogenesis by inhibiting
mination t o the myogenic lineage, multiplication and withMyoDl expression and MyoDl binding activity. Inhibition of
drawal from the cell cycle of the myogenic precursor cells, and MyoDl expression by OA correlates with induction of mRNA
terminal differentiation and modulation of the terminally dif- expression for the c-fos family, to a lesser extent for the jun
ferentiated state by developmental and physiological signals. family, and theconsequent formation of active AP-1 complexes
This complex and multistep process appear to be directed by a (Kim et al., 1992; Park etal., 1992). Takentogether, these
hierarchy of regulatory genes. Several genes whose protein observations suggest thatAP-1 might bind to the MyoDl proproducts are potentially responsible for the determination of moter and negatively regulate MyoDl expression. The results
the myogenic phenotype have been characterized, including presented here provide evidence that a Fos-related protein can
MyoD1, MRF4, Myogenin, and Myf5 (Davis et al., 1987; Pinney bind specifically to a negative cis-actingelement in theMyoDl
et al., 1988; Edmonson and Olson, 1989; Wright et al., 1989). promoter. Thiselement showssequence
homology with a
Each of these muscle-specific regulatory factors wasshown to CAMP-responsiveelement (CRE) andwith AP-1 recognition seconvert 10T1/2 fibroblasts to the muscle phenotype. Interest- quences. We also show that binding to the MyoDl CRE-like
ingly, all of these proteins share a putative helix-loop-helix element is regulated duringmyoblast differentiation.
myc proto-oncogene family
domain, which is also present in the
MATERIALS AND METHODS
(Davis et al., 1987; Caoudy et al., 1988). The best characterized
Plasmid Construction-The template used for in vitro transcription
member of the myogenic factors is MyoD1, which is a nuclear
was the plasmid pM050 (Fig. 11, which contains the MyoDl promoter
* The costs of publication of this article were defrayed in part by the
The abbreviations used are: OA, okadaic acid; CRE, CAMPresponse
payment of page charges. Thisarticle must thereforebe hereby marked
element; CREB, CAMP response element binding protein; ERE, estro“advertisement” in accordance with 18 U.S.C. Section 1734 solelv to
gen response element; CAT, chloramphenicol acetyltransferase; PCR,
indicate this fact.
t To whom correspondence should be addressed. “el.: 061-6976688; polymerase chain reaction; DM, differentiation medium; GM, growing
medium; TPA, 12-0-tetradecanoylphorbol-13-acetate.
Fax: 061-6973976.
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teinase K (100 pg/ml) and extracted with phenokhloroform, and the
linked to a synthetic oligonucleotide from the cauliflower mosaic virus
genome, from nucleotide 1643 to nucleotide 1671 (Franck etal., 1980). RNA was precipitated. Transcripts were detected by nuclease S1 proThis sequence is unique and therefore suitable for specific detection. tection assay. TheRNA was hybridized overnighta t 49 "C with approximately 1ng of end-labeled oligonucleotide (lo8 c p d p g ) . For detectionof
The deletion mutants (Fig.1)were performed taking advantageof the
the @galactosidase transcripts we used a 63-mer oligonucleotide enpresence of specific restriction sites. As an internal control in the in
vitro transcription assaywe use the plasmid pCHllO (Pharmacia
LKB compassing nucleotide position 1388-1450 from the sequence of the
Biotechnology Inc.), which contains the p-galactosidase gene under the plasmid PCHllO (Pharmacia). The hybridization mixture was digested
with S1 nuclease
(Boehringer
Mannheim)
followed by
phenoV
control of the SV40 promoter. For DNA transfection,theplasmid
chloroform extraction (Ley etal., 1982). Protected fragments were anapM054 containing the MyoDl promoter linked t o the luciferase gene
lyzed on 12% polyacrylamide/8 M urea gels. The gels were dried and
was used (Zingg et al., 1991), and the deletion mutants were those
described above. The CRE-like and the F oligonucleotides (see below) exposed for autoradiography a t -70 "C. Gels were quantified using a
scanner model CS-930 (Shimadzu).
were cloned by blunt-end ligation into the BglII site
of the plasmid
Gel Mobility Shift Assay-Oligonucleotides used for gel mobility shift
pCATP (Promega Corp.). Mutation of the CRE-like element was done
using PCR according t o Higuchi et al., 1988. Primary PCRs were per- assay were end-labeled with T4 polynucleotide kinase (Biofinex), and
formed in pairs containing the mismatched
oligonucleotide 5'-GAG- 0.1 ngof labeled oligonucleotide (lo8 cpdpg) wasincubated with 10 pg
CATGTC'JTCCCGTAC-3' (the mutated bases are shown in bold) and of nuclear extract for 20 min a t room temperature in the presence of
increasing concentrations of specific competitor oligonucleotide and 1
the corresponding 3' or 5' oligonucleotides. The primer used at the 5'
pg of nonspecific DNAcompetitor (sonicated Escherichia
coli DNA). The
end was the standard M13 universal primer and the primer at the 3'
end was(5'-AGCCGCCCCTAGCTTCGCGCCAGGGCCCCT-3')
expand- reaction mixture contained 25 mM Hepes pH 7.9, 40 mM KCl, 3 mM
ing sequencesof the MyoDl promoter located between nucleotide
posi- MgC12, 0.1 mM EDTA, 1 mM dithiothreitol, and 10% glycerol in a final
tions (-47 to -32). The target DNA was pMO, which contains the ge- volume of 20 pl. The DNA-protein complexes were separated from the
free oligonucleotide on a 6% polyacrylamide gel (29:l) in0.25 x TBE
nomic clone of the MyoDl gene (Zingg et al., 1991). Reactions were
performed with Taq polymerase following the manufacturer's instruc- buffer (22 mM Tris base, 22 mM boric acid, and 0.5 mM EDTA). Gels
were dried and exposed for autoradiography. When antibodies were
tions. Each cycle consisted of denaturation at 95"C for 30 s, annealing
first incubated with the antibodyfor 1
a t 42 "C for 40 s, and extension a t 72 "C for 1 min. Twenty-five cycles used, the nuclear extracts were
were performed. Extension timeat the lastcycle was 10 min. After the h a t 4 "C before the addition of the labeledprobe, and then the reaction
primary PCRs werecompleted 20 plof the reaction mix were separated was carried out a s described above.
Cell Culture and DNA Dansfection-Mouse myoblasts (G8) were
on 1% agarosegel. Each pair fragmentof the expected size was cut out
of the gel, electroeluted, ethanol-precipitated, and resuspended into 25 grown on collagen-coated plates inDulbecco's modified Eagle's medium
pl of HzO. 5 pl of the solution containing the primary fragments were containing 4.5 gAiter glucose, 10% heat-inactivated fetal calf serum,
and 10% horse serum (growing medium, GM). G8 myoblasts were inthen used as target DNAs for the secondary PCR, and the 5' and 3'
oligonucleotides mentioned above were used a s primers. The conditions duced t o differentiate a t 90% confluency by changing themto Dulbecco's
for the secondary PCR were the same asfor the primary reactions. The modified Eagle's medium containing2% fetal calf serum (differentiation
final mutated PCR product was cloned in to the vector PCRTM (In- medium, DM). Transfection and luciferase assay were performed as
vitrogen). The mutation wasconfirmed by chain termination sequenc- described previously (Zingg et al., 1991). Transfection of the plasmids
by the CaPO,
ing. The sequences between the Hind111 and PuuII restriction sites of containing the CAT gene as reporter was performed
the wild type MyoDl promoter were substituted in the plasmid pM054method. Cells were transfected with 5 pg of reporter plasmid, 3 pg of
by the HindIII-PuuII DNA fragment containing the mutated CRE-like internal control, and 1 pg of expression vector. Expression vectors for
1988;
element, to generate the plasmid pM054mut. The plasmid
SomCAT c-Jun and c-Fos have been previously described (Schontal et al.,
contains the rat somatostatin basal promoter
(-72 base pairs) including Hirai et al., 19901, and the CAMP-response element binding protein
(CREB) expressionvector (Gonzalez et al., 1989) was kindly
provided by
the CRE (Andrisani et al., 1987).
Dr. Y. Nagamine at the Friedrich Miescher Institut. CAT assay was
Oligonucleotides-Oligonucleotides were purified and equalmoles of
performed according to Gormanet al. (1983). For these experiments the
complementary strands were heated to 90
"C for 1min and annealedby
internal control plasmid was RSV-/3-GAL (Gynheung et al., 1982) to
slow cooling to room temperature.The oligonucleotide F from the
chicken vitellogenin gene (nucleotide position-213 to -182) is 5'-ATA- avoid competition with the SV40 promoter. 6-Galactosidase assay was
CATTGAAACTTCTGGTCAATCAGAAAAAG-3' (Vaccaro et al. 1990). performed according to Lucibello and Mueller (1989).
Cyto-immunofluorescence-Cells were fixed with 4% paraformaldeThe oligonucleotides used as competitors in the in vitro transcription
for 10 min a t room temperature.
assay are shown in Table I, and those used as competitors in gel mo- hyde in phosphate-buffered saline
Permeabilization was done with 0.5% Nonidet P-40 in phosphate-buffbility shift assays are shown in Fig. 4 A .
ered saline for 5 min at room temperature. Cells were then incubated
Nuclear Extract Preparation-Skeletal muscle nuclear extract from
mouse hind limbs were prepared according to Zahradka et al. (19891, for 10 mina t 37 "C with 10% goat serum in phosphate-buffered saline.
by indirect immunofluoreswith the following modifications. The tissue was homogenized in lysis c-Fos and c-Jun expression was determined
buffer (10 mM Hepes pH 7.5, 5 mM KCl, 10 mM MgCl,, 5 mM 2-mer- cence, using affinity-purified rabbit polyclonal antibodies specific for
c-Fos and c-Jun (Oncogene Science). Anti-c-Fos antibody was diluted
a
captoethanol, and 320 mM sucrose); nuclei were purified through 2.2
1:lOO in 10% goat serum, followed by staining with rhodamine-conjuM sucrose pad in lysis buffer; the nuclei pellet was resuspended
in
nuclear lysis buffer (20mM Hepes pH 7.9, 1 mM EDTA, 2 mM dithio- gated goat anti-rabbit antibody (Sigma). For c-Jun detection, the antithreitol, and25% glycerol) and homogenized by 5-8 strokes in aDounce c-Jun antibody was used a t 1:25 dilution in 10% goat serum.
glass-glass homogenizator (pestle A). The
DNA concentration of the
nuclei suspension was adjusted to0.5 mg/ml with nuclear lysis buffer,
RESULTS
and then 1/10 volume of 4 M (NH,),SO, was added. The nuclear lysate
MyoDl 5' Flanking Region Sequences Are Required for E f f was centrifuged for 60 min
at 250,000 x g, and0.3 g of solid (NH,),SO,
was added per mlof supernatant. Proteins were sedimented at 250,000cient Dunscription Both in Vivo and in Vitro-Recentlywe
x g for 20 min, and the pellet was resuspended in dialysis buffer
mM (20reported a genomic clone of the MyoDl geneand 653 base pairs
Hepes pH 7.9, 1 mM dithiothreitol, 0.2 mM EDTA, 50 m M KC1, 5 mM
of its 5' sequence. We showed that thepromoter is active both
MgC12, and 20% glycerol) and dialyzed two timesfor 1h each against a in vivo and in vitro (Zingg et al., 1991). To study the relationlarge volume of the same buffer. The nuclear proteins were stored in
ship between cis-acting elements and trans-acting factors and
small aliquotsat -80 "C. Nuclear extractsfrom cell lines were prepared
their effect on MyoDl transcription, several deletion mutants
according to Schreiber et al. (1989). Protein determination was performed using Bio-Rad protein assay system according to the manufac- were constructed (Fig. lA)and tested for their transcriptional
activity in vivo. As shown in Fig. lB, deletion to the XbaI site
turer's indications.
In Vitro Dunscription Assay-Nuclear extracts (10 pg) and
DNA (-470,relative to the mRNA start site) had no effect on the
template (500 ng) were incubated in a final
volume of 50 pl of the
luciferase activity when compared
with thewild type. However,
transcription reaction mixture (15 mM Hepes pH 7.6, 30 mM KCl, 10 an increase in the activity was observed by further deletion to
mM MgC12, 150 p~ of each NTP, 2.5 mM dithiothreitol, 12% glycerol,
the AccI site (-314).Deletion to the PvuII site (-222) reduced
and 40 unitsof RNase inhibitor) and incubated for
1h a t 30 "C. For the
the
luciferase activity t o wild type levels. As expected, further
competition experiments, the reaction contained increasing amounts
of
deletion t o the SmaI site(-90) dramatically reduced luciferase
competing oligonucleotides, added at the assembly of the reaction. At
the end of the incubation, the reaction mixture was treated with proactivity, because this deletion removes allputative binding

6980

MyoDl Promoter Regulation
TABLEI
Oligonucleotides used in the in vitro transcription competition
Potential
Positiona
regulatory
elements

GCI
CUT
GC2
AP2
CRE
ERE
C

B
I

wt Xbol Accl FvullSrnol c

FIG.1. Transcriptional activityof the 5’ end deletion mutants
of the MyoDl promoter.A, constructs usedfor cell transfection and in
vitro transcription containing:a, the MyoDl promoter from nucleotide
positions -652-59 was linked t o the luciferase gene (pM029)or t o the
cauliflower mosaic virusoligonucleotide (pM0501, and only pM050 is
shown; b , deletion mutant XbaI (-470-59); c, deletion mutant AccI
(-31P59); d, deletion mutant PuuII (-222-59); e, deletion mutant
SmaI
(-90-59). Potential regulatory elements are indicatedby the boxes under the construct a. B , transient transfection of the MyoDl deletion
mutants. G8 myoblasts were transiently transfected with 5 ofpgplasmids containing the MyoDl promoter deletion mutants and a promomoterless plasmid ( c ) . Luciferase activity was tested 48 h after DNA
was added t o the cells. Luciferase values were normalized t o values
obtained for P-galactosidase activity of the internal control plasmid
(pCH110). C, in vitro transcription activity of the MyoDlpromoter
deletion mutants. Transcription was carried out
as described under
“Materials and Methods.” Data shown represent the average
of a t least
three independent experiments witha standard deviation below 15%.

sites for the positive ubiquitous trans-acting factors (see Fig.
lA). By using the same deletion mutants in the in vitro transcription system (Fig. lC), we observed basically the same effect of the deletions on MyoDl transcription. Deletion mutant
to the AccI site increased transcription (%“-fold), whereas deletion to thePuuII site decreased transcription to thewild type
levels. On the other hand, deletion to the SmaI site did not
decrease transcriptional activity as for the in vivo expression.
These in vivo and in vitro experiments suggest that negative
regulating sequences are situatedbetween nucleotide positions
-470 and -314 (AccI deletion mutant) and, furthermore, that
222 nucleotides (PuuII mutant) can confer the basal promoter
activity of the MyoDl gene.
Functional Analysis of cis-Acting Elements by in Vitro Danan alternative approach to
scriptionCompetitionAssay-As
confirm the above results, we used the in vitro transcription
competition assay of the MyoDl wild type construct, pM050
(Fig. lA), with a series of synthetic oligonucleotides covering
the upstreamregion of the MyoDl promoter. Table I shows the
oligonucleotides tested in thecompetition assays. The amount
of oligonucleotide needed to compete all the specific factors
binding to the DNA template was determined by gel mobility
shift competition assays under the same
conditions as for the in
vitro transcription assay. 100-fold molar excess of unlabeled
oligonucleotide was sufficient to completely displace the specific protein-DNA complexes formed in thepresence of 10 pg of
nuclear protein (data not shown). Three different concentra-

Sequence“

-120
-137
-155
-180
-342
-364

to -105
to -123
to -142
to -156
to -322
t o -347

5“CGCCCCCGCCCCCAGC-3’
5”CTCCTATTGGCTTGA-3’
5‘-AAGCTCCGCCCTAC-3’

5”CCCAGTGGCTACCCTGGGGACCCC-3’

5’-GAGCACTGAGGTCAGTACAG-3’
5”GTCCGAGGTCAGCTCCC-3’

a Position is relative to the start sizeof transcription (Zingg et al.,
1991).
Only the upper strand is shown. recognition
The
sequence is shown
in bold letters.

tions of each oligonucleotide were used for the in vitro transcription competition experiments,but only the results obtained with 100 x molar excess of competitor are shown in Fig.
2. As expected, all of the oligonucleotides containing binding
sites for ubiquitous transcription factors like CAAT box, SP1,
and AP-2 decreased the transcriptionalactivity to some extent.
CAAT box oligonucleotide, which does not contain the M-CAAT
sequences, decreased the activity to 40% of the wild type (Fig.
2 B ) . In addition, GC1, GC2, and AP-2 oligonucleotides all decreased the transcription activity by 30-50%, suggesting that
these sequences confer the basal activity of the MyoDl promoter. The oligonucleotides containing SP1 binding sites also
decreased SV40 transcription activity, because the SV40 promoter contains six SP1 sites. Therefore, the values given in Fig.
2B for the two SP1 oligonucleotides are relative to the transcriptional activity of the MyoDl promoter withno competitor.
Transfection and in vitro transcription with the deletion mutant AccI (see Fig. 1, B and C) strongly suggest that the sequences located between
the two restriction sites XbaI and AccI
(nucleotide positions -470 to -314) contain a negative regulatory element. As shown previously (Zingg et a l . , 1991), a halfpalindrome of the estrogen response element (ERE) anda putative CRE can be found in this region. Two oligonucleotides
covering this sequence were used in the transcription competition experiments. Competition with the oligonucleotide ERE
(nucleotide positions -364 to -347) had no effect on transcription (Fig. 2, A and IB), whereas competition with the oligonucleotide containing the CRE-like element (nucleotide positions -342 to -322) resulted ina 2.8-fold increasein the
transcriptional activity. These results clearly show that the
negative effect of this sequence on MyoDl promoter activity is
mediated mainly by a CRE-like element.
To test whetherin vivothe CRE-like element is playing a role
in the negative regulation of the MyoD1 promoter, we transfected G8 myoblast with theplasmid PM054mut, inwhich the
CRE-like element hasbeen mutated, and the rest
of the MyoDl
promoter remains intact. Fig. 3 shows that mutation of the
CRE-like element inducesluciferaseactivity
by1.5-2-fold
when compared with the wild type construct, thus providing
direct evidence for a functional role of this element in the
negative regulation of the MyoDl promoter in dividing myoblasts.
AP-1 Oligonucleotides Inhibit
Bindingto
the CRE-like
Element-The sequence of the CRE-like element differs only by
one nucleotide from the canonical AP-1 recognition sequence
(Fig. 4A). To determine whether there is a AP-1 component
binding to theMyoDl CRE-like element, inhibition of the binding was examined with oligonucleotides containing AP-1 responsive sequences (Fig. 4A). Competition with a 50 X molar
excess of the CRE-like element abolishes the binding(Fig. 4 B ,
lane 3 ) . Deletion of a G in themiddle of the sequence creates a
consensus AP-1 binding site (Fig. 4A), which also inhibits the
binding to the wild type (Fig. 4B, lane 4 ) . Two other mutants
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CRE mull (4)

IGAGCACI'(;A(;(;agACTAC CRE

mu12 (S)

'TGAGCACT(;AGCTCACaAC CRE

mu13 ( 6 )
wt

GAGGAAATGAC(;agATCC
API

mutl (8)

GAGGAAA'rGA(;(;TCAaCCAPI

mu12 (9)

SV40 API ( I O )

AlTA(;TCA(;'I'CGAG

mu13 (II)

GAGGAAAgrtIccATCCAPI
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NC ERE GC1 AP2 GC2 CRE CAAT
FIG.2. In vitro transcription competition assay.A, in vitro transcription wasperformed a s described under "Materials and
Methods" in
the presence of 100 molar excess of the indicated competitor oligonucleotide (see Fig. 1 and Table I). The transcripts of the MyoDl and
SV40 promoters are indicated. B , graphic representationof the average
of three independent experiments.Values are shown as the percent of
the MyoDl promoter activity relative to the activity of the SV40 promoter. Dried gels were quantified a s indicated under "Materials and
Methods."
LuciferaseUnits

0

1000

m

3000 4000

m

FIG.4. Gel mobility shift competition assay of t h e b i n d i n g to
containing AP-1
the CRE-like element with oligonucleotides
binding sites.A, sequence of the ol~gonucleotidrsused as competitors.
Bold letters show sequence homology, and lower case letters denote
mutated bases. The number in parentheses corresponds to the lane
CRE-like element and
number inB. B , gel mobility shift assay using the
muscle nuclear extracts. Binding was
competed with 50 x molar excess
of nonlabeled oligonucleotides (lanes 3-11); lane I shows the probe
alone, andlane 2 shows the protein binding inthe absence of competing
oligonucleotide.

ing thisAP-1 element andvarious mutants, which do not affect
TPA responsiveness, were able to abolish binding (Fig. 4B,
lanes 7-9). On the other hand,
a mutant thatlacks TPA responFIG.3. Mutation of the CRE-like elementinduces MyoDl tran- siveness competed to a lesser extent thebinding to theMyoDl
scriptional activity in dividing myoblasts. G8
myoblastswere
CRE-like element (Fig. 4B,lane 11). Finally, an oligonucleotide
transfected with the MyoDl promoter
wild type plasmid (pM054wt)or containing the SV40 TPA responsive element (Angel et al.,
with the plasmid carrying the mutated
CRE-like element (pM054mut).
1987) competed the binding (lane 10).These results suggest
Luciferase and &galactosidase assay wereperformed 48 h after transfection. The data represent the averageof 4 independent experiments. that AP-1 may bind to the MyoDl CRE-like element.
MyoDl CRE-like Element binds c-Fos and c-Jun
Standard deviation was around 10%.
Oncoproteins-It is well known that myoblasts in culture fuse
were able to compete for binding (lanes 5 and 6 ) . Lee et al. and differentiate several days after removal of the serum from
(1993) have recently characterized an AP-1 element from the the medium.Fusion is preceded by an increasein MyoDl
porcine urokinase plasminogen activator promoter. Interest- mRNA levels (Bengal et al., 1992)." We therefore tested the
ingly, this element shows perfect sequence homology with the
MyoDl CRE-like element (Fig. 4A). Oligonucleotides containG . Pedraza-Aha, unpublished data.
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binding activityof nuclear extracts to the CRE-like
oligonucleotide from G8 myoblast grown in the presence
of serum and
nuclear extracts from G8 myoblasts grown in low serum medium. As shown in Fig.
5A, nuclear extracts from G8 myoblasts
(GM) show high binding activity to the CRE-like element (lane
2 ) , whereas, nuclear extracts from G8 myoblasts grown DM
in
3).
for 48 h show reduced binding to the CRE element (lane
Because expression of t h e j u n a n dfos gene families can be
induced upon cell stimulation with serum, we tested whether
the binding to the CRE-like element could be reinduced in cells
grown 48 h in differentiation medium (low serum levels) and
then restimulated for 4 h with growing medium (high serum
levels). Fig. 5A (lane 4 ) shows clearly that serum can reinduce
the binding of a factor to the CRE-like element. Binding is
induced up to 3-fold upon addition of serum (compare lanes 3
and 4 ) . Fig. 5B shows that theDNA-protein complex with the
CRE probe and nuclear extracts from myoblasts restimulated
with serum can be competed by AP-1 oligonucleotides. Thus,
AP-1 binding activity to the negative cis-acting element
of the
MyoDl promoter is down-regulated during myogenesis and can
be restored by serum stimulation. Binding activity to oligoan
1
2
3
4
nucleotide,whichcontainstheMyoDlbindingsite
of the
muscle creatine kinase enhancer (Lassar
et al., 1989b), does not
change under these conditions (Fig. 5 0 ) .
I t h a sbeen shown that the addition
of anti-Fos antibodies to
nuclear extracts from severalcell types blocks the formationof
AP-1.DNAcomplexes (Distel et al., 1987; Rauscheret al., 1988).
Fig. 5C, lane 2, shows that anti-c-Fos antibodies inhibited
complex formation with the MyoDl CRE-like element, on the other
hand, anti-Jun antibodies had noeffect on the protein binding
to the CRE-like element (data not shown). It is interesting to
mention that anti-c-Jun antibody is unable to immmunoprecipitate Fos in Jun-Fos complexes (Sassone-Corsi et al., 1988).
As a control we used anti-Mos antibodies, which had no effect
on protein-DNA complex formation (lane 1 ). The same results
were obtained with extracts from dividing myoblasts (data not
shown). As determined by indirect immunofluorescence using
anti-c-Fos and anti-c-Jun antibodies serum levels regulate
c-fos
6).Altogether, these
and c-jun expression in G8 myoblasts (Fig.
results clearly show a direct relationship between c-fos and
c-jun expression and DNA binding activity to the MyoDl CREthe increase in
like element. The results strongly suggest that
MyoDl mRNA levels after serum removal is in part due to the 1 2 3 4 1 2 3 4
down-regulation of the AP-1 binding activity to the negative
FIG.5.AP-1 binds to the MyoDl CRE-like element.A , binding to
element (CRE)of the MyoDl promoter.
the CRE-like element is induced by serum. Gel mobility shift assay
MyoDl CRE-like Element Confers a n Additive Effect to the using the CRE oligonucleotide and extracts from dividing myoblasts
SV40 Minirnal Promoter in Response
to TPA Stimulation and to (lane 2, GM),myoblasts induced to differcntiatefor 48 h (lane 3, DM),
and myoblasts cultured in differentiation mediumfor 48 h and stimuc-fos a n d c-jun Overexpression-To determinewhetherthe
lated for 4 h with growing medium before nuclear extract preparation
CRE-like element of the MyoDl promoter is able to negatively(lane 4 , DM+S). Lane I contains n o extract. R , AP-1 oligonucleotides
modulate a heterologous promoter, we cloned this element into inhibitbindingto the CRE clement. Gel mobility shift competition
from myoblasts
the pCATP reporter plasmid containing the CAT gene under assay using theCRE-like element and nuclear extracts
cultured in differentiation mediumfor 48 h and stimulatedfor 4 h with
the control of the minimalSV40 promoter. As shown in Fig.7A growing medium. Binding was competed with 20 x molar excess of
the CRE-like element showed no effect on the basal activityof nonlabeled oligonucleotides. Lane I , no competitor; lane 2, CRE-like
the SV40 promoter when transfected into G8 myoblasts. In
oligonucleotide; lane 3,AP-1 oligonucleotide; lane 4, the mutated AP-1
SV40 promoter oligonucleotide (for the nucleotides sequence see Fig. 3). C , anti-c-Fos
contrast, the CRE-like element induced the
CRE-like element. Nuclear extractsof
activity in response to TPA stimulation and to c-fos and czjun antibodies abolish binding to the
cells cultured in DM for 48 h and stimulated for 4 h with growing
expression (Bfold). No such effect was observed by cloning a n medium were incubated 1 h with anti c-Mos antibodies (lane I ) or
oligonucleotide containing a half-palindrome of the ERE from anti-c-Fos antibodies (lane 2 ) before the addition of the probe. Lane 3
the chicken vitellogenin promoter (oligonucleotide F). Similar shows the complex in the absence of antibody, and lane 4 is the probe
incubated with anti-c-Fos antibodies.
D,binding toan E box containing
resultswereobtained
by transfecting HeLa cells (data not

+II

oligonucleotide does not change during
myogenesis. Gel shift assay was

shown).
performed using an oligonucleotide, which contains theMyoDl binding
rat site of the muscle creatine kinase enhancer and extractsfrom dividing
Because a n oligonucleotide containing the CRE from the
for 48
somatostatin promoter can compete for binding to the MyoDl myoblasts (lane 2). myoblasts cultured in differentiation medium
(lane 3 ) , and myoblasts cultured in differentiation medium for 48 h
CRE-like element (data not shown), we also tested whether hthis
and stimulatedfor 4 h with growing medium
(lane 4 ). Lane 1 shows the
element is able to respond to the CAMP signal transduction
probe with n o extract.
pathway. As shown in Fig. 7B, neither treatment of the cells
with forskolin nor cotransfection with a CREB expression vec-
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blasts withdraw from the
cell cycle and fuse. Fusion is preceded
by a 2-3-fold induction in MyoDl mRNA levels in C2C12 (Benc-fos and c-jun are
gal et al., 1992)andinG8myoblasts.2
is turned off
expressed in dividing myoblasts, but transcription
when myoblasts are induced to differentiate. Here
we show
that the binding activity to the CRE-like element
is downregulated during myogenic differentiation.Moreover, we show
that this binding activity can be recovered
by addition of serum
to the cultures.We have also shown that the binding activity to
the CRE-like element can be competed
by oligonucleotides containing A P - 1 recognition sequences. Direct evidence that the
FIG.6. c-fos end c-jun e x p r e s s i o n i n G H myoblasts. (klls \vcre serum-dependent binding is due to A P - 1 complexes was obcultured in G M or in DM for 48 h and then stimulatrd with growing
tained with anti c-Fos antibodies. Anti-c-Fos antibodies inhibmedium for 4 h II)M+S ) beforc fixation for immunofluorcscencc. Cells
itedDNA-protein complex formation with extracts prepared
were stained with anti-c-Fos and anti-c-Jun antihodics
as dcscribed
from cells induced to differentiate and restimulated with seunder “Materials and Methods.”
rum.Thesedataclearlyshowthat
AP-1 is bindingtothe
is
tor showed any effect on CAT activity. On the other hand, the MyoDl CRE-like element and strongly suggest that AP-1
negatively
modulating
MyoDl
promoter
activity
in
growing
reporterplasmidcontainingthesomatostatinCRE(pSOMCAT) showed an 8-fold increase in CAT activity when cotrans- myoblasts by direct binding to a negative cis-acting element.
fected with the CREB expression vector. These results clearly Recently it was shown that OA can inhibit MyoDl expression
et al., 1992). OAinduces the
show that the MyoDl CRE-like element does not confer nega- and MyoDl promoter activity (Kim
tive modulation to a heterologous promoter; however, it can expression of c-fos and c-jun family members and activates
respond to c-Fos and c-Jun i n vivo and act cooperatively with A P - 1 complexes (Park et al., 1992). Thus the effect of OA on
MyoDl transcription could possible be explained by the inducthe AP-1 element from the SV40 minimal promoter. On the
tion ofjun and, therefore, the inhibition of the MyoDl autoother hand,it does not confer CAMP responsiveness to the SV40
by CREB regulatoryfeedback loop. Interestingly,aninternaldeletion
promoter and is unable to induce the SV40 promoter
that removes the negative regulatory sequencesof the MyoDl
expression.
promoter is less sensitive to OA treatment (Kim et al, 1992)
DISCUSSION
indicating that theeffect of OA on MyoDl promoter activity is
MyoDl has been implicated as a master regulatory gene in in part due toAP-1 interactions with these sequences. Despite
the process of muscle determination and differentiation.
Al- the fact that myogenin is not expressed until myoblasts enter
though a great deal of information about the protein structure the differentiation pathway in response to serum withdrawal
and its function has been generated, very littleis known about (Edmonson and Olson, 1989), it has been shown that high seloop of
MyoDl gene expression.We recently demonstrated thata frag- rum levels inhibit the expression and the autoregulatory
ment of about 650 base pairs from the MyoDl 5‘ upstream myogenin. This negative effect was found to be directed to the
myogenin protein as well a s to the myogenin promoter (Edmonregion contains promoter activity (Zingg et al., 1991). In the
son et al., 1991). Furthermore, OA also inhibits myogenin expresent study, we have shown that in vivo the basal MyoDl
promoter activity is conferred by sequences downstream from pression(Kim et al., 1992). Moreover, sequencecomparison
shows that the myogenin promoter contains an element like the
the PvuII site (nucleotide position -222). Several recognition
sequences for ubiquitous transacting factorsare located in this CRE from the MyoDl promoter and a consensus AP-1 binding
region. As shown by the in vitro transcription competition as- site, suggesting that A P - 1 may bind to these elements and
However, recently it
say, two SP1 elements, a CAAT box and an AP-2 sequence, are negatively modulate myogenin expression.
has been reported that in cardiac myocytes
fos and jun repress
required for MyoDl promoter basal activity. The differences
transcription of the atrium natriuretic factor gene. Repression
observedintranscriptionalactivity
of thedeletionmutant
does not require a typical AP-1 binding site but is targeted to
SmaI between transfection experiments using proliferating G8
the cardiac-specific element of the atrium natriuretic factor
myoblastsandthe
invitro transcriptionassayusingadult
muscle extracts might indicate differential regulation
of the promoter (McBride et al., 1993). I t is likely therefore thatc-fos
effect on the expression of skeletal
MyoDl promoter, depending of the differentiation state of the and ejun exert the negative
cell. Preliminary data indicate that thiscould be the case, be- and cardiac myogenic factors by distinct control mechanisms.
The fact that the MyoDl CRE-like element did not show a
cause nuclear extracts from myotubes show different binding
patterns with sequences downstream from the
TATA box when negative effect on the basal activity of the SV40 promoter incompared with extracts obtained from dividing
myoblasts.:’ We dicates that this element may work only in the context of its
specific interactions
have shown the presence of a negative cis-acting element lo- ownpromoterandmaybemodulating
with
the
transcriptional
machinery.
The
other
possibility is
cated between nucleotide positions
-470 to -314, whose renecmoval enhances MyoDl transcription bothin vivo and i n vitro that MyoDl sequences flanking the CRE-like element are
essary to mediate negative modulation. It is interesting to note
(deletion mutant AccI). In this region there are two possible
of the sequence TGAGGT loregulatory elements, a half-palindromic ERE and a CRE-like that there is an inverted repeat
element. Transcription competition experiments with theseoli- cated upstream of the half-palindromic ERE. Moreover, the
CRE-likeelementcontains
a half-palindrome of theERE
gonucleotides and mutation of this element in an otherwise
(GGTCA) (see Fig. 8 ) , therefore i t is possible that these sewild type promoter show that the sequences in the CRE-like
of the
element are involved in the negative modulationof the MyoDl quences are alsorequired for negativemodulation
MyoDl promoter. The fact that the deletion mutant
AccI shows
promoter.
second
In cultured cells, serum levels control myoblast proliferationhigher activity than the CRE-like mutant favor the
possibility.
Several
elements
with
homology
to
TRE
or
CRE
and differentiation into myotubes. Upon serum removal,myocontaining the sequences GTCA are known to induce (Gaubet
al., 1990) or to repress transcription (Schule
et al., 1990b). The
:I G . Pedraza-Aha, J. M. Zingg, and J. P. Jost, manuscript in prcpaoncogenesjun and fos and steroid hormone receptors have been
ration.
GM

DM
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A

FIG.7. Functional characterization
of the MyoDl CRE-like element. G8
myoblasts were transfected with a vector
containingtheminimal SV40 promoter
(pCATP), pCATP modified by the addition of a copyof the CRE-like element
(CRE-pCATP),or by a copy of the oligo(F)
from the chicken vitellogeningene(see
“MaterialsandMethods”) (OF-pCATP).
A, the CRE-like element confers an additive effect on SV40 promoter activity upon
stimulation of cells with TPA and cotransfectionwith c-fos and c-jun expression
vectors. Cells were transfected with 5 pg
of the above mentioned reporter plasmids
and 1 pg of the indicated expression veccells
tor. TPA (30ng/ml) was added to the
8 h before harvesting. B , CREB does not
trans-activate CAT activity
from
the
CRE-pCATP construct. Cells were transfected with the reportervector shown on
the left side and with the CREB expression vector. Treatment with forskolin (10
PM) was done for 16 h. CAT assay was
performed as described under “Materials
and Methods.” The average of four independentexperimentsisshownwitha
standard deviation below 15%.

B
0

SOMCAT

Mouse
Rat

I CRE-SOM H

CAT

-

0

% CATACTIVITY
N
0

0

0
0

0

1

XbaI

TCTAGAACTTTCATTGTCCCGTAGCCTTGAGTCTCTCTCCAAACCTCCTGCAATCTGATTTCTAACT
I I I I I I

I I

I l l

/ I l l / I l l

I l l l l l l l l l l l

Ill1

/ I l l

l l l l l l l l l l l l l l l l

TCTAGA..GGTCTTTGCCCCGTGGCCCTGAGTCTCTCTCTGAACCACCTGAAATCTGATTTCTAACT

CCTATCCTTTGCCTGGTCTCCC.ACAAGTCAC . . . . CAGAGTGGAGTCCGAGGTCAGCTCCGAAGTG
I I I I I I1 I I I I I I I I I l l 1 I I I I 1 / 1 1
I l l l l l l l l l l l l l l l l l l I I I I I I lIIIII
CCTATGCTGTGCCTGGTATCCCTACAAATCACAAATCACAAGACAGAGTGGAGTCCGAGGTCAGCTCCGAAGTG

Acc I
AGCACTGAGGTCAGTAC. . . .AGGCTGGAGGAGTAGAC
I IIIIII IIIII I I
I I I I I I I I I I I I I I I I
AACACTGAAGTCAGCACACAGAGGCTGGAGGAGTAGGC
FIG.8. Sequence comparison betweenthe mouse and therat MyoDl 5’ sequences. The sequences between the XbaI and the
AccI sites
are shown. The CRE-like element and the half-palindrome
of the ERE are indicatedby bold letters.

implicated in both instances. Recently, it has been shown that
direct protein-protein interaction between J u n andlor Fos and
members of the steroidhormone receptor familyis required for
biological function (Yang-Yen et al., 1990; Schule et al., 1991;
Doucas et al., 1991). Furthermore, a single DNA sequence may
mediate both the positive and negative effects of AP-1 (Diamond et al., 1990) and confers opposite regulation between
mitogenic and differentiation pathways (Schule et al., 1990a).
Therefore, it is possible that the upstream half-ERE and the
CRE-like element are required to form a higher order DNAprotein complex with AP-1 and a steroid hormone receptor to
mediate negative modulation. Currently we are testing these
possibilities.

It haspreviously been shown that multiple synthetic copies
of the consensus AP-1 binding site can act as TPA-inducible
enhancer (Lee et al., 1987). Additionally, in the case of the
human P-globin gene, naturally occurring tandem AP-1 sites
constitute a n inducible enhancer (Ney et al., 1990). When the
MyoDl CRE-like element is placed upstream of the SV40 promoter, it can confer an additive effect upon TPA stimulation
and c-fos and cjun overexpression. This suggests that AP-1
complexes can bind the MyoDl CRE-like element in vivo and
act cooperatively with the SV40 AP-1 site. However, the CRElike element did not show any effect on the SV40 promoter in
response to CAMPsignaling. The CRE-like element isidentical
to an elementfrom the major histocompatibility complex class
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I promoter, which can respond to TPA and CAMPstimulation
(Israel et al., 1989). Thus, despite the fact that the MyoDl
CRE-like element is unable to respond to CAMPlevels or to
CREB expression in actively dividing myoblast,it does not rule
out a role of this element within the myogenic differentiation
pathway in response to a CAMP-specific signaling cascade.
The CRE-like element is conserved in the rat MyoDl promoter (Vaidya et al., 1992) and only one base pair substitution
is observed (Fig. 8). The sequences located between the XbaI
and AccI sites (negative regulatory sequences) show 90% homology with the rat sequences suggesting a similar functional
role in theMyoDl promoter regulation in rodents. Whether or
not the CRE-like element is also involved in the regulation of
the of MyoDl expression in other species remains to be determined.

