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To define transcriptional control elements responsible for muscle-specific expression of the human myoglobin
gene, we performed mutational analysis of upstream sequences (nucleotide positions -373 to +7 relative to the
transcriptional start site) linked to a firefly luciferase gene. Transient expression assays in avian and
mammalian cells indicated that a CCCACCCCC (CCAC box) sequence (-223 to -204) is necessary for
muscle-specific transcription directed either by the native myoglobin promoter or by a heterologous minimal
promoter linked to the myoglobin upstream enhancer region. A putative MEF2-like site (-160 to -169) was
likewise necessary for full transcriptional activity in myotubes. Mutations within either of two CANNTG
(E-box) motifs (-176 to -148) had only minimal effects on promoter function. We identified and partially
purified from nuclear extracts a 40-kDa protein (CBF40) that binds specifically to oligonucleotides containing
the CCAC box sequence. A mutation of the CCAC box that disrupted promoter function in vivo also impaired
binding of CBF40 in vitro. These data suggest that cooperative interactions between CBF40 and other factors
including MEF-2 are required for expression of the human myoglobin gene in skeletal muscle.

Myoglobin is a cytoplasmic hemoprotein that is expressed
selectively in skeletal and cardiac myocytes. The temporal
and spatial pattern of myoglobin expression during develop-
ment differs from that of other muscle-specific proteins in
several respects: myoglobin transcription in skeletal muscle
is activated late in the myogenic program in comparison with
genes encoding contractile proteins (12), and its expression
is low during fetal life relative to adult levels (37). Further-
more, myoglobin expression is spatially heterogeneous
within the embryonic heart and skeletal muscles, even at late
developmental stages when other muscle-specific genes are
uniformly expressed (26). In adult skeletal muscles, expres-
sion of myoglobin is exquisitely sensitive to physiological
inputs and undergoes up-regulation in response to stimuli
that increase demand for mitochondrial respiration (32). Our
long-term goal is to clarify the molecular basis for these
distinctive regulatory characteristics.
Commitment and differentiation of skeletal myocytes is

driven by a variety of muscle-specific regulatory proteins,
several of which are members of the basic helix-loop-helix
(bHLH) family of transcription factors (35). These proteins
form heterodimers with ubiquitous bHLH proteins, bind
DNA at CANNTG (E-box) motifs, and trans activate pro-
moters of genes that encode several muscle-specific proteins
(18, 27, 28, 38). This role for myogenic bHLH proteins as
transcriptional activators has been established in skeletal
muscle, but to date little is known about factors that serve an
analogous function in cardiac development. In fact, despite
extensive efforts, myogenic bHLH proteins have not been
found in cardiac tissue (13, 29). Furthermore, studies with
certain muscle-specific genes suggest the existence, even in
skeletal muscle, of E-box-independent pathways controlling
muscle-specific gene transcription (24, 31). Possible partici-
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pants in such alternative pathways are the recently described
MEF-2 (6, 11, 24), M-CAT (20), MAPF (33), and Hox (17,
21) factors.

In this study, we identify sequence elements from the 5'
flanking region of the human myoglobin gene that are re-
quired for transcriptional activation during myogenesis. Pre-
viously, we observed that the proximal 2-kbp upstream
region of 5' flanking region of the human myoglobin gene
contains transcriptional control elements necessary and suf-
ficient to direct muscle-specific expression in cultured avian
skeletal myotubes (9) and during prenatal development of
transgenic mice (26). A 380-bp upstream region (-373 to +7)
functioned identically to the 2-kbp fragment in transient
expression assays, thus directing attention to this region for
the more detailed mutational analysis of the current study.
The myoglobin upstream region (-373 to +7) includes a

pair of E-box motifs, spaced in a manner consistent with
functional binding sites for bHLH proteins (18, 27), as well
as a putative MEF-2 binding site (6). Previous deletional
analysis in our laboratory (9) also directed attention to the
upstream region between -261 and -205 as the location of a
positive regulatory element and established a requirement
for a canonical TATA element (34). The detailed base
substitution analysis of the present study indicates that the
cytosine-rich region, CCCACCCCC (-219 to -210), and the
MEF-2-like sites are required for full activity of the myoglo-
bin promoter in skeletal myotubes. In addition, we have
identified and partially purified a 40-kDa protein (CBF40)
that binds specifically to the CCCACCCCC (CCAC box)
motif. A 3-base substitution mutation that disrupts DNA
binding of CBF40 in vitro also compromises transcription in
vivo. These data suggest that cooperative interactions be-
tween CBF40 and other factors such as MEF-2 are required
for muscle-specific transcription of the human myoglobin
promoter.
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MATERIALS AND METHODS

Cell culture. Sol8 myogenic cells were derived from a
primary cuiture of mouse soleus muscle (7) and were ob-
tained from Vijak Mahdavi. The sol8 monolayers were
grown in Dulbecco's modified Eagle medium (DMEM) sup-
plemented with 20% fetal bovine serum. Differentiation was
induced by growing the cells to 80% confluence and switch-
ing the medium to differentiation medium (DMEM supple-
mented with 2% horse serum, 10 ,ug of insulin [GIBCO/BRL,
Gaithersburg, Md.] per ml, and 10 ,ug of transferrin [GIBCO/
BRL] per ml). Monolayers of mouse NIH 3T3 cells were
grown in DMEM containing 10% fetal bovine serum. Pri-
mary cultures of breast muscle cells were isolated from
12-day chicken embryos as previously described (9).
Immunoperoxidase staining of sol8 myoblasts and myo-

tubes. Sol8 cells (106) were plated in gelatin-coated 60-mm-
diameter plates and grown overnight in growth medium. The
cells were washed and fed with differentiation medium. At 0,
24, 48, and 72 h postdifferentiation, the cells were fixed for 3
min with -20°C acetone-ethanol (1:1), washed with cold
saline, and incubated for 30 min with either goat antibody
against myoglobin (Cappel Laboratories) or monoclonal
antibody MF-20 to myosin heavy chain (1). The cells were
washed with saline and incubated for 30 min with biotiny-
lated secondary antibody. The Vectastain ABC peroxidase
system and 3',3'-diaminobenzidine substrate kit (Vector
Laboratories) were used to stain the cells.

Construction of myoglobin-luciferase expression vectors and
site-directed mutagenesis of the myoglobin upstream region.
Plasmid 380-luc contains a 380-bp HindIII fragment (-373 to
+7) upstream of exon 1 of the human myoglobin gene ligated
directly to a HindIII-BamHI fragment encoding the firefly
luciferase gene from plasmid pJD204 (10) and carried in a
Bluescript plasmid (Stratagene, La Jolla, Calif.). Plasmid
UR2-luc contains the luciferase gene controlled by upstream
positions -373 to -205 of the human myoglobin gene ligated
to a minimal promoter containing positions -47 to + 1 from
the human hsp7O gene. Constructs (CCAC)1-luc, (CCAC)2-
luc, (CCAC)3-luc, (CCAC)4-luc, and (CCAC)5-luc also con-
tain the luciferase gene controlled by minimal promoter
elements from the human hsp7O gene but incorporate one
through five copies, respectively, of a synthetic oligonucle-
otide containing the CCAC box region. These (CCAC)n
plasmids were constructed from complementary synthetic
oligonucleotides designed to include a BamHI overhang at
the 5' end, an internal BglII site (shown in bold), and a 3'
SmaI blunt end (shown in italic), as indicated below:

(CCAC),, sense, 5'-GATCCAACCACCCCACCCCCTGTGGAGATCTCCC.3'
(CCAC),, antisense, 5'-GGGAGATCTCCACAGGGGGTGGOGTGGTTG-3'

To construct (CCAC)1-luc, the BamHI-CCAC box-BglII-
SmaI DNA fragment was ligated into complementary sites of
vector containing the hsp7O minimal promoter linked to the
luciferase gene. (CCAC)2-luc through (CCAC)5-luc were
generated by restricting construct (CCAC)1-luc with BglII
and SmaI and inserting, stepwise, one through four addi-
tional copies of the CCAC box oligonucleotide. All construc-
tions included a simian virus 40 polyadenylation signal
placed upstream of the cloning sites for promoter/enhancer
fragments. This segment was included to eliminate low
background levels of luciferase activity resulting from cryp-
tic initiation sites within the plasmid vector sequences.

Site-directed mutagenesis was performed by using the
Mutator kit (Stratagene) or the oligonucleotide-directed in
vitro mutagenesis system (Amersham Corp., Arlington

Heights, Ill.). Single-stranded template DNA was generated
from the Bluescript or pUC118 phagemid vector containing a
HindIII fragment with the proximal 373 nucleotides of the 5'
flanking region of the human myoglobin gene. Oligonucleo-
tides were prepared by using an Applied Biosystems DNA
synthesizer and are listed below, with the mutated bases
underlined:

CCAC mut 1, 5'-TTCCACACGCACAAQCCCACCCCCTGTGG-3'
CCAC mut 2, 5'-TTCCACACGCACAACCA99QCACCCCCTGTGOCCT-3'
CCAC mut 3, 5'-ACGCACAACCACCCCQgCCTGTGGCCTGAGC-3'
CCAC mut 4, 5'-ACGCACAACCACCCCACC99AQgGCCTGAGCTGTCC-3'
CCAC mut 5, 5'-AOGCACAACCACCCCACCOCCOGQTACCTGAGCTGTCCTGC-3'
E box mut 1, 5'-CTCACCAATGOGTCCTGCCCTA-3'
E box mut 2, 5'-CTAA.ATAGCTTCQCATOCGBGCTAGA-3'
E box 1+2, 5'-CTGCCACAATCMZACCTGCCCTAAAATAGCTTCQCATGCAGGGCTAGA-3'
MEF-2 mut, 5'-CACCTGCCC99D9fUi=CCATGTG-3'

These oligonucleotides were designed to introduce a novel
restriction site within mutant constructs, so as to facilitate
distinction from nonmutant clones during screening proce-
dures. HindIII fragments containing mutated myoglobin
promoter sequences were excised and ligated to Bluescript
containing the luciferase gene. The resulting constructs were
used to transform Escherichia coli DHSa cells. Mutant
sequences in each construct were confirmed by DNA se-
quencing.

Transfection and luciferase assay. Sol8 and NIH 3T3 cells
were transfected by electroporation according to Chu et al.
(4). Briefly, 5 x 10' cells were resuspended in 0.5 ml of
growth medium and electroporated at room temperature in
the presence of 10 ,ug of plasmid and 100 ,ug of sonicated
salmon sperm DNA. Electroporation was performed with
the Gene Pulser apparatus (Bio-Rad Laboratories, Rich-
mond, Calif.), using a capacitance of 960 ,uF at 300 V with a
discharge time of 18 to 20 ms. The cells were plated into two
gelatin-coated 60-mm-diameter plates containing growth me-
dium with 5 mM butyrate. Following 18 h of incubation at
37°C, the cells were washed and overlaid with differentiation
medium. Three days after the addition of differentiation
medium, the cells were harvested and lysed in 300 p,l of 50
mM Tris-HCl (pH 8)-1% Nonidet P-40-100 p.g of aprotinin
per ml. Fifty microliters of lysate was added to 300 p,l of
luciferase reaction buffer containing 25 mM glycylglycine
(pH 7.8), 15 mM MgCl2, 2.5 mM ATP, 1 mM dithiothreitol,
and 400 p,g of bovine serum albumin per ml and assayed in
the presence of 1 mM luciferin (Sigma Co.). Light emissions
were integrated for the initial 10 s of emission at 25°C in a
Berthold LB9500C luminometer. Reporter gene activity for
each construct was determined in four or more independent
experiments.
The efficiency of transfection was determined by electro-

porating cells with a 3-galactosidase expression vector,
pCMV-lacZ (from Radek Skoda, Boston, Mass.). Two meth-
ods were used to monitor 3-galactosidase expression. In
method 1, prior to the addition of differentiation medium, the
transfected cells were stained with X-Gal (5-bromo-4-chloro-
3-indolyl-1-galactoside), and the percentage of blue cells was
calculated. In method 2, 30 p,l of a 1:10 dilution of cellular
lysate from transfected cells was added to a final concentra-
tion of 0.8 mg of o-nitrophenyl-13-D-galactopyranoside per ml
in a buffer containing 0.1 M sodium phosphate (pH 7.9), 1
mM MgCl2, and 45 mM 2-mercaptoethanol at a final volume
of 300 .1l. The samples were incubated at 37°C for 30 min,
and then the A420 was measured with a spectrophotometer.
Constructs containing the luciferase reporter gene were
cotransfected with pCMV-lacZ expression vector to normal-
ize for variations in transfection efficiency. The nonrestric-
tive human P-actin promoter was used to assess transfection
of NIH 3T3 cells. This construct contained a 4.3-kb pro-
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moter fragment from the human 3-actin gene (19) linked to
the luciferase gene.
Primary cultures of breast muscle cells were transfected

by using the Lipofectin reagent (GIBCO/BRL). Briefly, 6 x
105 cells were plated in gelatin-coated 60-mm-diameter cul-
ture plates (Costar) and incubated at 37°C in growth medium
for 24 h. The cells were transfected in serum-free medium
with 1 to 2 ,g of plasmid DNA. Pilot studies were performed
with each plasmid to establish the optimal ratio of DNA to
Lipofectin. After 18 h of incubation, the cells were washed
and fed with fresh growth medium. Four days after trans-
fection, cells were harvested and lysed in 600 ,ul of 25 mM
Tris-phosphate (pH 7.4)-8 mM MgCl2-1 mM EDTA-1%
Triton X-100-1% bovine serum albumin-15% glycerol-1 mM
dithiothreitol. Fifty microliters of lysate was added to 300 PI
of luciferase reaction buffer, and luciferase activity was
determined as described above. Reporter gene activity for
each construct was determined in four or more independent
experiments.

Preparation of nuclear proteins. Nuclear extracts from sol8
myoblasts and myotubes were prepared by washing the cell
monolayers three times with isotonic-buffered saline and
then adding to each 150-mm-diameter plate of cells 1 ml of
lysis buffer (20 mM N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid [HEPES; pH 7.6], 10 mM NaCl, 1.5 mM
MgCl2, 0.2 mM EDTA, 20% glycerol, 0.1% Triton X-100, 10
mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 10
,ug of leupeptin per ml, 10 ,ug of pepstatin per ml, 100 ,ug of
aprotinin per ml). Nuclei were harvested by scraping the
plates with a rubber policeman and then centrifuged for 1
min at 2,000 rpm at 4°C. The pellet was resuspended in
nuclear extraction buffer (lysis buffer with 500 mM NaCl),
rocked for 1 h at 4°C, and centrifuged at 12,000 rpm for 10
min at 4°C. The supernatant was collected and stored at 4°C.
Protein concentration was determined by the Bio-Rad pro-
tein assay based on the Bradford dye-binding procedure
(Bio-Rad, Richmond, Calif.).
DNA probes and competitors. Oligonucleotides corre-

sponding to both strands of the CCAC box region (-226 to
-205 upstream region of myoglobin) were synthesized with
an added GATC nucleotide overhang at the 5'-terminal end
of each oligonucleotide. The complementary strands were
annealed, purified from a 12% polyacrylamide gel, and either
end labeled with Klenow fragment of DNA polymerase I
(Promega) and [a-32P]dATP (3,000 Ci/mmol) or used as
unlabeled competitors in protein binding experiments. In a
similar manner, oligonucleotides corresponding to CCAC
mut 3 or to a documented binding site for Spl (15) were
prepared and used as unlabeled competitors in gel mobility
shift assays. The sequences of these oligonucleotides were
as follows:

CCAC sense, 5'-GATCACGCACAACCACCCCACCCCCTGTG-3'
CCAC antisense, 5'-GATCCACAGGGGGTGGGGTGGTTGTOCGT-3'
CCAC mut3 sense, 5'-ACGCACAACCACCCCGGTACCTGTGGCCTGAGC-3'
CCAC mut3 antisense, 5'-GTGCTCAGGCCACAGGTACCGGOGTGGTTGT-3'
Spl sense, 5'-AGGGAGGCGTGGCCTGGGCGGGACTGGGG-3'
Spl antisense, 5'-CCCCAGTCCCGCCCAGGCCACGCCTCCCT-3'

The CCAC box probe used for binding to renatured protein
blots (Southwestern [DNA-protein] blot analysis) and for
biochemical isolation of the CCAC-box-binding protein was
generated by excising a BamHI-BglII fragment from plasmid
(CCAC)3-luc. For use in Southwestern blot analysis, the
fragment was end labeled with the Klenow fragment of DNA
polymerase I (Promega) in the presence of [(a-32P]dATP
(3,000 Ci/mmol). For biochemical isolation of the CCAC-
box-binding protein, biotin was incorporated into the ends of

the BamHI-BglII (CCAC)3 fragment by using the Klenow
fragment of DNA polymerase I (Promega) in the presence of
biotin-14-dATP (GIBCO/BRL).

Gel mobility shift assays. Mobility shift reactions were
prepared in a final volume of 12 ,ul by combining 1 ng of
end-labeled double-stranded DNA (-104 cpm) with nuclear
extract (-3 ,ug) and 1 ,ug of poly(dI-dC) (Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.) in a binding buffer
containing 25 mM HEPES (pH 7.6), 100 mM KCl, 5 mM
MgCl2, 5 mM dithiothreitol, 10% glycerol, and 0.2% Nonidet
P-40. The amount of unlabeled competitor DNA added is
indicated in the figure legends. After 20 min of incubation at
room temperature, the reactions were loaded onto a 4%
native polyacrylamide gel equilibrated in 45 mM Tris-45 mM
boric acid-1 mM EDTA. Subsequent to electrophoresis at 10
V/cm for 40 min, the gels were dried and exposed to
Amersham Hyperfilm-ECL film for 20 h.

Southwestern blot analysis. The protocol was modified
from that of Miskimins et al. (22). Nuclear extract (-3 ,ug of
protein) was mixed with sample buffer (62.5 mM Tris-HCl
[pH 6.8], 3% sodium dodecyl sulfate [SDS], 10% glycerol,
0.6 M 2-mercaptoethanol, 0.01% bromphenol blue) and
boiled for 3 min. Proteins were resolved by SDS-polyacryl-
amide gel electrophoresis (PAGE). Following electrophore-
sis at 15 V/cm for 2 h in 10 or 12% gels, the proteins were
transferred to nitrocellulose paper overnight at 4°C, using
the Mini Trans-Blot Cell (Bio-Rad) at 120 mA in transfer
buffer (50 mM Tris, 40 mM glycine, 0.04% SDS, 20%
methanol). The nitrocellulose paper was air dried at room
temperature, immersed in binding buffer (25 mM HEPES
[pH 7.6], 60 mM KCl, 1 mM EDTA, 1 mM dithiothreitol)
supplemented with 6 M guanidine hydrochloride and gently
rocked for 10 min at 4°C. The nitrocellulose paper was
transferred to binding buffer containing 3 M guanidine hy-
drochloride and gently rocked for 10 min at 4°C. This
procedure was repeated eight times, with each subsequent
wash containing a concentration of guanidine hydrochloride
twofold less than that in the previous wash. The final wash
step consisted of binding buffer with no guanidine hydro-
chloride. The nitrocellulose was incubated in BLOTTO
buffer (binding buffer containing 5% Carnation nonfat milk
powder and 5 pLg of sonicated salmon sperm DNA per ml) for
1 h at room temperature. Next, the nitrocellulose filter was
immersed in BLOTTO consisting of 0.25% Carnation nonfat
milk powder and incubated for 30 min. 32P-labeled DNA
probe was added to BLOTTO containing 0.25% Carnation
nonfat milk powder and incubated with the nitrocellulose
filter for 2 h at room temperature. The filter was washed four
times with binding buffer for 7 min at room temperature. The
filter was air dried and exposed to Amersham Hyperfilm-
ECL film with an intensifying screen.

Biochemical isolation of CCAC-box-binding proteins. Bio-
tinylated (CCAC)3 DNA (-500 p,g) was incubated with
nuclear extract (-200 p,g) for 30 min at room temperature.
One-half milliliter of streptavidin-agarose (Sigma) was equil-
ibrated with buffer F [10 mM HEPES (pH 7.6), 10 mM KCI,
1.5 mM MgCl2, 1.0 mM dithiothreitol, 0.2% Nonidet P-40,
0.1 mM phenylmethylsulfonyl fluoride, 30 p,g of poly(dI-dC)
per ml] and added to the mixture of DNA and nuclear
extract. The mixture was incubated overnight at room tem-
perature and then poured into a 1-ml column. The column
was washed five times with 1 ml of buffer N (10 mM HEPES
[pH 7.6], 10 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 1.0
mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride,
10% glycerol). The CCAC-box-binding proteins were eluted
in two steps: first by adding 0.5 ml of buffer B (10 mM
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TABLE 1. Expression patterns of endogenous myoglobin and
myosin in myoblasts and myotubes

Cell Myoglobin Myosin
line Differentiation stage protein heavy-chain

protein

Sol8 Myoblast - -
Sol8 Day 1 postdifferentiation - +
Sol8 Day 2 postdifferentiation + +
C2C12 Myoblast
C2C12 Day 1 postdifferentiation - +
C2C12 Day 2 postdifferentiation +/- +

Tris-HCl [pH 6.8], 150 mM KCl, 1.0 mM dithiothreitol, 0.1
mM EDTA, 0.2% Nonidet P-40, 0.1 mM phenylmethylsul-
fonyl fluoride, 0.25 ,ug of bovine serum albumin per ml, 10%
glycerol) and collecting 50-pl fractions and then by adding
0.5 ml of buffer BI (buffer B containing 500 mM KCl) and
collecting 50-,ul fractions. The eluted proteins were loaded
onto an SDS-8 to 25% gradient polyacrylamide gel and
electrophoresed in the PhastSystem (Pharmacia LKB,
Alameda, Calif.). The proteins were visualized by silver
staining, using the PhastGel silver kit.

RESULTS

Sol8 myotubes express myoglobin. Differentiation of sol8
myogenic cells was monitored by morphological changes
(formation of multinucleated myotubes) and by immunohis-
tochemistry, using antibodies directed against myoglobin
or myosin heavy-chain protein (Table 1). Undifferentiated
myoblasts expressed neither myoglobin nor myosin heavy-
chain protein. Upon growth to confluence and withdrawal of
growth factors associated with a shift to differentiation
medium, myosin heavy-chain protein was detected within 1
day, whereas myoglobin protein was not detectable at this
early stage of differentiation. Two days postdifferentiation,
sol8 myotubes uniformly expressed both endogenous myo-

globin and myosin heavy-chain protein. Myoglobin mRNA
also was undetectable by Northern (RNA) analysis (not
shown) in sol8 myoblasts but was present in myotubes
maintained in differentiation medium for 2 or more days. A
second murine myogenic cell line, C2C12, expressed myo-

globin only in a subpopulation of myotubes (indicated by
+/- in Table 1) even after 2 or more days in differentiation
medium, when all C2C12 myotubes expressed myosin
heavy-chain protein (Table 1). These results demonstrated
that the endogenous myoglobin gene is transcriptionally
active in sol8 myotubes.
Myoglobin upstream regions direct muscle-specific expres-

sion of luciferase when linked either to the myoglobin core

promoter or to a heterologous minimal promoter. Previously,
we reported that a 380-bp upstream fragment (-373 to +7)
from the human myoglobin gene (Fig. 1) can direct muscle-
specific expression of a reporter gene in primary cultures
established from embryonic chicken myoblasts. Transcripts
generated by using this fragment as a promoter are initiated
at the same site as is the endogenous human myoglobin gene

and accumulate in parallel to the activity of the reporter
enzyme (9, 34). In the present study, we observed that this
380-bp fragment also directs cell-specific and developmen-
tally regulated expression of a reporter gene (the firefly
luciferase gene) in mammalian myogenic cells.
A construct containing the 380-bp myoglobin upstream

fragment exhibited 23-fold-greater activity than did a pro-

FIG. 1. Schematic diagram of the human myoglobin gene and the
upstream promoter region. The 10.4-kb myoglobin gene consists of
three exons, as illustrated by boxes in which the nonshaded part
denotes the noncoding region and the shaded section represents
coding sequence. A 380-bp upstream region (-373 to +7) has been
enlarged to highlight the positions of sequence motifs, including the
CCAC box, E boxes, putative MEF-2 binding site, and TATAA
element.

moterless construct in sol8 myotubes (Fig. 2A). Similar
results were seen when this construct was introduced into
primary cultures of skeletal myotubes derived from chicken
embryos (data not shown). However, this myoglobin up-

stream fragment was devoid of promoter activity in a murine
nonmuscle cell line, NIH 3T3 (Fig. 2B). The absence of
promoter activity directed by the myoglobin upstream frag-
ment in NIH 3T3 fibroblast cells was attributable neither to
low efficiencies of transfection nor to instability of reporter
gene products; luciferase expression data were internally
controlled by cotransfection of pCMV-lacZ, and the nonre-

stricted 1-actin promoter drove high levels of luciferase
activity in all cell types (Fig. 2B).
To define functional domains within the myoglobin up-

stream region, the 380-bp fragment was divided into smaller
fragments, UR1 and UR2 (Fig. 1). The UR2 fragment
encompassing nucleotide residues -373 through -205 was

placed upstream of a minimal promoter derived from the
human hsp7O gene linked to the luciferase coding region.
This construct also was expressed selectively in differenti-
ated myotubes, indicating that sequence elements capable of
directing muscle-specific transcription reside within UR2
(Fig. 2).

Mutations within the CCAC box impair muscle-specific
expression directed by myoglobin upstream sequences. The
myoglobin UR2 segment contains a cytosine-rich region
characterized by the sequence CCACCCCACCCCC (boxed
in Fig. 3A). On the basis of previous deletional analysis (9),
this region was suspected to contain a positive regulatory
element, but the specific sequences responsible for this
activity had not been identified. We constructed a series of
nucleotide substitution mutations to scan this region (Fig.
3A). Mutations of bases flanking the CCCACCCCC se-

quence (CCAC mut 1 or 5) had minimal (<2-fold) or no

effects on expression of the reporter gene. By contrast,
disruption of bases within the CCCACCCCC sequence

(CCAC mut 2, 3, or 4) impaired expression more severely;
the mutation present in CCAC mut 3 reduced promoter
function more than 20-fold.

Mutations of the E-box motifs exert little or no effect on the
function of the myoglobin promoter, while the putative MEF-2

Exon 1

) _.

Exon 3Exon 2

-373 bp +7 bp
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FIG. 2. Evidence that the myoglobin promoter region or the UR2 fragment directs muscle-specific expression. Constructs bearing either
the 380-bp upstream fragment (-373 to +7) of the myoglobin gene, the UR2 fragment (-373 to -205) coupled to a minimal promoter (from
human hsp70), or the human 3-actin promoter were linked to the luciferase coding region and transfected into sol8 myogenic cells (A) or NIH
3T3 fibroblasts (B). Luciferase activity was measured in cell lysates 3 days after differentiation of sol8 cells or 1 day after transfection of NIH
3T3 cells. Results were expressed relative to the activity of a promoterless luciferase gene (vector) and represent mean values (± standard
error of the mean) from four or more independent observations. All results were normalized by cotransfection of pCMV-lacZ expression
vector.

motif is a positive regulatory element. Disruption of one or
both of the E-box motifs (boxed in Fig. 4A) within the
myoglobin 5' flanking region (see Fig. 1) resulted in con-
structs that were expressed in a manner similar to the
wild-type promoter in both mammalian (Fig. 4B) and avian
(data not shown) myotubes. Thus, although less extensive
mutational analysis was directed at this region than to the
CCAC box, it appears that canonical E-box elements com-
prising putative binding sites for myogenic bHLH proteins
are not essential for muscle-specific transcription directed by

A

-73 bp +7 bp

I Myoglobin 0
,1

-223bp -. -204bp

wild type: AC CC
TGGTGTO G G CCG

CCAC hut 1: hMi?1CCCCACCCCCTGTGaC
CCAC nut 2: ACCAC&CCCCCTGTOWC

CCAC mut 3: AccAccccTGTGGc

CCAC nut 4:

CCrAC! -us S!.
ACCACCCCACClE4;GGC

weenceierrndAIA

the myoglobin promoter. By contrast, mutations within a
putative MEF-2 binding site (dashed box in Fig. 4A) reduced
expression of the reporter gene to less than 20% of control
levels (Fig. 4).
The CCAC box element alone is not sufficient for muscle-

specific transcription. The finding that the CCAC box region
was necessary for muscle-specific transcription led us to
determine whether the CCAC box element, acting alone,
was sufficient to augment transcription from a minimal
promoter and whether such activating function, if present,
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FIG. 3. Mutations of the CCAC box motif within the myoglobin promoter region. (A) Within the UR2 region (between bp -204 through
-223) lies a CCCACCCCC sequence outlined in a box. Base substitutions in mutant constructs are highlighted. (B) The CCAC box mutants
within the 380-bp fragment were ligated to the luciferase gene and transfected into sol8 muscle cells. Three days postdifferentiation, cell
lysates were assayed for luciferase activity. The results were expressed as percent activity with respect to the luciferase expression controlled
by the wild-type myoglobin 380-bp sequence. All results were normalized by cotransfections of pCMV-lacZ expression vector and represent
mean values (+ standard error of the mean) of at least four independent observations.
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FIG. 4. Mutations of the E-box motifs or MEF-2-like motif within the myoglobin promoter region. (A) Within the myoglobin promoter
between nucleotides residues -149 through -176 lie two E-box motifs (outlined in boxes) and a putative MEF-2 binding motif (outlined in
a dashed box). Base substitutions that alter one or both E-box motifs or the putative MEF-2 binding site are highlighted. (B) The E-box or
MEF-2 mutants contained in the 380-bp fragment were ligated to the luciferase gene and transfected into sol8 muscle cells. Three days
postdifferentiation, the cell lysates were assayed for luciferase activity. Data were calculated and presented as described in the legend to Fig.
3.

was limited to differentiated myotubes. The results are
shown in Fig. 5. A single copy of the CCAC box had no
effect, but multiple copies increased the activity of the
minimal promoter, producing up to a sixfold-activating effect
in the case of the construct containing five copies (Fig. 5A).
This effect, however, was not limited to myotubes; similar
activating effects were observed in NIH 3T3 cells (Fig. SB).
Promoter activities of constructs containing multimeric
CCCACCCCC elements remained well below those of con-
structs containing native myoglobin upstream fragments
(note different scales on the vertical axes in Fig. 2 and 5).
The CCAC box element binds specifically to nuclear pro-

teins. A single copy of the CCCACCCCC element was
recognized by nuclear proteins present in sol8 myotubes
(Fig. 6A, lane 2), myoblasts (Fig. 6B, laneC 2), and 3T3 cells

A

a8
8

I
E

0-i

8

6

4.

2

0

sol8 myotubes T

(data not shown) in gel mobility shift assays. Binding of
nuclear protein factors was sequence specific, as assessed by
competitive binding of unlabeled oligonucleotides bearing
either the wild-type CCCACCCCC sequence or the function-
ally inactive CCAC mut 3 sequence (Fig. 6). Other compet-
itive binding studies (not shown) indicated that the CCAC-
box-binding factor in sol8 myotubes is distinct from the
transcription factor Spl, which recognizes a similar but
nonidentical DNA sequence (CCGCCC) (16).

Characterization and partial purification of a CCAC-box-
binding factor. To identify nuclear proteins that bind to the
CCAC box sequence, we used a protein-blotting technique
(Southwestern blotting). Nuclear extracts from sol8 myo-
tubes were subjected to SDS-PAGE, electroblotted onto
nitrocellulose paper, renatured, and probed with 32P-labeled
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FIG. 5. Functional analysis of multiple copies of the CCAC box element placed upstream of the hsp7O minimal promoter region. One
through five copies of the CCCACCCCC box element (5'-TTCCACACGCACAACCACCCCACCCCCTGTGGCCT-3') were placed upstream
of the minimal promoter linked to the luciferase gene. The constructs were used to transfect sol8 muscle cells (A) or NIH 3T3 fibroblast cells
(B). Three days after differentiation of sol8 cells or 1 day after transfection of NIH 3T3 cells, the cell lysates were assayed for luciferase
activity. Data were calculated and presented as described in the legend to Fig. 2.
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sol8 myoblasts

CCAC mut 3
00500

0 0 25 50 100 50 100

1 2 3 4 5 6 7

Probe CCAC: ACGACCCACCCCACCCCCTGT

Mutant mut 3: ACGCACAACCACCCCECTGTGGCCTGA

FIG. 6. Specific binding of the CCAC box element to nuclear
factors. A32P-labeled CCAC box probe was used in a gel mobility
shift assay to identify nuclear factors that bind to the CCAC box
element. Competitive binding studies included 25 ng (lane 3), 50 ng
(lane 4), or 100 ng (lane 5) of unlabeled CCAC box sequence. A
functionally inactive CCAC box mutant, mut 3, was used in com-
petition studies at an amount of 50 ng (lane 6) or 100 ng (lane 7). The
DNA sequences of the CCAC probe and CCAC mut 3 are shown.

oligonucleotides consisting of one or more copies of the
myoglobin CCAC box element. All of these probes identified
a 40-kDa protein in renatured protein blots (Fig. 7A) that we
termed CBF40. Binding of the probe varied in relation to the
amount of nuclear extract loaded on the polyacrylamide gel
(compare lanes 2 and 3) or the copy number of CCCACC
CCC elements (compare lane 1 with lane 2 and lane 3 with
lane 4). A 32P-labeled oligonucleotide consisting of a binding
site for Spl (15) bound a renatured protein with a molecular

N tJb 0
Probe: cll~9C~

B
N
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"Q 4
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-

14 kD - I

.

2 3 4
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FIG. 7. Binding of 32P-labeled oligonucleotides to renatured pro-

tein blots. (A) Nuclear proteins from sol8 myotubes were resolved
by SDS-PAGE (12% polyacrylamide gel) after loading of 10 pLg

(lanes 1 and 2) or 25 p,g (lanes 3 and 4) per lane and electrophoret-
ically transferred to nitrocellulose. Proteins bound to nitrocellulose
were renatured as described in Materials and Methods. The blots
were probed with one (lane 1), three (lanes 2 and 3), or four (lane 4)
copies of the 32P-labeled CCAC box sequence motif. (B) Similar
renatured protein blots (SDS-PAGE [10% polyacrylamide gel]) were
probed with 32P-labeled oligonucleotides containing either one copy

of the myoglobin CCAC box motif (lanes 1 and 2) or a documented
binding site for Spl (lanes 3 and 4). The open arrow points to the
protein that binds Spl oligonucleotide, and the closed arrow points
to the protein that binds the CCAC box sequence.

200 kD-

97 kD -

69 kD -

46 kD--

30 kD -

14 kD

1 2

FIG. 8. Partial purification of the CCAC-box-binding factor.
Shown is a silver stain of proteins separated by SDS-PAGE (8 to
25% gradient gel) loaded with unfractionated nuclear extract (lane 1)
or affinity-purified fraction (lane 2). Proteins were eluted from
streptavidin-agarose columns with elution buffer containing 0.5 M
KCI. The arrow points to the 40-kDa protein (CBF40) corresponding
in size to the protein binding to CCCACCCCC sequences in
renatured protein blots (see Fig. 7).

weight consistent with the known size of Spl (Fig. 7B). The
oligonucleotide containing the binding site for Spl failed to
bind CBF40. This finding indicated that CBF40 protein is
distinct from Spl.

Partial purification of CBF40 was achieved by DNA
affinity chromatography. Nuclear extracts were incubated
with a biotinylated oligonucleotide containing the myoglobin
CCCACCCCC element. Protein-DNA complexes were
bound to streptavidin-agarose beads, and proteins were
eluted stepwise with buffer containing increasing concentra-
tions of KCI. After separation by SDS-PAGE, a limited
number of protein bands was observed by silver staining in
fractions eluted with 0.5 M KCI (Fig. 8). The protein band at
approximately 40 kDa corresponds with the results of oligo-
nucleotide binding to renatured protein blots (Fig. 7).

DISCUSSION

We have identified a sequence motif, CCCACCCCC
(CCAC box), that is required for muscle-specific transcrip-
tion directed by the human myoglobin promoter. This CCAC
box element is not sufficient in itself to drive muscle-specific
expression of a minimal promoter but requires cooperative
interactions with other cis-acting elements. Such auxiliary
elements include a putative MEF-2 binding site located
downstream of the CCAC box (Fig. 1). As yet undefined
elements located upstream of the CCAC box also appear to
be able to complement the function of the CCAC box, at
least when placed in close proximity to the TATA box of a
minimal promoter, as in the UR2-luc construct (Fig. 1 and 2).
In the transient expression assays used in this study, binding
sites for myogenic bHLH proteins (E-box motifs) are not
essential for activation of the myoglobin promoter during
muscle differentiation.
A 40-kDa protein binds specifically to the myoglobin

CCAC box and was termed CBF40. A mutation within the
CCAC box motif that reduces binding of this factor in vitro
also compromises transcription in vivo. A protein of similar
size and binding activity is present both in differentiated
myotubes, in which the myoglobin promoter is transcription-
ally active, and in undifferentiated myoblasts or fibroblasts,
in which myoglobin is not expressed. Thus, muscle-specific
enhancer activity of regions containing a CCAC box does
not appear to be attributable simply to the exclusive expres-
sion of CBF40 in muscle cells.
Sequences containing an adenine flanked by multiple

A

extract:

competitor:

(ng)

sol8 myotubes

CCAC mut 3

0 0 25 50 100 50 100

B

extract:

competitor:

(ng)

1 2 3 4 5 6 7

A

200 kD -
97 kD -

46 kD-- I

30 kD -

14 kD -

MOL. CELL. BIOL.



TRANSCRIPTIONAL CONTROL OF THE MYOGLOBIN GENE 5031

cytosines are present within regions upstream of other
mammalian myoglobin genes (2, 3) as well as within muscle-
specific enhancers from muscle creatine kinase (14), alpha-
myosin heavy-chain (5), and slow-cardiac troponin C (25)
genes. However, this motif seems to be required for muscle-
specific enhancer activity only in a subset of the genes in
which it appears. For example, disruption of a CCCCCAC
CCCC region within an upstream enhancer of the muscle
creatine kinase gene has little effect on enhancer function
(14). In contrast, Parmacek et al. (25) observed a require-
ment for CCACCCCC motifs within both cardiac-specific
and skeletal muscle-specific enhancer regions from the slow-
cardiac troponin C gene. Among genes that do not exhibit
muscle-specific expression, a tryptophan oxygenase gene
requires a CCACACCCC sequence for induction by gluco-
corticoids (30).

Erythroid globin genes utilize a CCACCCC sequence as
an important positive transcriptional control element (8).
Because myoglobin and erythroid globins have a common
evolutionary heritage and are similar in genomic organiza-
tion (36), it is interesting to speculate that transcriptional
control elements may have been retained in conjunction with
exon sequences during genomic rearrangements that led to
divergence of the globin gene family, but modified (on the
basis of variations in flanking sequences or combinatorial
effects with other regulatory elements) to participate in
entirely different programs of gene activation.
The apparent paradox in which similar cis-acting DNA

sequence motifs participate in differentiation of unrelated
cell lineages has several possible explanations. All CCAC
boxes may bind an identical and ubiquitous protein factor
that activates transcription, but only in the context of
cooperative interactions with other, lineage-specific, tran-
scriptional regulators. Alternatively, the superficial similar-
ity of cytosine-rich transcriptional control elements may be
misleading, and such sites may bind to a diversity of pro-
teins. Different members of a family of CCAC-box-binding
proteins may discriminate among CCAC box motifs on the
basis of differences in flanking sequence around a CAC core.
It is conceivable that certain members of a family of CCAC-
box-binding proteins may be restricted to a given cell lineage
or developmental stage, in a manner analogous to E-box-
binding proteins of the bHLH family (23).
Our data suggest that both explanations may be correct.

Even multimers of the myoglobin CCCACCCCC motif are
insufficient to confer muscle specificity to a minimal pro-
moter, indicating a requirement for cooperative interactions
between CCAC-box-binding factors and other transcrip-
tional activators. Our data also support the existence of a
family of CCAC-box-binding proteins. In the human embry-
onic e-globin gene, a CCACCCC sequence is a functional
promoter element in transient expression assays and binds
Spl protein in vitro (39). Our present results, however,
suggest that the nuclear factor that recognizes the CCCAC
CCCCC element of the human myoglobin gene is distinct
from Spl, as determined by competitive binding studies and
Southwestern analysis. Thus, at least two discrete proteins,
Spl and CBF40, bind apparently similar DNA sequence
motifs. Further studies and more complete characterization
of CBF40 will be required to define the full repertoire of
cognate factors that trans activate myoglobin and other
genes by binding to CCAC box elements and the nature of
cooperative interactions with other transcription factors.
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