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A novel winged-helix transcription factor, MNF-b, is expressed coincidentally with cell cycle withdrawal and
differentiation of skeletal myogenic cells. MNF-b is closely related to the myocyte nuclear factor (MNF) protein
previously described (now termed MNF-a), but expression of the two isoforms is differentially regulated, and
they exhibit distinctive functional properties with respect to DNA binding in vitro and transcriptional regu-
latory activity in transient-transfection assays. A DNA sequence motif binding MNF-b with high affinity was
selected from a library of random oligonucleotides and was found to be similar to but distinct from the cognate
binding site for HNF-3b, a more distantly related winged-helix protein. The temporal pattern of MNF-b
expression and the presence of MNF binding motifs within conserved promoter elements of several genes that
modulate cell cycle progression support a working hypothesis that MNF proteins may modulate proliferation
of myogenic precursor cells during development and muscle regeneration.

Proteins of the forkhead/winged-helix family of transcription
factors are expressed in many eukaryotic organisms and in
many cell lineages of higher vertebrates, and several proteins
of this class are known to function in the control of cellular
differentiation and proliferation, pattern formation, and signal
transduction (18, 19).

Among mammalian winged-helix proteins, the hepatocyte
nuclear factor-3 (HNF-3) subgroup, which includes three
closely related isoforms (a, b, and g), has been most exten-
sively characterized (20). HNF-3b is essential during early em-
bryonic development for formation of the node and notochord
(1, 29), and these proteins have additional functions in activa-
tion and maintenance of cell-type-specific gene expression in
hepatocytes and other tissues of endodermal origin (8). The
three isoforms of HNF-3 are encoded by separate genes, but
the proteins are highly conserved within their winged-helix
DNA binding domains, and they have correspondingly similar
DNA binding properties in vitro (22). The different isoforms,
however, exhibit distinctive temporal-spatial patterns of ex-
pression during embryogenesis (27), suggesting that they con-
trol discrete developmental events.

In a previous paper, we described the cloning of myocyte
nuclear factor (MNF), which was identified as a winged-helix
protein on the basis of the signature 110-amino-acid forkhead-
like domain within the middle protein of the linear sequence
(4). Subsequent studies demonstrated that MNF is the first
member of this protein family to be expressed selectively in
cardiac and skeletal muscle precursor cells during embryonic
development, and expression of MNF is most abundant in
satellite cells (14), a committed stem cell pool arrested at an
early stage of myogenesis prior to the activation of basic helix-
loop-helix proteins of the MyoD family (11, 21). The winged-
helix domain of MNF is more closely related to the yeast
forkhead proteins FKH1 and FKH2 than to the mammalian
HNF-3 proteins. MNF also shares a second structural motif,
the forkhead-associated (FHA) domain, with FKH1 and

FKH2 from Saccharomyces cerevisiae, and it is the only mam-
malian member of this family known to do so (17). Outside the
winged-helix and FHA regions, MNF bears no obvious resem-
blance to other members of this protein family or to other
proteins in the database.

In our initial characterization of MNF (4), we noted that
antibodies raised against the cloned recombinant protein rec-
ognized a second protein of smaller molecular size in immu-
noblots of nuclear proteins from differentiated skeletal myo-
tubes in culture. We proposed that this smaller cross-reacting
antigen, which was absent from proliferating myoblasts, was
likely to represent a second isoform of MNF, and screening of
cDNA libraries prepared from skeletal muscle yielded a novel
cDNA encoding MNF-b. This paper presents an initial char-
acterization of this second MNF isoform with respect to its
expression, DNA binding properties, and potential functions
as a transcriptional regulator. In conjunction with other studies
reported elsewhere, these data support a working hypothesis
for the role of MNF proteins in muscle development and
regeneration.

MATERIALS AND METHODS

Cloning of MNF-b. A 471-bp cDNA fragment (bp 796 to 1267) containing the
winged-helix domain of MNF-a (4) was used to screen 106 recombinants of a
mouse skeletal muscle 59-STRETCH PLUS lgt11 cDNA library (Stratagene).
After three rounds of plaque purification, cDNA was isolated from lambda
lysates of two clones, digested with EcoRI, subcloned into pGEM11Z (Pro-
mega), and sequenced by using Sequenase (United States Biochemical).

RT-PCR and Southern blotting. Total RNA was extracted from adult tissues,
embryos, and cultured cells by using the TriPure Isolation kit (Boehringer
Mannhem). Ten micrograms of total RNA was used in each reverse transcription
(RT) reaction (Retro-Script; Ambion). Complementary DNA (5 ml) was then
used as a template for the PCR in a 50-ml reaction volume including 200 ng of
each primer, 2 mM MgCl2, Taq buffer, and 1 ml of Taq polymerase (Gibco/BRL).
The primers used for amplification are listed in Table 1. Fifteen microliters of the
products of each PCR was loaded on a 2% agarose gel and analyzed by Southern
blotting (26) with individual cDNA probes for detection of amplified sequences
encoding MNF-a, MNF-b, myoglobin, or glyceradehyde phosphate dehydroge-
nase (GAPDH). Probes were generated by PCR with the appropriate primer
pairs from plasmid templates and then radiolabeled by random priming (26). All
of the RT-PCR experiments were performed within a range where the intensity
of the hybridization signal varied as a linear function of the abundance of the
input DNA (not shown). The amplified products produced by RT-PCR with
primers specific for MNF-a or MNF-b were 307 and 216 nucleotides, respec-
tively.
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Plasmids and fusion protein constructs. To generate a fusion protein consist-
ing of glutathione S-transferase (GST) fused to the winged-helix domain of MNF
(GST-WH protein), a cDNA fragment encoding the DNA binding domain of
MNF (amino acids 267 to 411) was generated by PCR with pBST-MNF (4) as a
template, forward primer 59-CTCACACCATGGCTGCGAAGGCCGCCTC
C-39 (underlined is a NcoI site), and reverse primer 59-CTCGGATCCATCAGC
CCTGGGTGGGT-39 (underlined is a BamHI site) and was subcloned into
pGEX.CS (23). The GST-WH fusion protein was affinity purified by using glu-
tathione-Sepharose beads (Pharmacia), eluted with 15 mM glutathione, and then
dialyzed against Dulbecco’s phosphate-buffered saline–10% glycerol–1 mM di-
thiothreitol in the presence of a protease inhibitor cocktail (10 mg of leupeptin
per ml, 10 mg of pepstatin per ml, 10 mg of aprotinin per ml, and 10 mM
phenylmethylsulfonyl fluoride).

Site-directed mutagenesis was performed by using the Sculptor In Vitro Mu-
tagenesis System (Amersham) with oligonucleotide 59-GCTGAGCTGCAGGG
CGAGCTCGGCAATGAAGCTCGAC-39. Amino acids Ser-Arg-Arg-His at po-
sitions 130 to 134 of MNF-b were changed to residues Ala-Asp-Asp-Ala.

Expression vectors were generated by inserting MNF-a or MNF-b cDNA into
the EcoRI site of pCI-neo (Promega) and either used to overexpress MNF
protein in transfection studies or used in a TNT coupled reticulocyte lysate
system (Promega) to synthesize in vitro MNF proteins. VP16 fusion proteins
were constructed by using PCR to introduce an in-frame ATG at the amino end
of the winged-helix domain of MNF (amino acids 279 to 389), and the VP16
activation domain (amino acids 413 to 490) was subsequently fused to the
carboxyl end of the winged-helix domain by excising the VP16 domain from
pSJJ1193(CRF3) (25) with restriction enzymes BglII and BamHI and subcloning
this fragment into the pGEM7Z-ATG1WH plasmid. The chimeric WH1VP16
fragment was excised and ligated to an expression vector driven by the cytomeg-
alovirus (CMV) promoter. To construct MNF-b1VP16, an 860-bp fragment
containing the amino region of MNF-b was excised from pBST-MNF (4) with
StyI and XbaI and subcloned into the pGEM7Z-WH1VP16 plasmid. The chi-
meric MNF-b1VP16 fragment was excised and ligated to an expression vector
driven by the CMV promoter. A WH1eng fusion was generated by fusing the
winged-helix domain (amino acids 279 to 389) of MNF in frame with the repres-
sion domain (amino acids 2 to 292) of the Drosophila Engrailed protein (2, 16).

DNA binding site selection. Affinity-purified GST-WH fusion protein or His6-
tagged recombinant MNF (rMNF) (4) was used to select high-affinity binding
sites by a combination of previously described protocols (12, 22). For the
GST-WH protein the degenerate oligonucleotide used was 59-GAGCCGCGG
ATACGTN15CGAGCGTCTAGACGC-39 (underlined are SacII and XbaI
sites), the amplification forward primer was 59-GAGCCGCGGATACGT-39, and
the reverse primer was 59-GCGTCTAGACGCTCG-39. Double-stranded DNA
templates were made by a single cycle of extension PCR with the corresponding
reverse primer. The binding reaction was carried out with 0.4 mg of double-
stranded DNA and 3 mg of affinity-purified GST-WH fusion protein in 100 ml of
gel shift buffer [20 mM HEPES (pH 7.4), 40 mM KCl, 2 mM MgCl2, 1 mM
dithiothreitol, 10% glycerol, 0.2 mg of bovine serum albumin per ml, and 2 mg of
poly(dI-dC) (Pharmacia) per ml] at room temperature for 20 min. The DNA-
protein complex was collected by incubation with 20 ml of glutathione beads
(prewashed in wash buffer plus 0.1% Nonidet P-40 [NP-40] for 30 min at 4°C)
followed by a low-speed spin. The collected beads were washed three times with
500 ml of wash buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, 0.2 mg of bovine
serum albumin per ml) plus 0.1% NP-40. The selected DNA was released from
the complex by four successive rounds of elution in which 50 ml of STE (1 M
NaCl, 50 mM Tris [pH 8.0], 10 mM EDTA) was added, the mixture was heated
at 100°C for 2 min, and the supernatant was collected and pooled. Finally, the
DNA was precipitated with ethanol and resuspended in 20 ml of TE buffer (10
mM Tris-HCl [pH 8], 1 mM EDTA), followed by standard PCR with the an-
nealing temperature at 37°C for 30 cycles. About one-fourth of the PCR product
was used for each subsequent selection. A total of five rounds of site selection
binding were performed. The final selected DNA products were cloned into the
pBluescript II KS plasmid (Stratagene) at the corresponding restriction enzyme
sites (SacII and XbaI) and sequenced. A total of 41 different DNA sequences
isolated in this manner were compared to generate consensus binding require-
ments for MNF proteins.

The degenerate oligonucleotide for His6-tagged rMNF was 59-GCGTCGAC
AAGCTTTCTAGAN35GAATTCCGGATCCCTCGAGCG-39 (underlined are
HindIII and BamHI sites), and the forward and reverse amplification primers
were 59-GCGTCGACAAGCTTTCTAGA-39 and 59-CGCTCGAGGGATCC
GAATTC-39, respectively. The binding reaction was carried out with 5 mg of
double-stranded DNA, 3 mg of rMNF, and 1 mg of poly(dI-dC) in 20 ml of

binding buffer (20 mM HEPES [pH 7.6], 100 mM KCl, 0.2 mM EDTA, 20%
glycerol, 0.2 mg of bovine serum albumin per ml) at room temperature for 20
min. The DNA-protein complex was collected with 10 ml of nickel-agarose
(Qiagen) and washed four times with 500 ml of isotonic saline containing 0.1%
NP-40 and 0.1% bovine serum albumin. The recovered DNA served as a tem-
plate for PCR with forward and reverse primers with the annealing temperature
at 55°C for 30 cycles. A total of six rounds of site selection binding were
performed. The recovered DNA was subcloned into the pBluescript II KS plas-
mid at the corresponding restriction enzyme sites (HindIII and BamHI) and
sequenced.

To monitor the site selection binding products, electrophoretic mobility shift
assays (EMSA) were performed with a radiolabeled DNA probe generated by
five cycles of PCR with 1 ml of each round of site selection binding product as the
template in the presence of [32P]dATP, dCTP, dGTP, and dTTP.

EMSA. Binding reactions were performed in 20 ml of gel shift buffer (20 mM
HEPES [pH 7.4], 40 mM KCl, 2 mM MgCl2, 1 mM dithiothreitol, 10% glycerol)
containing 1 ng of radiolabeled double-stranded DNA (104 cpm), 1 mg of
poly(dI-dC) (Pharmacia) (when GST fusion protein was used), or 1 mg of son-
icated salmon sperm DNA (Promega) (when in vitro-translated proteins were
used) with either 100 ng of GST-WH protein or in vitro-translated MNF proteins
made with the TNT coupled reticulocyte lysate system (Promega), and the
reaction mixtures were incubated at room temperature for 20 min. Competition
studies were performed by including 50 or 100 ng of unlabeled double-stranded
DNA prior to the addition of radiolabeled DNA probe. The DNA-protein
complexes were resolved on 4% native polyacrylamide gels equilibrated in 45
mM Tris-borate–1 mM EDTA.

The specific MNF binding site sequences used for EMSA were 59-GTACTG
TAAATAAATAGTGCCGCGGTACCAGATC-39 and 59-CCCGGTCAAA
ACAATAAACATCAACACTTGGTGTACA-39. The double-stranded oligonu-
cleotide binding sites were radiolabeled as previously described (15).

Cell culture, transfections, and luciferase assay. Monolayers of C2C12 or Sol8
myogenic cells were grown as recommended by the American Type Culture
Collection. Cells were differentiated by withdrawing fetal bovine serum from the
medium and supplementing the medium with 2% horse serum, 10 mg of insulin
per ml, and 10 mg of transferrin per ml (Gibco/BRL Research). Transfections
were performed on 105 cells (as directed by Gibco/BRL Research) with 5 ml of
Lipofectamine and 2 mg of plasmid DNA. Cells were harvested at 24 h post-
transfection and lysed in reporter lysis buffer (Promega), and luciferase was
measured with the luciferase assay system (Promega). Light emissions were
integrated for the initial 10 s of emission at 25°C in a Berthoid LB9500C
luminometer. The efficiency of transfection was determined by cotransfection of
pCMV-lacZ as previously described (3).

Nucleotide sequence accession number. The sequence reported in this paper
has been deposited in the GenBank database under accession number U95016.

RESULTS
Cloning of MNF-b, a distinctive MNF isoform. A cDNA

encoding MNF-b was cloned from a mouse skeletal muscle
library. Within the amino-terminal and winged-helix domains
(amino acid residues 1 to 409), MNF-b is identical to MNF-a,
but the sequence diverges in the carboxyl terminus (Fig. 1A).
The absolute identity of amino acid residues 1 to 409 in
MNF-a and MNF-b suggests that the two forms arise by al-
ternative splicing. This conclusion also is supported by prelim-
inary characterization and partial sequencing of the MNF
genomic locus on mouse chromosome 5 (syntenic to human
chromosome 7) that demonstrates the presence of presumptive
exons encoding sequences specific to each isoform (not
shown). MNF-a (90 kDa) is expressed in committed myoblasts
and differentiated myotubes in culture, while MNF-b (55 kDa)
becomes detectable only in the transition from proliferative
growth of undifferentiated myogenic cells to postmitotic myo-
tubes (Fig. 1B to D).

Both RT-PCR and Western blot assays demonstrate a tran-
sient burst of MNF-b expression within the first day after Sol8

TABLE 1. Primers used in PCR

Amplified product 59 primer 39 primer

MNF-a cDNA TACTTCATCAAAGTCCCTCGGTC GTACTCTGGAACAGAGGCTAACTT
MNF-b cDNA TACTTCATCAAAGTCCCTCGGTC GTGCGCGCGCGCATGTGGGGC
GAPDH cDNA GTGGCAAAGTGGAGATTGTTGCC GATGATGACCCGTTTGGCTCC
Myoglobin cDNA ACCATGGGGCTCAGTGATGGGGAG CAGGTACTTGACCGGGATCTTGTGC
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myogenic cells are placed under conditions favoring differen-
tiation (Fig. 1C and D). An increased abundance of MNF-b
mRNA is detected on day 1, and this is followed by peak
expression of MNF-b protein on the second day of differenti-
ation (Fig. 1D). This transient period of MNF-b expression
corresponds temporally to several events that characterize the
myogenic program: irreversible cell cycle withdrawal, fusion of
mononucleated precursors into multinucleated myotubes, and
activation of genes encoding terminal differentiation markers
(e.g., myoglobin [Fig. 1D]). Expression of MNF-b mRNA and
protein wanes, however, at later stages of the differentiation
process (Fig. 1C and D).

Within mouse embryos, both isoforms of MNF are ex-
pressed, as assessed by RT-PCR (Fig. 2). The greatest expres-
sion of MNF-b, relative to total embryonic RNA, is observed
at E9.5, a stage of active cardiomyocyte differentiation (Fig.
2A). Among tissues of adult animals, mRNA encoding MNF-b
is most abundant in skeletal muscle, heart, and brain (Fig. 2B).
These data indicate clearly that expression of mRNAs encod-
ing the two MNF isoforms is differentially regulated during
development and among adult tissues.

Selection of DNA binding sites for MNF. A consensus bind-
ing site for MNF was identified by using a modification of the
site selection method developed by Funk and Wright (12). Two
independent selection experiments were performed, using two
different libraries of random deoxyoligonucleotides (35- versus
15-bp random regions), two different selection methods (glu-
tathione versus nickel binding), and two different forms of
MNF, containing identical DNA binding domains.

The consensus binding sequences derived from the two ex-
periments were virtually identical (Fig. 3). The uniform choice
of nucleotide G at position 1 in screen 1 is attributable to a G
corresponding to position 1 in the nonrandom region of the
deoxyoligonucleotide probe used in this selection.

DNA binding specificity of MNF proteins in vitro. The bind-
ings of in vitro-translated MNF-a (amino acids 1 to 617),
MNF-b (amino acids 1 to 414), and rMNF (amino acids 244 to
617 of MNF-a) proteins to the consensus binding motif were
compared by EMSA (Fig. 4). All three MNF proteins contain
identical winged-helix domains, and equivalent concentrations
were generated in the in vitro translation reactions (Fig. 4A).
We found that full-length MNF-a fails to bind the consensus
motif under conditions where MNF-b or rMNF binds avidly
(Fig. 4B). Since removal of either the N or C terminus of
MNF-a enhances DNA binding, we conclude that the full-
length protein assumes a configuration in which the winged-
helix DNA binding domain is masked and that residues from
both the N and C termini participate in this masking. We
cannot at this time distinguish whether this is an artifact due to
malfolding of recombinant protein or whether unmasking of
the DNA binding domain by phosphorylation or protein-pro-
tein interactions is a bona fide mechanism by which the func-
tion of the endogenous protein is regulated.

Because the MNF consensus binding motif is similar but not
identical to well-characterized motifs that bind HNF-3b, we
used competitive binding assays to determine whether the
binding properties of MNF-b and rMNF are similar to or
distinct from those of this distantly related winged-helix tran-

FIG. 1. Two isoforms of MNF exhibit distinctive expression patterns during myogenic differentiation. (A) Diagram of MNF isoforms MNF-a and MNF-b. WH,
winged-helix/forkhead DNA binding domain. The enlarged box shows the C-terminal amino acid (aa) residues unique to MNF-b. (B) [35S]methionine-labeled, in
vitro-translated MNF-a and MNF-b analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. (C) Western blot analysis of MNF proteins during
sequential stages of myogenic differentiation (Sol8 cells). Protein extracts were prepared from proliferating myoblasts in growth medium (day 0) or at sequential time
points after a shift to differentiation medium (1, 2, or 3 days). (D) RT-PCR–Southern blot analysis of MNF mRNA during different stages of myogenic differentiation.
Probes for detection of GAPDH or myoglobin sequences were used to confirm equal amounts of input total mRNA and to monitor myogenic differentiation,
respectively.
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scription factor. The results (Fig. 4B) show clearly that MNF
proteins can distinguish their cognate binding site from either
of two well-characterized HNF-3b binding sites from the tran-
sthyretin (TTR) promoter, TTR-S (AGTCAATA) and
TTR-W (CACAAATA) (9).

We initially cloned MNF (specifically, the form we now
recognize as MNF-a) by screening expression libraries with a
probe based on multimers of an upstream activation element
from the human myoglobin gene promoter (CCAC sequence),
and we observed that recombinant MNF would bind this se-
quence in vitro (4). We now recognize that the interaction
between MNFs and the CCAC motif is of much lower affinity
than the binding of MNF proteins to the WRTAAAYA se-
quence. A 200-fold molar excess of CCAC oligonucleotide fails
to compete for binding in vitro of MNF-b or rMNF (a trun-
cated form of MNF-a) to the newly defined MNF binding
sequence (data not shown). These recent studies suggest
strongly that the WRTAAAYA binding motif, rather than the
CCAC element, represents the physiologically relevant cog-
nate site at which MNF proteins bind DNA to modulate gene
transcription.

Transcriptional regulation by MNF proteins in vivo. Forced
overexpression of native MNF-b in several murine or human
cell lines following transient transfection results in growth ar-
rest variably followed by apoptotic cell death (11a). We ob-
served, however, that C2C12 myogenic cells grown at high
density were relatively resistant to this effect and that repro-

ducible results from cotransfection assays could be obtained in
this cell background with normalization of expression of lucif-
erase reporter constructs to expression of a cotransfected lacZ
expression plasmid. The specific promoter-luciferase con-
structs and the native and variant forms of MNF employed in
the cotransfection assays are illustrated schematically in Fig.
5A. Reporter plasmids were constructed by engineering a min-
imal promoter (TATA element from the human hsp70 gene)
upstream of the firefly luciferase gene. To this minimal pro-
moter, we attached either the consensus binding site for MNFs
identified in the selection procedure (MNF site) and/or a
Gal4p binding site (upstream activation sequence [UAS]) from
the GAL1 promoter (four copies in a head-to-tail array). Ex-
pression of exogenous MNF proteins was driven by a CMV
promoter, and these included (Fig. 5A) native MNF-a, native
MNF-b, truncated MNF-a (rMNF), a fusion protein linking
the DNA binding domain common to MNF-a and MNF-b to
the potent transcriptional activation domain of the viral trans-
activator VP16 (WH1VP16 and MNF-b1VP16, respectively),
and a fusion protein linking the DNA binding domain of MNF
to the transcriptional suppression domain of the Drosophila
Engrailed protein (WH1eng).

Immunoblots (not shown) confirmed that all of the exoge-

FIG. 2. Expression of MNF-a and MNF-b mRNAs in embryos and adult
tissues. Total RNA (10 mg) was isolated from whole murine embryos or adult
mouse tissues and analyzed by RT-PCR and Southern blotting. (A) MNF-a and
MNF-b mRNA expression in the entire embryo at embryonic days E9.5 to E16.5
postcoitum. (B) MNF-a and MNF-b mRNA expression in adult mouse tissues.

FIG. 3. Selection of binding sites from random-sequence oligonucleotides
with MNF-derived proteins. (A) EMSA with radioactive deoxynucleotide probes
obtained from each site selection cycle by including [32P]dCTP during the cycles
of PCR and 100 ng of bacterially expressed GST-WH. (B and C) Summary of
selected binding sites for the winged-helix domain of MNF (B) and rMNF (C).
Numbers represent the frequency percentage for each nucleotide at each posi-
tion. This summary is based on analysis of 41 individual oligonucleotides iden-
tified in the selection procedure (27 for GST-WH and 14 for rMNF).
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nous MNF derivatives were expressed in vivo, and EMSA
performed with nuclear extracts from transfected cells (data
not shown) demonstrated that VP16 fusion proteins containing
the winged-helix region from MNF bind to the MNF consensus
binding sequence in vitro as avidly as native MNF-b. We ob-
served potent transactivation of a luciferase reporter gene ac-
tivity (.200-fold) by WH1VP16 only when the MNF binding
site was included in the reporter construct (Fig. 5B), demon-
strating that the winged-helix domain of MNF proteins is ca-
pable of binding the consensus binding motif in vivo as well as
in vitro.

Neither MNF-a, MNF-b, nor rMNF exhibited direct trans-
activator function in our cotransfection assay system (Fig. 5B).
However, if we stimulated transcription of the reporter gene
via the Gal4p binding site by forced expression of a Gal4-VP16
fusion protein, we then observed reproducible transcriptional
repression mediated by MNF-b (Fig. 5C). This transcriptional
repression by MNF-b requires the presence of the MNF bind-
ing motif in cis within the reporter plasmid. Transcriptional
repression also was produced by the WH1eng protein, which
should direct the Engrailed repressor domain to the MNF
binding site within the reporter construct. Neither MNF-a nor
rMNF functions as a repressor under these assay conditions.
We conclude from these experiments that native MNF-b can
bind its cognate site in vivo and is capable, at least under some
conditions, of functioning as a transcriptional repressor. Tran-
scriptional repression by MNF-b requires amino acid residues
within its amino terminus, distinct from the winged-helix do-
main, since rMNF fails to repress transcription. MNF-a also
lacks this function, presumably due to its inability to bind DNA
under the conditions of our assay. Remarkably, the transcrip-
tional repressor function of MNF-b is sufficient to abolish, in
cis, the transcriptional activating effects of the VP16 transac-
tivation domain. It seems likely, therefore, that the repressor
function of MNF-b mediated through its amino-terminal seg-

ment is so potent as to overcome transcriptional activation that
otherwise would be conferred by the VP16 moiety.

MNF includes an FHA domain. The amino termini of both
MNF-a and MNF-b include an amino acid sequence motif
previously identified in yeast winged-helix proteins and termed
the FHA domain (Fig. 6A). FHA domains have been identified
in a number of other proteins that are not members of the
winged-helix family, suggesting a more generalized, but cur-
rently uncharacterized, function, perhaps in mediating protein-
protein interactions. Some FHA domain-containing proteins
(e.g., MEK1, DUN1, and Ki67) have functions that are related
to DNA replication or proliferative growth regulation, but this
observation provides no definitive insights into the biological
role of this structural motif.

We utilized the transient-cotransfection assay to determine
whether an intact FHA domain is required for the activity of
MNF-b as a transcriptional repressor. Amino acid substitu-
tions that alter evolutionarily conserved residues of FHA do-
main were engineered into MNF-b, and this FHA mutant was
less potent than native MNF-b as a transcriptional repressor in
the cotransfection assay (Fig. 6B).

The MNF binding motif is evolutionarily conserved in pro-
moters of several genes encoding proteins that regulate pro-
liferative cell growth. The identification of a high-affinity bind-
ing motif for MNF proteins potentially provides an opportunity to
identify target genes controlled by MNF during myogenesis. A
search of the nucleotide database revealed approximately
10,000 entries with a match to the WRTAAAYA consensus
binding site for MNF, a number obviously too large to repre-
sent authentic regulatory sites. When the search was con-
strained to rodent and primate sequences and limited by key-
word descriptors (e.g., promoter, transcription, muscle, and
cardiac) the field of candidate entries was reduced to about
100, each of which was examined in more detail. From among
this set of genes, only the three shown in Table 2 met the

FIG. 4. Binding specificity of MNF protein for the MNF binding site. (A) [35S]methionine-labeled, in vitro-synthesized MNF-a (lane 1), MNF-b (lane 2), and rMNF
(lane 3) proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lane 4, protein markers. Lanes containing MNF-a and MNF-b are
identical to those shown in Fig. 1B. (B) EMSA of 32P-labeled MNF binding site (59-CCCGGTCAAAACATAAACATCAACACTTGTGTACA-39) with 2 ml of in
vitro-synthesized MNF-a (lanes 2 to 4 and 12), MNF-b (lanes 5 to 7 and 13), or rMNF (lanes 8 to 10 and 14) proteins or mock-in vitro-synthesized reticulocyte lysate
(lane 11). Competition studies were performed with either 10 ng (lanes 3, 6, and 9) or 100 ng (lanes 4, 7, and 10) of unlabeled MNF binding site DNA or with 100
ng of TTR-S DNA (lanes 12 to 14).
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further criteria of (i) evolutionary conservation of the MNF
binding site in multiple mammalian species and/or (ii) pres-
ence of the MNF binding site within a limited (,5-kb) genomic
segment shown previously to have transcriptional regulatory

function. Electrophoretic mobility shift assays confirmed that
recombinant MNF-b binds to an oligonucleotide (26-mer)
based on the genomic sequence including and flanking the
conserved WRTAAAYA motif from the mouse p21WAF1/CIP1

FIG. 5. Transcriptional regulatory functions of MNFs. (A) Schematic representation of promoter-reporter constructions and of native and variant forms of MNF
used in the cotransfection assays. All reporter plasmids included a TATA box from the human hsp70 promoter inserted in the pGL3-Basic luciferase reporter plasmid
(Promega). MNF-LUC contains four copies of the MNF binding motif upstream of the TATA box. UAS-LUC contains four copies of the Gal4p binding site (UAS
element) from the yeast GAL1 promoter adjacent to TATA box. UAS/MNF-LUC contains the multimerized UAS and MNF binding elements and a TATA box
adjacent to them. rMNF lacks the N-terminal portion of MNF-a, and an initiation codon, ATG, was inserted at the 59 end. WH1VP16 contains the winged-helix DNA
binding domain of MNF fused in frame with VP16 transcriptional activation domain. MNF-b1VP16 contains the N-terminal portion (including the FHA domain) and
the winged-helix domain of MNF-b fused with the VP16 activation region. MNF1eng contains the winged-helix domain of MNF fused with the transcriptional
repression domain (amino acids 2 to 292) of the Drosophila Engrailed protein. aa, amino acids. (B) Transient-cotransfection assay for transcriptional activation.
Luciferase activity was measured in whole-cell lysates prepared 24 h after transient transfection of C2C12 myogenic cells, corrected for expression of a cotransfected
CMV-lacZ expression plasmid, and calculated relative to expression of the minimal promoter (TATA-LUC) in the absence of exogenous MNF proteins. Histograms
depict mean values and standard deviations from three or more independent determinations. (C) Transcriptional repression of a promoter activated by exogenous
GAL41VP16. Data were calculated and are presented as for panel B.
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promoter (data not shown). The corresponding elements iden-
tified within the c-myc and cdc2 promoters (Table 2) have not
yet been examined directly in this manner, but they almost
certainly represent high-affinity MNF binding sites based on
the results of the site selection procedure.

DISCUSSION

The major conclusion of this study is that striated myocytes
express two functionally distinctive isoforms of MNF. The rel-
ative proportions of the two isoforms differ at sequential stages
of the myogenic program. MNF-b, the newly identified iso-
form, is up-regulated contemporaneously with myogenic dif-

ferentiation and cell cycle arrest, binds avidly to its cognate
DNA recognition sequence, and can function as a transcrip-
tional repressor. MNF-a, unlike the b isoform, is expressed in
proliferating, undifferentiated myoblasts. Despite the presence
of a functional DNA binding domain within the protein, full-
length MNF-a fails to bind DNA with high affinity in vitro or
to exhibit transcriptional regulatory functions in cotransfection
assays in vivo.

The distinctive functional properties of these two MNF iso-
forms, and the developmentally regulated variation in their
relative levels of expression, suggest that isoform switching is
important for regulatory events controlled by these proteins
during myogenesis. An appealing speculation, based on the
transition in isoform expression found to be coincident with
terminal differentiation, is that MNF-a and MNF-b may exert
opposing functions and thereby comprise a genetic switch con-
trolling reciprocal expression of a set of target genes in prolif-
erating myoblasts versus differentiated myotubes. Our current
studies demonstrate transcriptional repression by MNF-b, and
while MNF-a was not observed to have a direct transactivating
function, we hypothesize that MNF-a may function as a coac-
tivator or corepressor in conjunction with as-yet-uncharacter-
ized binding partners. The Xenopus winged-helix protein
FAST-1 functions in precisely this capacity by reversibly bind-
ing XMADs under the control of transforming growth factor b
signaling (6). In this heterodimer, FAST-1 contributes the
DNA binding moiety, while XMAD provides the transactiva-
tion domain. Furthermore, it is possible that both isoforms of
MNF can function as either transcriptional activators or re-
pressors, depending on the availability of cofactors and the
specific promoter context, a property attributed previously to
HNF-3b (13, 24).

Other recent studies from our group lend additional support
to the viewpoint that MNFs may serve unique and interesting
functions during myogenesis. A detailed immunohistochemical
analysis assessed spatial and temporal patterns of MNF expres-
sion during embryonic development and during muscle regen-
eration in adult mice (14). These studies demonstrated that
MNF proteins are expressed in a pattern restricted to devel-
oping cardiac and skeletal muscles and the neural tube of the
mouse embryo. In postnatal muscles, abundant expression of
MNF is observed primarily in satellite cells, the quiescent myo-
genic stem cell pool. Because our current antibodies cannot
discriminate between MNF-a and MNF-b, we can draw no
conclusions as to the pattern of expression of the individual
isoforms beyond the limited information provided by the RT-
PCR assays and Western blots presented here. The selective
expression of immunologically detectable levels of MNF in
satellite cells has some intriguing parallels in relation to recent
reports of two other mammalian winged-helix proteins ex-

FIG. 6. The N terminus of MNF contains an evolutionarily conserved FHA
domain. (A) Sequence alignment of some FHA-containing proteins. The shaded
residues are conserved among those proteins. The arrows mark the mutated
amino acids. Amino acids Ser-Arg-Arg-His at positions 130 to 134 of MNF-b
were changed to residues Ala-Asp-Asp-Ala. The numbers in parentheses repre-
sent the lengths of omitted nonconserved regions. FHL1 an FKH2 are yeast
forkhead/winged-helix proteins (accession numbers U32445 and L38850, respec-
tively). DUN1, SPK1, and MEK1 are yeast kinases (accession numbers L25548,
M55623, and Z71478, respectively). SPK1 contains two FHA domains. Ki67 is a
human nuclear protein expressed selectively in proliferating cells (accession
number X65550). (B) Mutation in a subregion of the FHA domain diminishes,
but does not abolish, transcriptional repression by MNF-b. Cotransfection assays
were performed and are presented as described for Fig. 5.

TABLE 2. Putative MNF target genes

Gene Species MNF binding site Comment and reference Accession
number

cdc2 Human 2589TGTAAATA Myc-responsive region (5) S72878

p21WAF1/CIP1 Human 21599AGTAAACA Evolutionarily conserved region (10) U03106
Mouse 22252AGTAAACA U24173
Rat 22578AGTAAACA U24174

c-myc Human 2633AATAAACA Evolutionarily conserved region (7) X00364
Mouse 2627GATAAACA M12345

MNF consensus WRTAAAYA
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pressed selectively in regenerating hepatocytes (30) or in em-
bryonic stem cells (28). The latter protein, Genesis, was shown to
have a transcriptional repressor function similar to that of
MNF-b.

In this report we have emphasized the potential importance
of MNFs within the myogenic program, but MNF proteins also
may serve functions in other cell lineages. Although MNF-a
mRNA is broadly distributed in many tissues, immunohisto-
chemical studies (14) suggest that the protein is expressed only
at low levels, if at all, in many cells where MNF mRNA is
present. MNF protein is clearly detectable in neural tissue,
within both the embryonic neural tube and the adult brain. It
will be interesting to determine whether MNFs exert parallel
or disparate functions in different cell types.

What downstream genes are regulated by MNFs? The re-
sults of our search of the nucleotide database do not, of course,
establish any genes as authentic targets for regulation by
MNFs. An extensive set of additional studies, beyond the scope
of this report, will be required to determine whether the p21,
c-myc, or cdc2 gene, or other candidates, is indeed subject to
regulatory control by MNFs. Moreover, many authentic target
genes would not have been detected by our search of the
current database or would have been eliminated by the restric-
tions we imposed in reducing the search to a manageable
number of candidates. This approach was pursued and re-
ported only to generate provisional hypotheses regarding
downstream components of regulatory cascades involving
MNFs.

In summary, new data presented in this paper support the
hypothesis that MNF proteins have unique and important
functions within the myogenic program, perhaps in the control
of cell cycle progression. MNF-b, a novel winged-helix protein
with transcriptional repressor activity, is expressed in the tran-
sition period when proliferating myoblasts withdraw from the
cell cycle, and this protein binds DNA within conserved pro-
moter elements of several genes that modulate proliferative
cell growth. Experiments are under way to assess the functional
significance in vivo of MNF binding for transcription of puta-
tive target genes, to identify binding partners for MNFs with
coactivator or corepressor functions, and to generate null mu-
tations at the MNF locus in transgenic mice.
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