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normal development of myogenic and gonadal precursors (6,
13, 25, 27, 33, 47). zfh-1 is initially expressed throughout the
presumptive mesoderm but later is downregulated (26, 27).
Although zfh-1 diminishes in embryonic muscle precursors before they differentiate to muscle, mutant embryos with loss of
function for zfh-1 showed defects in embryonic myogenesis,
and although muscles still differentiate, there are subtle defects
in the number and positioning of the muscles (26, 27). These
results suggest that although zfh-1 is not essential for embryonic muscle differentiation to proceed, it may have a role in
regulating the process. zfh-1 was originally described as a nuclear protein (26), but nothing is known about its nature, its
mechanism of action, or whether it is a positive or negative
regulator of such processes.
zfh-1 and ZEB are two members of the zfh family that share
sequence similarity in their zinc fingers and homeodomain (13,
18). The fact that both proteins seem to be involved in myogenesis suggested that they may be functionally related. Here
we examine the molecular mechanism of action of zfh-1. We
show that zfh-1 is a transcriptional factor that binds E boxes.
We also show that despite the lack of sequence similarity in the
repressor domain, zfh-1 and ZEB have identical repressor
specificity. We also found that zfh-1 is able to block myotube
conversion in mammalian cell culture systems and that maintenance of zfh-1 expression beyond its normal temporal pattern blocks differentiation of somatic muscle differentiation in
Drosophila embryos by disrupting the pattern of expression of
the muscle differentiation factor mef2.

Classically, myogenic differentiation in vertebrates was believed to be dependent only on the activity of the positive
myogenic regulators mef2 and MRF (myogenic regulatory factors [myoD, myf-5, myogenin, and MRF-4]) proteins. Members from the two protein families synergize to promote skeletal muscle differentiation (32). However, recent evidence
indicates that muscle differentiation is also under negative
regulation and that a proper temporal and spatial pattern of
muscle gene expression is the result of a fine balance between
positive and negative factors (4, 9, 41). Previously, we and
others demonstrated that a zinc finger/homeodomain protein
most commonly known as ZEB (zinc finger E box binding
protein [7, 14, 15, 18, 19, 40]), blocks formation of myotubes in
culture by binding to E box sequences in the promoters of
myogenic genes and actively repressing their transcription (36,
39). We proposed a model where ZEB would control the
timing of myogenesis, although no in vivo evidence for such
model is available (36).
In Drosophila, the basic helix-loop-helix protein twist is necessary and sufficient for somatic muscle development (2, 3),
similar to the way in which MRF proteins serve as the switch
for myogenic fate in vertebrates (43, 44). Recent studies demonstrated that twist regulates somatic muscle differentiation by
direct activation of mef2 transcription through a 175-bp enhancer located 2.3 kb upstream of the mef2 gene (11). mef2 is
also essential for muscle differentiation in Drosophila, embryos
mutant for mef2 have muscle precursors, but they fail to differentiate and express the differentiation marker, myosin heavy
chain (MHC) (5, 30).
zfh-1 is member of the zfh family, characterized by multiple
zinc finger and homeodomain motifs, that is required for the

MATERIALS AND METHODS
Cell culture. Schneider L2 cells were obtained from R. Cagan (Washington
University, St. Louis, Mo.) and grown at 25°C in Schneider’s Drosophila medium
(Life Technologies, Gaithersburg, Md.) supplemented with 10% fetal bovine
serum (FBS; Life Technologies). The HT1080 fibrosarcoma and C33a cervical
carcinoma cells were obtained from the American Type Culture Collection
depository (Rockville, Md.) and were maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Life Technologies) containing 5% FBS and 5% calf serum
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zfh-1 is a member of the zfh family of proteins, which all contain zinc finger and homeodomains. The roles
and mechanisms of action of most family members are still unclear. However, we have shown previously that
another member of the family, the vertebrate ZEB protein, is a transcriptional repressor that binds E box
sequences and inhibits myotube formation in cell culture assays. zfh-1 is downregulated in Drosophila embryos
prior to myogenesis. Embryos with zfh-1 loss-of-function mutation show alterations in the number and position
of embryonic somatic muscles, suggesting that zfh-1 could have a regulatory role in myogenesis. However,
nothing is known about the nature or mechanism of action of zfh-1. Here, we demonstrate that zfh-1 is a
transcription factor that binds E box sequences and acts as an active transcriptional repressor. When zfh-1
expression was maintained in the embryo beyond its normal temporal pattern of downregulation, the differentiation of somatic but not visceral muscle was blocked. One potential target of zfh-1 in somatic myogenesis
could be the myogenic factor mef2. mef2 is known to be regulated by the transcription factor twist, and we show
here that zfh-1 binds to sites in the mef2 upstream regulatory region and inhibits twist transcriptional
activation. Even though there is little sequence similarity in the repressor domains of ZEB and zfh-1, we
present evidence that zfh-1 is the functional homologue of ZEB and that the role of these proteins in
myogenesis is conserved from Drosophila to mammals.
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ATP by using T4 polynucleotide kinase. Bacterial lysates containing recombinant
proteins for the zinc fingers of zfh-1 and ZEB were incubated with 1 g of bovine
serum serum albumin and 0.5 g of poly(dI-dC) in 25 l of reaction mix containing 10 mM Tris-HCl (pH 7.9), 50 mM NaCl, 1 mM EDTA, and 10% glycerol
for 10 min on ice in the presence or absence of 50-fold excess of unlabeled probe.
The mixture was incubated for 10 min, 6 fmol of labeled probe was added, and
the mixture was incubated for another 10 min at room temperature. Then,
samples were subjected to electrophoresis as described elsewhere (37).
Transient transfections and CAT assays. Cells were transfected by the calcium
phosphate method (38). After 48 h, lysates were collected, transfection efficiency
was corrected by the cotransfection of a luciferase reporter vector, and CAT
assays were performed as described previously (38). DNA was brought to a total
of 6 g for 60-mm-diameter dishes or 20 g for 100-mm-diameter dishes. CAT
results are averages of duplicate assays and are all representative of at least five
separate experiments with standard deviations below 15%.
Western blot assays. C33a cells were cotransfected by the calcium phosphate
method with a Flag-tagged modification of the pCI-neo expression vector (Promega) containing cDNA for snail, zfh-1, ZEB, DB-zfh-1, and DB-zfh-1–RDZEB. After 48 h, cells were lysed in ELB buffer (150 mM NaCl, 50 mM HEPES
[pH 7.0], 5 mM EDTA, 0.1% NP-40) and sonicated briefly. The precleared
lysates boiled in sample buffer with 5% of ␤-mercaptoethanol, the samples were
loaded in a 4 to 15% polyacrylamide gradient gel (Bio-Rad Laboratories, Hercules, Calif.) and transferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore Corporation, Bedford, Mass.) by using a 10 mM CAPS
{(3-[cyclohexylamino]-1-propanesulfonic acid)}–10% methanol transfer buffer.
After blotting for at least 6 h, the membrane was incubated with either anti-zfh-1
mouse polyclonal or anti-Flag polyclonal (Santa Cruz Biotechnologies) antibodies; after incubation with the corresponding HRP-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, Pa.), the Western blot was develop
by the enhanced chemiluminescence technique (NEN Life Sciences Products,
Boston, Mass.) according to the manufacturer’s instructions.
Myogenic conversion assays and immunostaining. For 10T1/2 cell myogenic
conversion assays, 10T1/2 cells were transfected by the lipofectamine method
(Life Technologies) in OPTIMEM medium (Life Technologies) as instructed by
the manufacturer. After 12 h, medium was removed and replaced with 2% horse
serum–DMEM (differentiation medium). After 5 to 6 days, cells were fixed in
methanol and stained with antimyosin antibody MF-20 (from R. Kopan, Washington University, St. Louis, Mo.). After washing to remove unbound antibody,
cultures were incubated sequentially with HRP-conjugated anti-mouse immunoglobulin G antibody (Jackson ImmunoResearch) and with diaminobenzidine
(DAB) substrate (Vector Laboratories, Burlingame, Calif.). Nuclei were counterstained with hematoxylin (Zymed, South San Francisco, Calif.).
Drosophila stocks and induction of zfh-1 expression. Oregon R flies were used
as wild-type stocks. The fly stocks for heat shock-driven zfh-1 [P(hsp70-zfh-1/
Cyo)] were obtained from Z.-C. Lai (26). To induce expression of zfh-1 protein,
embryos were collected from agar plates during 1 h at 25°C and allowed to age
for different times at 25°C. Embyros were then collected into Nytex nets, covered
with 80% glycerol, and subjected to a 15-min heat shock treatment at 37°C.
Following heat shock, embryos were rinsed with embryo wash solution (0.7%
NaCl, 0.1% Triton X-100) and allowed to recover for different times, and analyzed for the expression of different proteins (see below).
Immunostaining and analysis of embryos. After the appropriate time of incubation, embryos were dechorionated by incubation for 3 min in bleach, fixed in
an heptane-formaldehyde solution, and extracted with methanol (12). Embryos
were then blocked with 50% normal goat serum in phosphate-buffered saline,
incubated with antibodies against MHC (1:10 supernatant dilution; gift from D.
Kiehart, Duke University, Chapel Hill, N.C.), mef2 (rabbit serum, 1:1,000; from
B. Patterson), twist (rabbit serum, 1:2,000, gift from E. Bier, University of
California, San Diego, La Jolla, Calif.), and zfh-1 (polyclonal mouse serum,
1:450; gift from Z. C. Lai) for 4 h to overnight. All primary antibodies were
preabsorbed twice against fixed and blocked embryos. The reaction was followed
by incubation with biotinylated anti-rabbit or anti-mouse secondary antibodies
(1:300 dilution) for 2 to 4 h and with ABC complex (Novocastra-Vector, Burlingame, Calif.) for 1 h. The reaction was developed with an HRP Elite kit and
DAB substrate (Pierce, Rockford, Ill.). Following color development, the embryos were mounted in 80% glycerol and examined on a Zeiss Axioplan-2
microscope (Carl Zeiss, Oberkochen, Germany).

RESULTS
zfh-1 is a DNA binding protein that recognizes a subset of E
box sequences. Among all zfh family members, zfh-1 and ZEB
share the most sequence similarity in the zinc fingers and
homeodomain (13, 18) (Table 1). The zinc fingers of ZEB bind
to a subset of E boxes (and E box-like sequences), with highest
affinity for the CACCTG site (18, 39). The similarity in the zinc
fingers of ZEB and zfh-1 suggested that these motifs in zfh-1
might also be DNA binding domains. Therefore, we examined
whether zfh-1 can bind to the CACCTG site. As shown in Fig.
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(Life Technologies). C3H10T1/2 (hereafter called 10T1/2) fibroblasts (American
Type Culture Collection) were grown in DMEM containing 13% FBS.
Plasmid construction. A zfh-1 cDNA (pBluescript P19 clone) was obtained
from Z. C. Lai (University of Pennsylvania, Philadelphia). Mammalian expression vectors for zfh-1 were constructed as follows. Full-length zfh-1 cDNA cloned
in the EcoRI site of the P19 clone was moved to the EcoRI site of pCI-neo
(Promega Corporation, Madison, Wis.). DB-zfh-1 (containing C-terminal zinc
fingers [DNA binding domains]) was obtained by PCR amplification of zfh-1
cDNA and cloned in the MluI/XbaI site of pCI-neo. A Kozak sequence, ATG
codon, and Flag tag sequences were cloned in frame and upstream of the
C-terminal zinc fingers in the XhoI/MluI sites of pCI-neo. Nuclear localization
and stop codon signals were cloned in frame downstream of this fragment in the
XbaI/NotI site of pCI-neo. DB-zfh-1–RD-ZEB was constructed by cloning the
repressor domain of ZEB (containing the central region between amino acids
294 and 902) into the XbaI/NotI sites of pCI-DB-zfh-1. The expression of all
these constructs was assessed by Western blotting using Flag antibody (Kodak,
New Haven, Conn.) or anti-zfh-1 antibody (Z.-C. Lai) as described below.
To construct Gal4 and LexA fusion proteins, the repressor domain of zfh-1
(amino acids 416 to 972) was fused in frame with the DNA binding domain of
Gal4 and LexA proteins by cloning into the EcoRI/XbaI sites of PM1 and
pBXL3, respectively (10, 45). Gal4-ZEB and LexA-ZEB constructs were previously described (36, 37). To construct a frameshift L-ZEB plasmid, used as a
control, ZEB cDNA was released with SmaI/XbaI from PM1-ZEB and cloned
out of frame in the SmaI/XbaI site of pBXL3. Gal4 activators used in this study
were previously described (45).
Drosophila expression vectors for zfh-1 and ZEB were constructed as follows.
Full-length zfh-1 was released as an EcoRI fragment from the P19 clone and
cloned in the EcoRI site from the actin 5 C promoter-driven ActPP construct
(obtained from R. Cagan). The C-terminal zinc fingers of zfh-1 were released as
an XhoI/NotI fragment from its corresponding pCI-neo version and cloned in the
corresponding sites of the pBluescript KS. Then, an KpnI/NotI fragment was
released from pBluescript and inserted in the KpnI/NotI site of a polylinker
modified version of the pPac actin 5C-driven plasmid (from C. Thummel, University of Utah, Salt Lake City). Similarly, an XhoI/NotI fragment encoding the
C-terminal zinc fingers and full-length ZEB were released from the pCI-neo
version of these molecules and, after cloning in pBluescript, released as a KpnI/
NotI fragment and cloned in the corresponding sites of the modified version of
pPac. pPac-snail was obtained from T. Ip (University of Massachusetts, Worcester).
A 2.2-kb fragment of the rhomboid promoter cloned in pGEM7Z(⫺) was
obtained from T. Ip (22). A BamHI fragment was released from pGEM7Z(⫺)
and cloned in the corresponding sites of pSP73. Then a ClaI/EcoRV fragment
was released from pSP73 and cloned in the same sites of pBluescript upstream
of the chloramphenicol acetyltransferase (CAT) gene cloned in the PstI/BamHI
sites (38).
A 3.7-kb fragment of the PL promoter of single-minded (23) was obtained as a
pBluescript-derived form from S. Crews (University of North Carolina, Chapel
Hill), amplified by PCR, and cloned in the XhoI/HindIII sites of pBluescriptCAT (38).
pGxSV-CAT (containing four Gal4 binding sites upstream of the simian virus
40 [SV40] enhancer driving the CAT gene), PG2 and PG5 (containing, respectively, two and five Gal4 sites upstream of the E1B TATA box and the CAT
gene), and PL6G2 and PL6G5 (containing six LexA sites upstream of the Gal4
sites in PG2 and PG5) were previously described (10, 45). 76␣4-E361CAT,
containing a ZEB binding site (⫺361 bp of the ␣4 gene promoter) upstream of
the ets-driven ␣4 enhancer, was previously described (37, 38). The CAT reporter
plasmid pD33A3 contains six E box sequences (three copies of the tandem
CACCTG/CAGGTG) and was obtained from S. Hayashi (National Institute of
Genetics, Mishima, Japan) (16).
Recombinant proteins for the N-terminal zinc fingers (amino acids 201 to 468)
of zfh-1 were obtained by PCR and cloned in the EcoRI/NotI site of pGEX-4T-1
(Pharmacia Fine Chemicals, Uppsala, Sweden). The C-terminal zinc fingers
(amino acids 904 to 1060) of zfh-1 were obtained by PCR and cloned in the
BamHI/EcoRI site of pGEX-2T (Pharmacia Fine Chemicals). A prokaryotic
expression vector for N-terminal zinc fingers of ZEB was obtained from T.
Kadesch (18). A glutathione S-transferase (GST) expression vector for snail was
obtained from T. Ip.
Production of recombinant proteins. Bacteria transformed with pGEX constructs encoding the N- and C- terminal zinc finger domains of zfh-1, the Nterminal domains of ZEB, and full-length snail were induced to produce recombinant proteins by incubation with 0.1 mM isopropyl-␤-D-thiogalactopyranoside
(IPTG) as instructed by the manufacturer (Pharmacia Fine Chemicals). After
incubation with IPTG, bacteria were lysed in NETN (20 mM Tri HCl [pH 8.0],
100 mM NaCl, 0.5% NP-40, 1 mM EDTA) and sonicated, and the lysate was
tested and quantified for the expression of the different GST proteins by Western
blotting for GST, using an anti-GST horseradish peroxidase (HRP)-conjugated
antibody (Santa Cruz Biotechnologies, Santa Cruz, Calif.).
Gel shift experiments. As probes in the gel shift experiments, annealed oligonucleotides containing the ZEB site (E361/E399) in the ␣4 integrin promoter
(37, 38), snail sites (Sna1 and Sna5ab) in the single-minded promoter (23), snail
sites (s1 through s4) in the rhomboid promoter (22), and zfh-1 sites at bp ⫺2782
and ⫺8564 in the Drosophila mef2 promoter (35a) were end labeled with [␥-32P]

MOL. CELL. BIOL.

VOL. 19, 1999

TRANSCRIPTIONAL REPRESSION BY zfh-1

TABLE 1. Sequence comparison of zfh-1 and ZEB
Region(s)

N-terminal region
N-terminal zinc fingers
Central repressor domain
Homeodomain
C-terminal zinc fingers
C-terminal region

Amino acids
ZEB

zfh-1

%
Similarity

1–168
169–294
295–902
590–637
903–987
988–1124

1–252
253–415
416–972
714–762
973–1056
NA

8
50
12
30
80
NA

a
NA, not applicable (zfh-1 has only a four-amino-acid C-terminal region [1057
to 1060]).

shared with zfh-1 (reference 22, Fig. 1B, and data not shown).
In the rhomboid promoter, snail sites are important to block
the expression of rhomboid in the ventral regions during embryogenesis (22). Contrary to what we found for the snail sites
in the single-minded promoter, zfh-1 showed little or no binding to the four snail sites of the rhomboid promoter (Fig. 1B
and data not shown). And, accordingly, zfh-1 failed to repress
the transcriptional activity of the rhomboid promoter (Fig. 2B).
These results demonstrate that zfh-1 can interact with only a
subset of snail sites.
It is important to point out that snail is required for zfh-1
expression and that zfh-1 persists after snail diminishes (8, 24,
26). Thus, the two proteins appear to be temporally distinguishable in the developing embryo. This suggests that the two
proteins may regulate separate or perhaps partially overlapping sets of genes, albeit at distinct developmental stages or in
distinct tissues.
zfh-1 contains an independent repressor domain that functions in mammalian cells. Next, we wondered whether the

FIG. 1. zfh-1 binds E box sequences. (A) Gel retardation assays using a
probe containing CACCTG sites (36). Recombinant proteins encoding the Cand N-terminal zinc fingers of zfh-1 [zfh-1(C) and zfh-1(N), respectively] and
N-terminal zinc fingers of ZEB were obtained from overexpression in bacteria as
described in Materials and Methods. zfh-1 and ZEB binding was competed with
a 50-fold excess of unlabeled probe but not with the mutant non-E box probe
(TTCCCC) or an unrelated E box sequence (CATTTG). (B) Snail and zfh-1
share DNA binding specificities. A probe containing a ZEB binding site (E361/
E399 in the ␣4 integrin promoter [36]), the highest-affinity sites for snail from the
single-minded (sim) promoter (Sna1 and Sna5b as in reference 23) and from the
rhomboid promoter (Sna2 as in reference 22) were used in gel shift experiments
to test the binding of GST-snail and GST–N- and C-terminal zfh-1 zinc fingers
[zfh-1(N) and zfh-1(C), respectively]. Equal molar amounts of GST fusion proteins (as determined by Western blotting with anti-GST antibodies [data not
shown]) were used. Note that zfh-1 binds to snail sites in the single-minded
promoter (even to the highest-affinity site, Sna5ab [23]) with even higher affinity
than snail. However, binding of zfh-1 to the snail sites in the rhomboid promoter
were weak or neglible (this figure and data not shown). Arrowheads indicate
specific complex; NS denotes a nonspecific band. Free probes are indicated at the
bottom.
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1A, both the N- and C-terminal zinc fingers of recombinant
zfh-1 bound to the site in gel retardation assays. This binding
was abolished when the site was mutated (Fig. 1A). Furthermore, as observed for ZEB (18), zfh-1 binds to only a subset of
E box sequences; it failed to bind the CATTTG E box sequence (Fig. 1A and results not shown). Interestingly, the zfh-1
binding site also matches the high-affinity site recognized by
the zinc finger protein snail (17, 23, 31), and we found that
zfh-1 bound quite efficiently to various snail binding sites in the
single-minded gene (zfh-1 binds better than snail to Sna5ab, the
highest-affinity site [23]) (Fig. 1B). These results demonstrate
for the first time that zfh-1 is a DNA binding protein and that
it shows DNA binding specificity similar to that of ZEB and
snail.
zfh-1 is a transcriptional repressor. Both ZEB and snail are
transcriptional repressors (20, 29, 36). Therefore, we wondered
whether zfh-1 might also be a transcription factor, even though
there is little evidence of sequence similarity in the central
region (in between the N- and C-terminal zinc fingers) where
the ZEB repressor domain is located (Table 1) (36). To determine whether zfh-1 has transcriptional activity, a reporter
containing the CACCTG binding site 30 bp upstream of an
enhancer was transfected in Drosophila Schneider L2 cells.
These cells do not express endogenous zfh-1 or snail (data not
shown), and thus the presence of the E box site had no effect
on promoter activity. However, cotransfection of a zfh-1 or
snail expression vector resulted in repression (Fig. 2A). A
similar level of repression by zfh-1 was observed when the
CACCTG sequence was moved 300 bp upstream of the enhancer (Fig. 1A), demonstrating that zfh-1 (and ZEB) can
repress at long range. In contrast, snail failed to repress transcription at this long range as previously described (20) (Fig.
2A). Expression of DB-zfh-1 did not repress (data not shown),
suggesting that the protein has separate DNA binding and
repressor domains. These results demonstrate that zfh-1, like
snail and ZEB, functions as an active transcriptional repressor
when it binds to E box sequences.
Because of the overlap in DNA binding specificity, we wondered whether zfh-1 could target the same genes as snail. One
such snail-regulated gene is single-minded, which is normally
restricted to midline cells and a subset of somatic muscle precursor cells (23, 34). Snail functions to block ectopic expression
of single-minded and other nonmesodermal genes in the mesoderm (29). We found that zfh-1 not only bound to the snail
sites on the single-minded promoter (Figure 1B) but also repressed the activity of the single-minded promoter in transfection assays in Schneider cells even more efficiently than snail,
consistent with the finding that sites from the single-minded
promoter bind to zfh-1 more efficiently than snail (Fig. 1B and
2B).
However, snail also binds other sequences that are not
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FIG. 2. zfh-1 is an active transcriptional repressor. (A) Five micrograms of a
reporter containing two copies of a zfh-1 site cloned either 30 or 300 bp upstream
of an enhancer element (from the ␣4 integrin promoter [38]) was cotransfected
in Drosophila Schneider cells with 8 g of actin 5 promoter-driven constructs for

zfh-1, ZEB, or snail (sna). A reporter lacking the zfh-1 site was used as a control.
(B) zfh-1 represses the single-minded promoter by binding through snail binding
sites. Ten micrograms of a CAT reporter construct driven by the single-minded
promoter and 2 g of a CAT reporter driven by the rhomboid promoter were
cotransfected in Drosophila Schneider cells with 8 g of actin 5 promoter-driven
constructs for snail or zfh-1. (C) zfh-1 represses transcription in mammalian cells.
DB-zfh-1 and DB-ZEB are able to displace endogenous ZEB and release transcriptional repression. Full-length zfh-1, full-length ZEB, and DB-zfh-1–RDZEB block transcription. Three micrograms of a reporter construct containing
two copies of the CACCTG site upstream of the enhancer (38) was cotransfected
in human C33a cells (and HT1080 cells, with identical results) with equal molar
concentrations of zfh-1, DB-zfh-1, DB-ZEB, and DB-zfh-1–RD-ZEB. CAT results are averages of duplicate assays and are all representative of at least five
separate experiments with standard deviations below 15%.
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repressor functions of zfh-1 and ZEB may cross species. Therefore, we cotransfected into the Schneider cells a ZEB expression vector with a reporter containing the CACCTG site upstream of an enhancer. We found that ZEB can also repress
transcription in Drosophila cells (Fig. 2A).
We then investigated whether zfh-1 could repress transcription in mammalian cells. We used a reporter construct containing a CACCTG binding site upstream of an enhancer (Fig.
2C). Coexpression of DB-zfh-1 (or DB-ZEB) did not repress
the activity of the enhancer (Fig. 2C). However, transfection of
an expression vector for either full-length zfh-1 (or full-length
ZEB) or DB-zfh-1–RD-ZEB did repress transcription through
the binding site (Fig. 2C and data not shown). Together, these
results suggest that zfh-1 also recognizes E box binding sites in
mammalian cells and represses transcription when bound to
these sites.
To determine whether zfh-1 contains an independent repressor domain that can function when fused to a heterologous
DNA binding domain, we created a construct where the region
of zfh-1 between the zinc finger domains (corresponding to the
repressor domain in ZEB) was fused to the DNA binding
domain of the yeast protein Gal4. Gal4–zfh-1 was tested in
transfection assays with reporter plasmids containing Gal4
binding sites cloned upstream of various enhancers. Gal4–
zfh-1 efficiently repressed the SV40 enhancer and thymidine
kinase (TK) promoter (Fig. 3A), indicating that zfh-1 indeed
contains an independent repressor domain located between
the zinc finger regions.
As shown in Table 1, the overall sequence similarity between
zfh-1 and ZEB in their repressor domains is very low. Nevertheless, when we tested the ability of zfh-1 to repress the
activity of a number of transcription factors, we found that
zfh-1 and ZEB had similar transcription factor specificities in
transfection assays (Fig. 3B and data not shown). zfh-1 is expressed in other tissues in addition to muscle (heart, gonadal
cells, central nervous system [CNS], etc. [6, 26, 27, 33]), and the
ability of zfh-1 to repress various transcription factors may
have a role in the regulation of gene expression in these tissues.
These results indicate that zfh-1 is an active transcriptional
repressor and that the repressor domains in zfh-1 and ZEB
may be functionally similar.
zfh-1 blocks myogenesis in mammalian cells. Given the similarity between ZEB and zfh-1 in DNA binding specificity and
repressor activity, we examined whether zfh-1 could substitute
for ZEB and block muscle differentiation in mammalian cells.
Transfection of myoD is sufficient to drive cells down a myogenic pathway by inducing a cascade of transcription factors
including members of the myocyte enhancer family (e.g., mef2)
which collaborate with myoD to amplify the muscle differentiation program (32, 43). Previously, we and others have found
that overexpression of ZEB blocks this myogenic conversion
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(36, 39). Here, we show that a construct encoding full-length
zfh-1 also efficiently blocks myogenic differentiation (Fig. 4).
As with ZEB, DB-zfh-1 alone did not affect myogenic differentiation (Fig. 4), even though DB-zfh-1 binds DNA more
efficiently than the full-length protein and efficiently displaces

wild-type ZEB from the promoter (Fig. 2C and results not
shown). Therefore, zfh-1 and ZEB do not block myogenic
differentiation simply by displacing MRF proteins from the
promoter; instead, their repressor domains is required for this
activity (36). Accordingly, fusion proteins containing DB-zfh-1

FIG. 4. zfh-1 blocks myogenesis in vertebrate cells by active transcriptional repression. 10T1/2 mouse fibroblasts were transfected with 0.5 g of a myoD expression
vector (or its parent vector; mock transfection) along with equal molar concentrations of expression vectors for full-length zfh-1 and ZEB, DB-zfh-1, DB-ZEB,
DB-zfh-1–RD-ZEB, or the empty vector as a control. After 5 to 6 days, cells were immunostained for MHC and developed with HRP and DAB as previously described
(36). The images are representative of at least five different myogenic differentiation assays. The expression levels of ZEB, zfh-1, DB-ZEB, DB-zfh-1, and
DB-zfh-1–RD-ZEB proteins were similar by Western blot assay (results not shown).
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FIG. 3. zfh-1 is an active and selective transcriptional repressor. (A) The region between the zinc finger domains of zfh-1 acts a repressor when fused to the DNA
binding domain of the yeast Gal4 protein (GRD-zfh-1). Three micrograms of a reporter construct containing five Gal4 sites upstream of the SV40 enhancer/promoter
and the TK promoter were cotransfected in human HT1080 cells (or C33a cells, with identical results) with 3 g of Gal4–RD–zfh-1. No effect was observed when the
reporter was cotransfected with the molar equivalent amount of the control Gal4 expression vector. (B) zfh-1 is a selective transcriptional repressor. The region of zfh-1
between the zinc finger regions was fused to the bacterial protein LexA and tested for its ability to block the activity of a set of Gal4 activators by cotransfection with
the pLG reporter construct (45) containing six LexA binding sites upstream of two or five Gal4 binding sites (results were the same with either construct); 0.8 g of
the pLG construct was cotransfected with 0.1 to 0.8 g of different Gal4 activators and 3 g of L–RD–zfh-1 into HT1080 cells. As a control, LexA was also cotransfected
instead of LexA–zfh-1. LexA had no effect on the activity of the different Gal4 activators (data not shown). CAT results are averages of duplicate assays with standard
deviations below 15%.
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fused to RD-ZEB, DB-ZEB fused to RD-zfh-1, or DB-zfh-1
fused to RD-zfh-1 also blocked myotube formation (Fig. 4 and
data not shown).
The above results indicate that the RD-zfh-1 can block myogenesis in mammalian cells, suggesting that the function of
zfh-1 and ZEB may be conserved from Drosophila to mammals.
zfh-1 inhibits somatic myogenesis in vivo. Our transfection
assays in Drosophila and mammalian cells suggested that zfh-1
might play a negative role during muscle development in the
Drosophila embryo. Loss of zfh-1 function did not cause drastic
alterations to muscle development (27). In zfh-1 mutant embryos, somatic and visceral muscles form and differentiate, but
there are subtle defects such as loss, misplacement, and disorganization of some muscles (27). These results demonstrate
that zfh-1 is not required for muscle differentiation per se, but
they are consistent with a regulatory role for zfh-1 in the
process. From these studies, there was no indication about its
mechanism of action and whether zfh-1 might act as a positive
or negative regulator of myogenesis. Moreover, studies on the
role of ZEB in muscle differentiation had been confined to in
vitro assays (36, 39). Therefore, we decided to investigate the
role of zfh-1 during myogenesis in vivo.
zfh-1 is downregulated prior to somatic muscle differentiation (reference 26 and data not shown), raising the possibility

that this downregulation is essential for the onset of myogenesis. While the loss-of-function phenotype appeared mild in
muscle (27), we wondered whether maintenance of zfh-1 expression beyond the time that endogenous zfh-1 diminishes
might have a more drastic phenotype (e.g., blocking myogenesis as occurs in cultured cells [Fig. 4]).
zfh-1 is initially expressed throughout the mesoderm, but
after gastrulation it is downregulated in muscle precursors as
well as most other mesodermal derivatives (data not shown
and reference 26). We maintained expression of zfh-1 throughout embryogenesis by expressing the protein under control of
the heat shock protein 70 promoter and assayed muscle development by following MHC expression (1). First, we heat
shocked the embryos at stage 9–10, which corresponds to the
time that zfh-1 is normally downregulated and is prior to MHC
expression in muscle (reference 26 and data not shown). zfh-1
expression following heat shock was confirmed by immunohistochemistry (data not shown). At stage 14, we observed a loss
of MHC expression in somatic muscles; however, surprisingly,
MHC expression in visceral muscle appeared relatively normal
(Fig. 5). In embryos that completed embryogenesis, we observed milder but still clear defects in MHC expression in
somatic muscles (data not shown).
We also heat shocked the embryos to induce zfh-1 expression after the onset of MHC expression (stage 12–13). In this
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FIG. 5. Overexpression of zfh-1 inhibits somatic muscle differentiation in Drosophila embryos and disrupts mef2 expression. MHC expression was analyzed as a
marker of myogenic differentiation in wild-type and zfh-1-overexpressing embryos (hs-zfh-1). Embryos were analyzed with antibodies against MHC and mef2 as
described in Materials and Methods. The embryos are oriented with the anterior to the left in lateral views. (A) Wild-type embryos were heat shocked (hs) for 15 min
at 37°C at stage (st) 9 as described in Materials and Methods and immunostained for MHC at stage 14. VM, visceral muscle; SM, somatic muscle. (B) hs-zfh-1 embryos
were heat shocked at stage 9 and immunostained for MHC at stage 14. Visceral muscle (VM) remained relatively unaffected, whereas somatic muscle (SM) showed
a complete absence of MHC-positive cells. (C) Staining for mef2 in wild-type embryos (stage 12, lateral view); embryos were heat shocked at stage 7 for 15 min at 37°C
as described in Materials and Methods. mef2 expression is restricted to the visceral (internal) and somatic (external) mesodermal layers and the cephalic mesoderm
(most anterior part of the embryo). (D) Staining for mef2 in hs-zfh-1 embryos (stage 12, in ventrolateral view); embryos were heat shocked at stage 7. Maintained
expression of zfh-1 causes inhibition of mef2 expression and severe derangement of its pattern in the mesoderm.
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FIG. 6. zfh-1 binds sites from the mef2 gene promoter and blocks transcriptional activation by twist. (A) Gel retardation assays using a probe containing
zfh-1 sites in the mef2 promoter sequence (35a). Sites at bp ⫺2782 and ⫺8564
were tested. Recombinant proteins encoding the C- and N-terminal zinc fingers
of zfh-1 [zfh-1(C) and zfh-1(N), respectively] were obtained from expression in
bacteria as described in Materials and Methods. zfh-1 binding was competed with
a 50-fold excess of unlabeled probe (CACCTG or CACCTA) but not with the
mutant non-E box probe (TTCCCC). Arrowheads indicate specific complex; NS
denotes a nonspecific band. (B) zfh-1 represses twist activity. The ability of
L–RD–zfh-1 (as in Fig. 3B) to block the activity of Gal4-twist was tested by
cotransfection with the pLG reporter (as in Fig. 3B and reference 45); 0.8 g of
pLG reporter was cotransfected with 0.4 of Gal4-twist or 0.6 g of Gal4-Sp1
activators and 3 g of LexA–zfh-1. As a control, LexA was also cotransfected
instead of L–RD–zfh-1. LexA had no effect on the activity of the different GAL4
activators (data not shown). L–RD–zfh-1 failed to repress the activity of Sp1
which was included as a control. CAT results are averages of duplicate assays
with standard deviations below 15%.

DISCUSSION
Here we have examined the nature and molecular mechanism of action of zfh-1 and shown that the protein regulates
myogenesis in Drosophila embryos. We demonstrate that zfh-1
is a transcription factor that binds E boxes, acts as a repressor,
and functions as the homologue of the vertebrate ZEB protein.
While zfh-1 and ZEB show sequence similarity in the zinc
finger DNA binding domains, the transcriptional repressor
domains of the two proteins shows very little sequence similarity (Table 1). However, we have found within the repressor
domain of ZEB binding sites for the corepressor CtBP (37a,
38a, 42), which are also conserved in zfh-1. Nevertheless, the
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case, we observed little, if any, defect in MHC expression in
somatic muscles (data not shown), indicating that once the
muscles cells begin to express MHC, they are refractory to the
negative effects of zfh-1 expression. Taken together, these results are consistent with a model in which extinction of zfh-1
expression in embryonic muscle precursors is necessary to allow muscle differentiation to proceed.
zfh-1 inhibits the pattern of mef-2 expression. We noticed
that maintaining zfh-1 expression resulted in a muscle differentiation phenotype similar to that seen with the loss of mef2
(where there is a block in MHC expression in somatic muscle
with less effect on visceral muscle) (5). This phenotype is also
similar to that observed when the transcriptional activator twist
is disrupted after gastrulation via a temperature-sensitive mutant (2). twist is required for activation of the mef2 gene in
somatic muscle, and these observations raised the possibility
that zfh-1 may act to inhibit somatic myogenesis by blocking
the expression of mef2.
The pattern of mef2 expression is complex and dynamic in
the embryo, but mef2 expression increases in muscle precursors as they appear in the embryo (35). mef2 is first evident at
the late cellular blastoderm stage in mesoderm primordia and
continues to be expressed throughout the mesoderm during
mesoderm invagination. At mid-germband extension, mef2 expression is reduced in the ventrolateral mesoderm but maintained in the dorsal region. During germband retraction, expression increases in visceral mesoderm and in somatic muscle
precursors (35). This is around the time when zfh-1 is downregulated (data not shown and reference 26). mef2 expression
then increases dramatically in all somatic mesoderm, and
throughout germband retraction expression continues to be
high in somatic muscles (35).
zfh-1 is also expressed in a dynamic fashion in the mesoderm, and it is downregulated in muscle precursors as they
began to appear (26). When we double immunostained for
mef2 and zfh-1, we found that the expression of zfh-1 and that
of mef2 were mutually exclusive (data not shown).
Taken together, the above results suggested that zfh-1 might
have some role in controlling the pattern of mef2 expression in
muscle precursors. To test this possibility, we analyzed the
pattern of mef2 expression in embryos where zfh-1 expression
is maintained by using the heat shock construct. Wild-type
embryos exhibited a normal mef2 pattern following heat shock
at all stages examined (Fig. 5). However, heat-shocked-expressing zfh-1 embryos showed a range of defects. (i) In the
most severe cases, mef2 was highly disrupted (data not shown).
These embryos failed to complete germband retraction and
appear not to have developed far past this stage. (ii) Other
embryos showed a fairly normal morphology and completed
embryogenesis. In these embryos, there was still clear disruption of mef2 in somatic muscle and a reduction in the number
of mef2-positive cells (stage 12 [Fig. 5]). These results suggested that the downregulation of zfh-1, associated with the onset
of somatic myogenesis, is required for expression of mef2.
Cripps et al. (11) have recently shown that regulation of
mef2 depends on the existence of an enhancer element 2.3 kb
upstream of the mef2 gene which is directly activated by twist.
Examination of the mef2 promoter sequence (kindly provided
by E. N. Olson and R. M. Cripps) revealed multiple zfh-1 sites
throughout the sequence which bind zfh-1 in gel retardation
assays (Fig. 6A).
Do the zfh-1 sites in the mef2 promoter block transcriptional
activation by twist? In transfection assays, we show that zfh-1
blocks transcriptional activation by twist (Fig. 6B), and we
propose that zfh-1 blocks twist-mediated activation of the mef2
gene in muscle precursors until zfh-1 expression diminishes.
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The finding that zfh-1 is able to repress a number of different
promoters and transcription factors in transfection assays suggests that it may be capable of regulating genes in other tissues.
In addition to somatic muscle, zfh-1 is expressed in the CNS
and in other mesoderm-derived tissues such as gonadal and fat
body precursors, heart, and gut (26, 27). Studies of zfh-1 mutant embryos and embryos overexpressing zfh-1 have suggested
roles for zfh-1 in the differentiation of some of these other
tissues, indicating that its role extends beyond somatic muscle.
We also found that zfh-1 binds to the same sequences recognized by other zinc finger repressors such as snail and escargot
(16, 17, 31). It has been shown that escargot (and snail) competes with a heterodimer containing the proneural scutedaughterless complex for DNA binding sites (16, 17, 46). In
transfection assays into Schneider L2 cells, we found that zfh-1,
like snail, competed for DNA binding with daughterless-scute
(data not shown). zfh-1 is expressed in the CNS, and overexpression of the protein has been shown to disrupt CNS differentiation (26), implying that zfh-1 also may have a regulatory
role in CNS differentiation. Therefore, competition for binding
between zfh-1 and the proneural daughterless-scute complex
may have a functional role in regulating zfh-1 activity in motorneurons in a fashion similar to that which we proposed for
myoD family members and ZEB in mammalian muscle (36).
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