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The molecular mechanisms generating muscle diversity during development are unknown. The phenotypic
properties of slow- and fast-twitch myofibers are determined by the selective transcription of genes coding for
contractile proteins and metabolic enzymes in these muscles, properties that fail to develop in cultured muscle.
Using transgenic mice, we have identified regulatory elements in the evolutionarily related troponin slow
(Tnls) and fast (Tnlf) genes that confer specific transcription in either slow or fast muscles. Analysis of serial
deletions of the rat Tnls upstream region revealed that sequences between kb —0.95 and —0.5 are necessary
to confer slow-fiber-specific transcription; the —0.5-kb fragment containing the basal promoter was inactive in
five transgenic mouse lines tested. We identified a 128-bp regulatory element residing at kb —0.8 that, when
linked to the —0.5-kb Tnls promoter, specifically confers transcription to slow-twitch muscles. To identify
sequences directing fast-fiber-specific transcription, we generated transgenic mice harboring a construct
containing the Tnls kb —0.5 promoter fused to a 144-bp enhancer derived from the quail TnIf gene. Mice
harboring the Tnlf/Tnls chimera construct expressed the transgene in fast but not in slow muscles, indicating
that these regulatory elements are sufficient to confer fiber-type-specific transcription. Alignment of rat Tnls
and quail Tnlf regulatory sequences indicates that there is a conserved spatial organization of core elements,
namely, an E box, a CCAC box, a MEF-2-like sequence, and a previously uncharacterized motif. The core
elements were shown to bind their cognate factors by electrophoretic mobility shift assays, and their mutation
demonstrated that the Tnls CCAC and E boxes are necessary for transgene expression. Our results suggest
that the interaction of closely related transcriptional protein-DNA complexes is utilized to specify fiber type

diversity.

Skeletal muscle commitment, differentiation, and matura-
tion are largely controlled by the transcriptional regulation of
a large battery of muscle-specific genes (reviewed in references
10 and 49). Whereas our understanding of the factors regulat-
ing myoblast commitment and differentiation has advanced
significantly in the past years, little is known about the mech-
anisms dictating diversity among fibers. The differences in the
contractile and biochemical properties of different muscles
originate from the selective expression of genes coding for
contractile protein isoforms in distinct myofibers. The isoforms
determine the rate of force generation with respect to depo-
larization, the relaxation rates, and the fatigability of the myo-
fibers. Four myofiber phenotypes have been defined on the
basis of the type of myosin heavy-chain isoform that they ex-
press. On the basis of this nomenclature, fast-twitch fibers
(type II) are categorized into types IIA, IIB, and IIX, whereas
only one type of slow fiber (type I) has been identified thus far
(reviewed in reference 45). In avian muscle, there is evidence
that fiber diversity may arise from the commitment of distinct
myoblast lineages during embryogenesis that can differentially
express myofibril proteins (54). However, the phenotypes of
neonatal and adult muscles are plastic; epigenetic factors mod-
ulate their contractile and metabolic properties. The innerva-
tion of skeletal muscle by motoneurons, and more specifically
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the patterns of electrical stimulation used to depolarize mus-
cle, regulates the expression of contractile protein isoforms
and metabolic enzymes (reviewed in reference 45). Hormones
can also modify the effects of innervation on skeletal muscle
properties (35). Thus, one approach to understanding the mo-
lecular mechanisms controlling muscle diversification and plas-
ticity is to identify the DNA regulatory sequences that confer
fiber-type-specific expression of contractile protein genes.

The use of fetal myocyte cultures and skeletal muscle cell
lines has been invaluable as a means for studying the transcrip-
tional regulation of muscle-specific genes during commitment
and differentiation (reviewed in references 22, 43, and 57). The
identification and characterization of the family of muscle reg-
ulatory factors MyoD (15), myogenin (21, 58), myf-5 (9), and
MRF-4 (8, 41, 48) have greatly contributed to our understand-
ing of skeletal myogenesis. These factors, when heterodimer-
ized to the related ubiquitous factors coded by the E2A (42)
and HEB (31) genes, bind to a DNA motif (known as the E
box) found in multiple muscle genes to activate transcription.
In addition, other nuclear factors binding to DNA motifs
present in numerous muscle genes, such as MEF-2/RSRF (23,
46, 59), SP1/CCAC (6, 52), SRF (37, 52), and M-CAT (40)
sites, contribute to the transcriptional activation of genes dur-
ing myogenesis. However, because muscle cultures do not
manifest the specific properties of adult muscles, the identifi-
cation of the cis-acting sequences conferring fiber specificity
needs to be addressed by using an in vivo system, such as
transgenic mice.

We have used the regulation of the troponin I (TnI) genes as
a model to elucidate the mechanisms that generate fiber di-
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FIG. 1. Organization of the Tnl CAT reporter constructs used to generate transgenic mice. A diagrammatic representation of the upstream region of the rat Tnls
gene is shown at the top with restriction sites used to generate transgene constructs. Representations of the fragments used to generate transgenic mouse lines are shown
below. The names of the transgenic mouse lines analyzed are on the far left, with the upstream-most position indicated to their right. The fragment Tns5500 was

previously used to generate transgenic mice (4); this is the largest construct used, and

it contains the first and second noncoding exons, represented by the open boxes,

and the first two introns. The boxes labeled SURE and FIRE correspond to the Tnl rat SURE and the quail FIRE, respectively. These regulatory sequences were linked
to a CAT reporter gene plus the simian virus 40 large t-antigen intron and polyadenylation signal. In construct TKSURE, the SURE fragment was linked directly to

the herpes simplex virus TK promoter.

versification. These loci are less complex than those encoding
myosin heavy-chain isoforms, which consist of a large number
of genes expressed at different developmental times, and myo-
fibers (reviewed in reference 10). The three troponin genes
encoding the isoforms that in the adult are specifically ex-
pressed in slow (Tnls), fast (TnlIf), and cardiac muscles origi-
nated from a common ancestral gene (3). The different iso-
forms of Tnl form part of a complex, in combination with
troponins C and T, which is involved in the regulation of
actomyosin calcium-mediated interactions during contraction
(61). Transcription of Tnl genes is activated during myoblast
terminal differentiation (4, 12, 36). In adult muscle, expression
of the Tnls and Tnlf genes is confined to type I and II fibers,
respectively (25). Previously, we demonstrated that transcrip-
tion of the rat Tnls gene in cultured differentiated myotubes is
regulated by sequences residing in the upstream and intronic
regions of the gene. Tnls reporter constructs containing as
little as 200 bp of upstream sequence, driving expression of the
chloramphenicol acetyltransferase (CAT) reporter gene, were
sufficient to confer muscle-specific expression in transiently
transfected C2C12 myotubes. We also demonstrated that
transgenic mice harboring a rat Tnls reporter construct that
included sequences from bp —1900 upstream of the transcrip-
tion initiation site and extended 3’ to the second noncoding
exon were able to confer fiber-type-specific expression of the
CAT reporter (4). Regulation of the quail Tnlf isoform has
also been studied in vitro and in transgenic mice. Character-
ization of the quail TnIf gene in cultured cells (60) demon-
strated that there is an enhancer that confers muscle- and
differentiation-specific expression located in the first intron.
This enhancer was given the name IRE, for intronic regulatory
element (60). Transgenic mice carrying a -galactosidase re-
porter construct driven by the upstream 530 bp plus the first
intron and noncoding exon of the quail TnlIf gene (containing
the IRE) were shown to specifically express the reporter in
type II fibers (24).

To identify the sequences that direct the fiber-type-specific
expression of the Tnl genes, we have generated a series of
transgenic mouse lines that harbor different CAT reporter

constructs driven by sequences of the rat Tnls and quail TnIf
genes. Deletion analysis of the Tnls gene in transgenic mice
shows that sequences residing in the upstream region from bp
—1900 and —500 are necessary for expression in slow muscle.
Recent experiments performed in our laboratory using cul-
tured Sol 8 cells demonstrated the presence of regulatory ele-
ments in this region (11), which upon sequencing revealed a
span of about 128 bp that is highly homologous to the human
Tnls gene (12). Addition of the 128-bp sequence to the inactive
—500-bp promoter is shown to confer slow-fiber-specific ex-
pression, whereas addition of the quail TnIf IRE (144 bp) to
the same promoter confers fast-fiber-specific transcription in
transgenic mice. Interestingly, comparison of the slow and fast
regulatory elements reveals they share multiple conserved
DNA motifs. We demonstrate that these motifs are able to
bind their cognate factors and furthermore are required for
transcriptional activation, suggesting that the interaction of
similar transcription factors is necessary to regulate expression
of contractile protein genes in different fiber types.

MATERIALS AND METHODS

Sequencing of the 5’ flanking region of the rat TnIs gene. Plasmid
Tn2700.CAT, previously described (4), is a CAT reporter construct built on the
pCAT Basic vector (Promega) which contains TnlIs sequences extending from 2.7
kb upstream of the transcription initiation site (position +1) to position +50
located in the first noncoding exon. Nested deletions in sequences residing in the
upstream region were generated in both directions with exonuclease IIT and S1
nuclease. DNA sequencing was performed by standard dideoxynucleotide ter-
mination reactions. GeneWorks software (IntelliGenetics, Inc.) was used for the
sequence and alignment analysis.

Isolation of Tnls fragments used for transgenic mouse analysis. A series of
fragments was prepared from CAT reporter constructs containing different parts
of the Tnls upstream region to generate transgenic mice (Fig. 1). All the frag-
ments included the CAT reporter gene plus the simian virus 40 intron and
polyadenylation site; all constructs except TKSURE were made in the pCAT
Basic vector backbone. The fragment Tns1900 was obtained by digestion of
construct Tn2700.CAT with Ndel (—1928) to isolate a fragment containing 1.9 kb
of Tnls upstream sequence linked to the CAT reporter. One of the clones
obtained by exonuclease IIT deletion of plasmid Tn2700.CAT (see above) was
designated Tns950. Plasmid DNA from clone Tns950 was digested with HindIII
and BamHI to isolate a fragment containing 0.95 kb of Tnls upstream sequence
linked to the CAT reporter gene. Fragments Tns500 and Tns250 were obtained
by digestion of clones Tn500.CAT and Tn300.CAT (4) with BamHI and either
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HindIII or EcoNI, respectively. These constructs contain 479 and 251 bp of Tnls
upstream sequence, respectively. Plasmid TnsSO0SURE was constructed by the
insertion of a 128-bp PCR fragment (corresponding to nucleotides —868 to
—741) into Sphl-Sall-cleaved plasmid Tn500.CAT. Fragments for injection were
obtained by digestion with HindIIl and BamHI. Plasmid TKSURE was con-
structed by insertion of the same PCR fragment into the SphI-Sall sites of vector
pBLCAT?2 (39). This reporter construct contains the herpes simplex virus thy-
midine kinase (TK) promoter at —105 to +51 directing transcription of the CAT
gene. The TKSURE injection fragment was generated by HindIII and BamHI
digestion. Transgenic mice harboring a chimera of the rat Tnls Tns500 fragment
with enhancer sequences from the quail Tnlf gene were also generated. This
chimeric construct, designated TnsS00FIRE, was generated by cloning a 384-bp
BamHI-Ndel fragment from the quail TnICAT-23 construct (38) (kindly pro-
vided by S. Konieczny) into BamHI-Ndel-cleaved plasmid Tn500.CAT to gen-
erate the construct Tns500FIRE. This construct contains the quail TnIf intronic
regulatory element (IRE) in its natural orientation concerning the promoter.
The construct was digested with Sphl and Ndel to generate the fragment used for
injection. All the clones obtained with fragments generated by PCR were verified
by sequencing. To prepare DNA for microinjection, constructs were digested to
remove plasmid sequences, electrophoretically purified on agarose gels, electro-
eluted, and purified with ELUTIP-D columns (Schleicher & Schuell).

Mutagenesis of the Tnls CCAC- and E-box sequences. The PCR-based
method of reference 33 was used to generate site-directed mutations in the Tnls
regulatory element. The primers used to generate the mutations are as follows:
for E box, OMEbox (CTTAAGTCGACCAGGGCCAACCCGTTTTCCTGG
GT) and TNENHIC (ACTTAAGCATGCCCCACAAGATGACCGAC), and
for CCAC box, OMCCAC1 (TCTGACTATATACCGGGTATTATG), OMC
CAC2 (CATAATACCCGGTATATAGTCAGA), and TNENH2NC (CTTAAG
TCGACCAGGGCCACACCTGTTT). Plasmids Tns500CCAC and Tns500E
were constructed by the insertion of the mutated fragments into Sphl-Sall-
cleaved plasmid Tn500.CAT. The mutations were confirmed by sequencing.
Fragments for generation of transgenic mice were obtained by digestion with
HindIIl and BamHI.

Electrophoretic mobility shift assays (EMSAs). The MEF-2, myogenin, and
E12 proteins for EMSAs were obtained by using the coupled in vitro transcrip-
tion and translation reticulocyte lysate TnT system from Promega. The tran-
scripts were synthesized from ¢cDNAs encoding rat MEF-2A (1) in the pSK
vector, mouse myogenin cDNA (21) in the pEMSVscribe II vector, and mouse
E12 cDNA (42) in the pBSATg vector. Samples were electrophoresed in a
Tris-glycine buffer system as described previously (2). EMSAs for the analysis of
the TnIs CCAC site were performed with nuclear extracts generated from dif-
ferentiated Sol 8 myocytes; extracts were prepared by the method of Dignam et
al. (17). The double-stranded oligonucleotide probes were labeled with
[y->*P]ATP and T4 polynucleotide kinase. The sequences of the sense strands
(core sequences boldfaced) of the oligonucleotides used as probes and compet-
itors in EMSAs were as follows: MEF-2/SURE, CAACAGTCCTAAAAATACC
CAGGAAA; MEF-2 Consensus, GATCGCTCTAAAAATAACCCTGTCG; MEF-2
Mutant, GATCGCTGTAAACATAACCCTGTCG; E box/SURE, CCCAGGAAA
CAGGTGTGGCCCTG; E box Consensus, GATCCCCCCAACACCTGCTGC
CTGA; E box Mutant, GATCCCCCCAACACGGTAACCCTGA; CCAC/SURE,
TCTGACTATAGGGTGGGTATTATGT; and CCAC Mutant, TCTGACTATAT
ACCGGGTATTATGT. Oligonucleotides MEF-2 Consensus, MEF-2 Mutant, E
box Consensus, and E box Mutant were obtained from Santa Cruz Biotechnology,
Inc.

Generation of transgenic mouse lines. Transgenic mice were prepared by the
methods previously described (29). Lines containing fragments Tns1900, Tns500,
Tns250, Tns500CCAC, and Tns500E were generated and maintained in an
FVB/N background. All other lines were generated by injection into (C57BL/6 X
SJL)F, embryos, and lines were propagated by mating to C57BL/6 mice. Putative
founders and their generations were screened by slot blot analysis of tail DNA
using a CAT probe. Adult transgenic mice were used to analyze tissue- and
muscle-type-specific expression of CAT activity.

Preparation of tissue extracts and CAT analysis. Extracts were prepared
essentially as described previously (4, 19). Briefly, the tissues were sonicated in
0.25 M Tris-HCI (pH 8.0) containing 0.5 mM 4-(2-aminoethyl)-benzenesulfonyl
fluoride hydrochlorine, 2 ug of leupeptin per ml, 2 pg of aprotinin per ml, and
1 ng of pepstatin A per ml for 10 s with a Branson Sonifier 450 (50% efficiency).
The homogenates were centrifuged at 12,000 X g for 10 min, and the superna-
tants were collected for analysis. For each sample, protein concentration was
determined by the bicinchoninic acid protein assay (Pierce, Rockford, Ill.) using
bovine serum albumin as the standard. CAT activity was assayed as described
previously (4). Initially, 10 or 100 g of protein was incubated at 65°C for 10 min
and centrifuged at 12,000 X g for 5 min to inactivate endogenous deacetylase
activity. The CAT assays were performed with the supernatants at 37°C for 1 or
3 h. Thin-layer chromatography was used to separate the reaction products, and
these were quantitated with a Molecular Dynamics PhosphorImager. Extracts
that were beyond the linear range of the standard assay were diluted and reas-
sayed.

Nucleotide sequence accession number. The nucleotide sequence reported in
this paper has been submitted to the GenBank/EMBL data bank with the
accession number U49920.
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RESULTS

Tnls upstream sequences and constructs used to generate
transgenic mice. In a previous study we characterized Tnls
transcription regulatory sequences that conferred tissue- and
development-specific expression in the mouse muscle cell line
C2C12 (4). Although primary muscle cultures and established
muscle cell lines provide excellent models in which to study
myogenic differentiation, mammalian cultured muscle cells fail
to mature and manifest fiber-type-specific properties. For this
reason, we used transgenic mice harboring a construct contain-
ing the upstream 1.9 kb plus the first three exons and introns of
the Tnls gene to demonstrate that these sequences conferred
fiber type specificity (4). A schematic representation of this
construct, designated Tns5500, is shown in Fig. 1. The focus of
these studies has been to delineate the Tnls sequences that
direct slow-muscle expression, by generating transgenic mice
harboring a series of deletions extending from the Ndel site
(—1928) towards the transcription initiation site (Fig. 1). The
complete nucleotide sequence covering this region of the Tnls
gene and potential transcriptional regulatory elements are pre-
sented in Fig. 2. The restriction sites used to generate the
constructs are also indicated.

Sequences residing upstream of the transcription initiation
site are sufficient to confer expression in slow muscle. Since
construct Tns5500 contained both upstream and intronic se-
quences, we began by generating line Tns1900, which utilized
exactly the same upstream boundary but lacked the sequences
residing downstream of the first exon. Adult mice from the
three independent transgenic mouse lines generated expressed
the CAT reporter specifically in skeletal muscle (Fig. 3A). At
this age reporter activity was not detectable in cardiac muscle.
To determine if these Tnls sequences retained their capacity to
direct transcription to slow-twitch muscles, we compared the
levels of CAT activity in different hind limb crural muscles of
adult transgenic mice (Fig. 3B). Reporter levels were com-
pared in the soleus (SOL), extensor digitorum longus (EDL),
superficial tibialis anterior (TBL), and superficial gastrocne-
mius (GAS). The last three muscles are predominantly com-
posed of fast (type II) myofibers, with less than 5% of the fibers
being of the slow type, whereas over 60% of the mouse SOL is
composed of slow (type I) myofibers (18, 26). In all three
Tns1900 transgenic lines the levels of reporter activity in the
SOL were approximately 100-fold higher than those found in
the three fast muscles, indicating that the sequences residing
between —1928 and +50 are sufficient to direct fiber type
transcription. Similar qualitative results were obtained with
two independent transgenic mouse lines harboring a construct
extending from positions —950 to +50 (Fig. 3B). The levels of
CAT reporter activity were between 20- and 150-fold higher in
the SOL than in the EDL, TBL, and GAS muscles.

Next, mice harboring constructs extending from 479 and 251
bp upstream of the start site were analyzed in transgenic mice.
We previously had shown that these CAT constructs confer
muscle-specific expression in transiently transfected C2C12
myotubes. As shown in Fig. 2, a MEF-2-like site surrounded by
two E boxes is located directly upstream of the basal promoter;
recent experiments showed that mutation of any of these sites
eliminates expression in C2C12 myotubes (data not shown).
However, it is surprising that mice harboring these constructs
fail to express the CAT reporter in hind limb muscles, as well
as any of the other tissues tested (Fig. 3B). Since there is a
precedent for reporter constructs to be differentially expressed
in caudal and rostral muscles, as has been shown for transgenic
mice expressing the CAT reporter driven by the myosin light-
chain promoter plus enhancer (19), we also tested muscles of
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AGAATACTAG TGTCCCTACG GAAGGTTATT CCTTCTTTAT GGGCACTGGA AATACATCTC -971

CTTAGTTCAC CCTTGCCCAC CTACTCCCTC CCCCTGTGAG CCTGCTTCAG GCCTCCCAGC -911
AGGGTCAGGG CTCTGTCTGT CCTGCCTAAC CTGGGATCTT GGCCCACAAG ATGACCGACT -851

CCAC box
ATAATAGCTA CCGGATTAAC ATAGCAGGCA TTGTCTTTCT CTGACTATAS GGTGGQTATT  -791
MEF-2 like E box
ATGTGTTCAT CAACAGTACT AAARATALCC AGGAANCAGG TQTGGCCCTG CAATCAGGCA — -731
HinecII
GGCTCTGGTT GACATGAAGA TTAAGCAGGG AAAAGACTGT TAGCTTCCCT GGGTTCAAGA  -671
AATGGAATGC GGAGTGCTAC TTAGACCCTT GGCAAGGAAG ATTCCTTAAA GCCCACCTGA  -611
AGAAGTGTAG AGATCTGCAG GCTTCCACGA ACATAGGGGT GGCCCGTCTG CTATTGTGAC — -551
TCAGTTGGAC CCCAGAAACA TGCTATGGGG CCGCCAGAAC CCTGCAGGCA CCCTCCTATC — -491
KpnI

TCACTGGTAC CAGAGACACA AATACTTAGG TCTTTGGTTT TTTGAGGGTT TTTGGAGCAT -431
GGTCTGGGGT TGCATGTCTA CATGTCCTGG CTGGAGAGGA AGTGTCAGCC TGCTAGCTCC -371

CTCCCTGATC TTTAATGGTT CCTCAGACCT CCCAGTGCCC TGATTCCCTT CATCCCCCTT -311
EcoNT
CCTGTTCACA TCTCTGGTCA ATTCCATATC CTGTCTAGTC TTCCCGTCTC TGTCCTCCCC -251
E3
CAGGTGAGTG CTGTTTTCCC CAAGTCAAAG GCTCTGTGTG TGCAGGGTTT GTGTGTGTGC -191
TCCTGATGTA TACACACTGG TCTCTAAGCC TGTGAGGTAC ACACGGCAGC ACGTATCTGC -131
E2

CCTGCGAGGT GCGCATGGTG GGAGGGGGTG GGAAGGAGGG JCAGCTGIAG GGGGCAGTGG -71

MEEF-2 like El

CTGTTCTATT TTTALTGGAC AGTT@CCGGA GGCCACGGTT TTCATAGCCT GCCCTCAGCT -11

CTGCCCCCAC

FIG. 2. Upstream sequence of the rat Tnls gene. The nucleotide sequence extending from the Ndel site (—1928) to the transcription initiation site is shown. The
Tnls upstream regulatory element necessary for slow-type expression (SURE) is underlined. Transcription regulatory sequence motifs obtained from a computer search
are boxed; these include E boxes (CANNTG), MEF-2-like sites, and a CCAC box. Restriction sites used to generate the fragments for analysis in transgenic mice are
shown. The arrow denotes the 5’ end of the Tns950 sequence obtained by exonuclease digestion; this construct was used to generate the Tns950 transgenic mice (see

Materials and Methods).

the forelimb, diaphragm, and head. These results, as well as
those of experiments performed in 15.5 and 18.5 embryos,
were negative (data not shown). In addition to the results
shown in Fig. 3B, we obtained negative results with two addi-
tional lines harboring lacZ constructs driven by the same —479
sequence. Thus, elements residing between positions —949 and
—479 are necessary in vivo to drive transcription from the Tnls
gene in skeletal muscle.

An upstream 128-bp sequence of the rat Tnls gene is nec-
essary to direct slow-muscle expression in transgenic mice.
Using transiently transfected Sol 8 myocytes, we recently iden-
tified a regulatory region between —949 and —720 in the rat
Tnls gene (11). Comparison of this regulatory region with the
human Tnls gene (12) revealed a region of approximately 128
bp that is approximately 85% homologous. Addition of this rat
slow upstream regulatory element (SURE) to the Tn500.CAT
construct enhanced transcription of the CAT reporter in Sol 8
myotubes (data not shown). Transgenic mouse lines harboring
the CAT reporter gene driven by the —479-bp fragment plus
the 128-bp rat Tnls regulatory element (TnsS00SURE) were
generated to test if these sequences confer muscle-type-specific
transcription. Analysis of multiple tissues from the Tns500

SURE transgenic mice demonstrated that the CAT reporter
was specifically expressed in skeletal muscle and not other
tissues (Fig. 4A). Moreover, the 128-bp SURE, linked to the
inactive 479-bp proximal region, was sufficient to restore tran-
scription of the reporter gene preferentially in the SOL muscle.
The levels of activity in the SOL muscle were 14- to 33-fold
higher than in the EDL; the difference was slightly higher in
comparisons with the TBL and GAS muscles. The levels of
reporter activity between muscles are qualitatively similar to
those obtained in the Tns950 mice. These results indicate that
the 128-bp sequence, which is highly homologous to the core of
the human Tnls enhancer (12), functions to direct slow-mus-
cle-specific expression.

To test if the Tnl SURE is not only necessary but also
sufficient to convey slow-muscle-specific expression, the frag-
ment was cloned into a CAT vector containing the herpes
simplex virus TK promoter (TKSURE). The three transgenic
mouse lines harboring this construct failed to express the CAT
reporter in a skeletal-muscle-specific fashion (Fig. 4B); activity
was extremely low in all tissues tested (data not shown). Fur-
thermore, no significant differences were observed among the
different crural muscles, suggesting either that the 128-bp reg-
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FIG. 3. The upstream region of the rat Tnls gene confers skeletal-muscle- and fiber-type-specific transcription in adult transgenic mice. (A) An autoradiogram of
arepresentative CAT assay showing the distribution of reporter activity in several tissues derived from the Tns950 transgenic mouse line 6878. The assay was performed
with 10 pg of protein for 1 h at 37°C. (B) CAT reporter activity was quantitated in the hind limb muscles of transgenic mice harboring CAT constructs driven by Tnls
upstream fragments extending from positions —1928 (Tns1900), —949 (Tns950), —479 (Tns500), and —251 (Tns250). Multiple transgenic lines (line numbers are shown
next to the boxes) were tested for each construct. Extracts were prepared from the SOL, EDL, GAS, and TBL muscles. CAT assays were performed with 10 or 100
ng of extract, and mixtures were incubated for 1 to 3 h at 37°C, as indicated on the ordinate. The levels are expressed as the rate of enzyme activity (percentage of
acetylated chloramphenicol per amount of protein per time of assay) in each muscle type. Equal amounts of protein extract were assayed for muscles derived from mice
within a construct group; however, protein levels and/or assay times were adjusted between different construct groups to perform the assay within its linear range.

ulatory element is not sufficient to confer muscle specificity or We observed a weak copy number dependence among dif-
that these sequences fail to properly interact with the TK  ferent lines of mice generated with the same construct; how-
promoter. Precedents for regulatory sequences from other ever, the SOL/EDL CAT activity ratio remained fairly con-

genes that are active with their innate promoters but fail to stant, indicating that reporter expression in the mice was
properly interact with the TK promoter have been observed in position independent. In addition, we used multiple lines of
cultured cells (56) and in transgenic mice (47). transgenic mice harboring the same construct to circumvent
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FIG. 4. Addition of the Tnls upstream regulatory element to the inactive Tns500 construct restores slow-muscle-specific activity. (A) CAT analysis was performed
using different tissue-extracts derived from mice harboring SURE linked to the Tns500 fragment (Tns500SURE). The assay shown was performed with muscles from
line 7575 using 100 pg of protein for 3 h at 37°C. (B) Quantitation of CAT reporter levels in different hind limb muscles obtained from multiple transgenic lines
harboring either the Tns500SURE or TKSURE construct. The muscle utilized and the assay conditions used are as specified in the legend to Fig. 3. The results obtained
with the three independent Tns500SURE lines are shown with two different scales since mice from line 7575 had CAT activity levels that were approximately 10-fold
higher than those found in lines 7572 and 7569. The activity in the three lines was restricted to slow muscle.
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FIG. 5. Transcription of the CAT reporter is restricted to fast muscles when
the quail TnIf intronic enhancer is linked to the Tns500 construct. CAT reporter
activity was measured in extracts made from different muscles of TnsSO0FIRE
transgenic mouse lines. The assays were performed using 100 pg of protein for
3 hat 37°C.

the issue of integration-dependent effects on the levels of re-
porter expression.

The quail TnIf intronic enhancer, linked to the Tnls pro-
moter, confers fast-muscle specificity in transgenic mice. From
the previous results, it is unclear if sequences conferring fiber
specificity reside exclusively within the SURE or if the speci-
ficity results from the interactions between the SURE and the
—479 region, with this region acting to restrict activity only to
slow muscle. Experiments to test these questions were de-
signed by using the evolutionarily related quail TnIf regulatory
sequences. Hallauer et al. (24) recently showed that transgenic
mice harboring a quail Tnlf construct extending from 530 bp
upstream of the transcription site to the second noncoding
exon (a total of ~2.3 kb) direct expression of a B-galactosidase
reporter specifically to fast myofibers. Characterization of the
same gene in cultured cells (60) demonstrated that there is a
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muscle-specific enhancer in the first intron; this region was
called the IRE (intronic regulatory element). To determine
if the —479 region of Tnls directs fiber specificity or if the
specificity resides within the SURE, a construct containing
this promoter-proximal region of Tnls (Tns500) and the
Tnlf IRE were cloned into the CAT reporter vector (Fig. 1;
Tns500FIRE). Three independent Tns500FIRE transgenic
lines were generated and analyzed. As shown in Fig. 5,
transgenic mice harboring this construct expressed practi-
cally undetectable levels in the SOL, and the CAT reporter
was specifically expressed in the fast-twitch EDL, GAS, and
TBL muscles. Thus, these results lead to two important find-
ings: sequences sufficient to direct fiber-type-specific expres-
sion reside within the 128- and 144-bp Tnl regulatory ele-
ments, and the promoter proximal sequence of Tnls (—479)
does not contain sequences that restrict expression to slow-
twitch muscles.

Sequences of the Tnls and Tnlf regulatory elements were
aligned to determine if they share common motifs previously
determined to interact with transcription factors (Fig. 6). In-
terestingly, four sequences that resemble previously described
cis-acting motifs were identified; these include a MEF-2-like
AT-rich sequence (CTAAAAATA), a CCAC box (GGGT
GGG; opposite strand), and an E box (CAGNTG). In addi-
tion, there was a conserved GCAGGCA sequence that had not
been previously identified. Thus, the regulatory elements di-
recting slow- and fast-fiber-type-specific expression of both
troponin genes share common core sequences.

Specific binding to the conserved core elements. Competi-
tion EMSAs were used to analyze if the conserved MEF-2-like
sequence, E box, and CCAC site in the Tnl SURE have the
capacity to bind specifically to their cognate factors. As shown
in Fig. 7A, in vitro-translated MEF-2 binds to the MEF-2-like
SURE sequence. This binding is specifically competed for by a
100-fold molar excess of the same unlabeled oligonucleotide
(not shown) and the consensus MEF-2 site from the muscle
creatine kinase (MCK) enhancer originally used to identify
MEF-2 (23); a mutant MEF-2 oligonucleotide fails to compete
for binding (Fig. 7A). Binding to the Tnl SURE E-box-labeled
probe was observed when incubated with in vitro-translated
myogenin/E12; binding was again specifically competed for by

CAGG conserved sequence

SURE -868 CCCACAAGATGACCGACTATAATAGCTACCGGATTAACATAGCAGGCAT-
FIRE +776 TCCCTGAGGAAACCTTATCCTGGA-AAATGT-GCAGGCACA
* * kK * k kkk * % * Kk Kk kk kK
CCAC box
SURE ~-TGTCTTTCTCTGA----CTATAGGGTGGGTATTATGTGTTCATCAACAG
FIRE ACACATTGCTGGGAAGAGCAAGGGGGTGGG-——~--- GGGGGAA--AGTGC
*kk k% * % * ok ok ok kk ok L * *
[ Site II ]
MEF-2-like E box
SURE TCCTAAAAATACCCAGGAA-————~=—==————— ACAGGTGTGGCCCTG-
FIRE TTCTAAAAATGGCTGGGGAGCTGCACAAGGAGCTGCAGCTGTCTCCTCAG
* khkkhkhkhkkKk * *kx  x *kk kkk **
[ Site I ]
SURE = - —m————— -741
FIRE ACGCAGCCAGGC +633

FIG. 6. Core elements are conserved between the rat Tnls upstream regulatory region and the quail TnIf intronic regulatory region. Sequences from the sense
strand of the rat Tnl SURE and the nonsense strand of the quail FIRE have been aligned; the location of these regions is numbered with respect to the transcription
start site. The common core elements between both sequences are marked in boldface characters. These include consensus binding sites known as the CCAC box, MEF2
site, and E box in the rat SURE and the quail IRE sites I and II, described by Yutzey et al. (60), which are demarcated by brackets.
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FIG. 7. EMSAs using the MEF-2-like, E-box, and CCAC sequences from the Tnls regulatory element. EMSAs were performed with labeled oligonucleotides
corresponding to the MEF-2-like (A), E-box (B), and CCAC-box (C) sequences from the Tnl SURE, using in vitro-transcribed-translated products from cDNAs
encoding MEF-2A (panel A, lanes 2 to 4) and myogenin/E12 (panel B, lanes 2 to 4) or Sol 8 myotube nuclear extracts (panel C, lanes 2 to 4). The specific bands are
indicated by arrowheads. A 100-fold molar excess of the wild-type or mutated oligonucleotides originally reported in the MCK gene was used for competition assays
in panels A and B. A 500-fold molar excess of the wild-type or mutated oligonucleotide competitor was used as indicated in panel C. The competitors used are the
MCK MEEF-2 consensus sequence and mutated MEF-2 site (A), an MCK E-box consensus and E-box mutant (B), and the wild-type and mutated Tnl SURE CCAC
sequences (C). (C) EMSA using the Tnl SURE CCAC sequence and nuclear extracts derived from Sol 8 myotubes (lanes 2 to 4): two specific bands were observed
(lane 2). Binding to the labeled probe was not competed for by the mutated CCAC sequence (lane 3) but was competed for by the wild-type sequence (lane 4;

arrowheads).

a consensus MCK E-box sequence but not by a mutated unla-
beled probe (Fig. 7B). Nuclear extracts made from Sol 8 myo-
tubes, which have been shown to express factors that bind the
myoglobin enhancer CCAC box (6), were used to test the Tnl
SURE CCAC box. As expected, a more complex pattern of
shifted bands was observed (Fig. 7C). However, two bands
were specifically competed for by the wild-type sequence but
not by the competitor containing the mutated CCAC site,
indicating that the three conserved motifs function as bona fide
binding sites.

The CCAC box and E box in the Tnl SURE are required for
transgene expression. Transgenic mice harboring Tns500SURE
CAT constructs with point mutations in either the CCAC box
(Tns500CCAC) or the E box (Tns500E) were generated to de-
termine the role of these putative cis elements in Tnls SURE
function (Fig. 8A). As shown in Fig. 8B, in two independent
Tns500CCAC transgenic lines the levels of CAT activity in ex-
tracts derived from SOL muscle were approximately 100-fold
lower than those observed in the TnsSOOSURE transgenic mice;
CAT activity was undetectable in extracts derived from the EDL,
GAS, and TBL muscles. Despite the low CAT levels, transgene
expression continued to be confined preferentially to the slow-
twitch muscle. Mutations of the E box had even more dramatic
effects on the SURE function (Fig. 8B). In two Tns500E trans-
genic mouse lines (2064 and 2041) no CAT activity was detected
in any of the muscles tested. In extracts made from line 2060,
reporter levels were slightly higher than those obtained in CAT
assays containing no extract or muscle extracts from wild-type
mice. Thus, these results demonstrate that the conserved CCAC-
and E-box motifs found in the Tnl SURE are essential for its
transcriptional activity.

DISCUSSION

Although there has been enormous progress in understand-
ing the molecular mechanisms that regulate myogenic deter-
mination and commitment, little is known of how fiber type
diversity is generated. In mammalian muscle, fiber-type-spe-
cific properties are manifested around birth, after skeletal mus-
cles have received motoneuron innervation. This may account
for the fact that established cell lines and mammalian primary
muscle cultures fail to exhibit fiber-type-specific properties,
which has made studies of fiber diversification in vitro increas-
ingly difficult. Thus, most studies directed at identifying cis-
acting sequences that confer muscle-type-specific expression
have been performed in transgenic mice (4, 19, 25, 34, 50, 51).
As a model to understand the mechanisms that selectively
direct expression of contractile protein isoforms to either slow
or fast muscles, we have focused our analysis on the Tnl family.
To date, this report describes the smallest cis-acting sequences
that are sufficient to confer either slow- or fast-muscle-specific
transcription and is the first to directly compare the regulatory
elements conferring slow- and fast-muscle-specific transcrip-
tion.

We previously reported that 5’ flanking and intronic se-
quences of the rat Tnls gene conferred expression specifically
in slow-twitch muscles (4). In the present studies, we initially
demonstrate that Tnls 5’ flanking sequences are sufficient to
direct slow-twitch-specific expression. Although the levels of
CAT activity decreased as deletions of the upstream sequences
were tested, in all cases there were levels of reporter activity
greater than 20-fold higher in the SOL than in the fast-twitch
muscles (EDL, GAS, and TBL). Delineation of the 5’ flanking
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FIG. 8. The CCAC box and E box in the TnI SURE are functionally required for the function of the element in transgenic mice. (A) Schematic diagram of mutations
of core elements within SURE in the rat Tnl slow gene. The positions of the CCAC box, MEF-2-like site, and E box are indicated. Nucleotide substitutions used to
produce the mutant CCAC and E boxes are noted below each sequence. (B) CAT reporter activity was measured in extracts made from different muscles of
Tns500CCAC and Tns500E transgenic mouse lines. The assays were performed using 100 pg of protein for 3 h at 37°C.

sequences reveals that the regulatory region is located between
—949 and —479. Interestingly, transient transfection assays in
C2C12 myotubes with CAT constructs containing the —479
domain had shown that it conferred specific activity in myo-
tubes (4). However, all attempts using muscles of E11.5 and
E18.5 embryos or rostral, caudal, or myotomal adult muscles of
transgenic mice harboring the —479-bp sequence driving CAT
(three tail-positive lines) or B-galactosidase (two tail-positive
lines) failed to show any reporter activity or RNA. Comparison
of the rat sequences between —949 and —479 with the human
Tnls gene (12) revealed a highly homologous region of 128 bp.
We find that addition of the 128-bp SURE to the inactive —479
rat Tnl promoter is sufficient to reestablish transcription spe-
cifically in slow-twitch muscle. Interestingly, when the SURE is
linked to a CAT construct containing the TK basal promoter,
the reporter fails to be expressed in any of the tissues tested;
there are precedents for other enhancers that fail to interact
with the TK promoter but function in the context of their
natural promoters (56). In contrast to these results, Corin et al.
(13) recently reported that a luciferase reporter construct,
driven by the TK minimal promoter and a 157-bp fragment
from the human Tnls gene (containing the SURE), was pref-
erentially expressed in slow muscles when introduced into
adult muscles by direct DNA injection. The two experimental

approaches differ markedly in that the somatically injected
DNA remains episomal. Thus, we cannot exclude the possibil-
ity that the rat Tnl SURE on its own is sufficient to direct
slow-muscle-specific transcription.

Transcription regulatory sequences in the quail Tnlf gene
have been previously studied in cultured cells (36) and in
transgenic mice (24, 25). From studies in transiently trans-
fected cultured cells, Lin and colleagues demonstrated the
presence of a 144-bp enhancer, located in the first intron of the
quail gene, that confers transcription specifically to differenti-
ated muscle cells (38). Using transgenic mice, Hallauer et al.
(24) recently showed that the Tnlf 530 bp of 5’ flanking se-
quence plus the first exon and intron (a total of approximately
2.3 kb) containing the aforementioned enhancer confers ex-
pression specifically in type II myofibers. In the present study
we demonstrate that just the 144-bp enhancer linked to the rat
Tnls —479 promoter is sufficient to confer fast-twitch muscle
expression. These results, taken together with our results with
the rat Tnls regulatory elements, strongly suggest that both
elements are necessary and sufficient to direct muscle-type-
specific expression.

Presently, the 128-bp SURE and the 144-bp fast IRE
(FIRE) constitute the shortest sequences known to specifically
confer transcription in either slow- or fast-twitch muscles. In
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addition, these results permit the comparison for the first time
of regulatory sequences present in evolutionarily related con-
tractile genes which may have diverted prior to the generation
of different muscle types. As shown in Fig. 6, comparison of the
two regulatory elements (in opposite orientations relative to
each other) reveals that they share an E box, a MEF-2-like site
(14), a CCAC box motif, and an additional GCAGGCA se-
quence that is not similar to previously described elements; the
middle CAGG portion of this motif weakly resembles a site
previously described (28, 44). Using EMSAs, we have shown
that the MEF-2-like site, E box, and CCAC site in the Tnl
SURE bind their cognate factors (Fig. 7) and that the last two
motifs are necessary for the function of the Tnls regulatory
element (Fig. 8). Most of these core motifs present in the Tnl
genes have been found in the regulatory sequences of muscle
genes studied in cultured myotubes, many of which are not
expressed specifically in either fiber type. The E boxes present
in multiple muscle genes are necessary for expression in skel-
etal muscle; however, myoglobin (5, 6, 16) and the & subunit of
the nicotinic acetylcholine receptor do not require this cis
element for muscle expression (27, 55). Although the distribu-
tion of MyoD and myogenin mRNAs varies among muscles
composed of different fiber types (32, 48), there is no evidence
that these factors are involved in conferring muscle type spec-
ificity. Because mutation of the E box in the Tnl SURE abol-
ishes transgene expression, it is not possible to determine its
role in the fiber specificity of the Tnls gene. MEF-2-like (or
AT-rich) sequences are also necessary for the expression of
other skeletal-muscle-specific genes (23, 59). In the case of the
creatine kinase gene, an AT-rich site on the upstream en-
hancer was found to interact with multiple transcription fac-
tors, including MEF-2, M-Hox, and Oct-1, but to be specifically
activated by MEF-2 (14). Studies of the human aldolase A pM
promoter, where a 280-bp region is sufficient to direct expres-
sion of a reporter to fast muscles of transgenic mice, have
shown that a MEF-2 site in the regulatory region is unneces-
sary for muscle type specificity (51). The role of the MEF-2-
like sequences in the rat Tnl SURE will need to be evaluated.
The CCAC motif is present in the enhancers for myoglobin,
cardiac troponin C (44, 53), myogenin (20), and MCK (30) but
absent in a pM aldolase A promoter construct which is ex-
pressed specifically in fast muscles (51). A factor that binds to
the CCAC motif present in the myoglobin enhancer has re-
cently been isolated (7). Interestingly, antisera generated
against the cloned factor recognize a higher-molecular-weight
protein that accumulates in the tibialis when this muscle is
depolarized with electrical patterns that mimic those used by
slow motoneurons, a condition that causes the muscle to adopt
slow-muscle-like properties. The role of this factor in confer-
ring slow properties to muscle has yet to be demonstrated.
However, the fact that the TnIsCCAC transgenic mice, which
harbor a mutation in the CCAC site of the Tnls SURE, con-
tinue to show preferential reporter expression in the SOL
versus the fast-type muscles (Fig. 8) suggests that the CCAC
motif is not essential to direct fiber type specificity. An alter-
nate mechanism that needs to be considered for the role of the
SURE and FIRE is that these sequences function as locus
control regions and not as classical enhancers. These two reg-
ulatory elements may control the chromatin structure of Tnl
genes differentially in distinct populations of myocytes which
give rise to diverse types of myofibers.

Interestingly, the relative order of the motifs to each other in
the Tnl regulatory elements is conserved (Fig. 6) and suggests
that spatial interactions between multiple factors on these en-
hancers are required to confer skeletal-muscle specificity, an
idea that is supported by the fact that mutations of either the

MoL. CELL. BIOL.

E box or the CCAC site in the Tnl SURE result in the com-
plete or dramatic reduction of transgene expression. How fiber
type specificity is achieved is another issue. At present it is
impossible to know if fiber type specificity results from the
binding of unrelated factors to distinct cis-acting elements in
the Tnl SURE and FIRE. Another possibility is that the dif-
ferential binding and interaction of heteromeric or posttrans-
lationally modified factors with the related cis-acting sites de-
termine fiber specificity. The results obtained with the aldolase
A promoter (51) and our work on the Tnl SURE suggest that
mutation of single motifs is not a feasible approach to map
specific elements conferring fiber specificity, since transgene
expression is eliminated (possibly because of the disruption of
higher-order complexes). Because the linear arrangement of
motifs in both Tnl regulatory elements conferring fiber speci-
ficity is conserved, the generation of chimeras between the
SURE and the FIRE may be a promising experimental ap-
proach for identifying sequences directing fiber type specificity.

ACKNOWLEDGMENTS

We are grateful to S. Konieczny, W. Wright, C. Murre, and D.
Baltimore for the generous gifts of plasmids. We thank Daniel Abebe
for his technical assistance.

The generation of transgenic mouse lines Tns5500 and Tns1900 by
DNX was supported by National Institute of Child Health and Human
Development contract NO1-HD-0-2911. We are grateful to the Na-
tional Institute of Child Health and Human Development for contin-
ued support.

REFERENCES

. Anglister, L., and A. Buonanno. Unpublished data.

2. Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman, J. A.
Smith, and K. Struhl (ed.). 1987. Current protocols in molecular biology.
John Wiley & Sons, Inc., New York.

3. Baldwin, A. J., E. L. Kittler, and C. J. Emerson. 1985. Structure, evolution,
and regulation of a fast skeletal muscle troponin I gene. Proc. Natl. Acad.
Sci. USA 82:8080-8084.

4. Banerjee-Basu, S., and A. Buonanno. 1993. cis-acting sequences of the rat
troponin I slow gene confer tissue- and development-specific transcription in
cultured muscle cells as well as fiber type specificity in transgenic mice. Mol.
Cell. Biol. 13:7019-7028.

5. Bassel, D. R., C. M. Grohe, M. E. Jessen, W. J. Parsons, J. A. Richardson,
R. Chao, J. Grayson, W. S. Ring, and R. S. Williams. 1993. Sequence
elements required for transcriptional activity of the human myoglobin pro-
moter in intact myocardium. Circ. Res. 73:360-366.

6. Bassel, D. R., M. D. Hernandez, M. A. Gonzalez, J. K. Krueger, and R. S.
Williams. 1992. A 40-kilodalton protein binds specifically to an upstream
sequence element essential for muscle-specific transcription of the human
myoglobin promoter. Mol. Cell. Biol. 12:5024-5032.

7. Bassel, D. R., M. D. Hernandez, Q. Yang, J. M. Rochelle, M. F. Seldin, and
R. S. Williams. 1994. Myocyte nuclear factor, a novel winged-helix transcrip-
tion factor under both developmental and neural regulation in striated myo-
cytes. Mol. Cell. Biol. 14:4596-4605.

8. Braun, T., E. Bober, B. Winter, N. Rosenthal, and H. H. Arnold. 1990. Myf-6,
a new member of the human gene family of myogenic determination factors:
evidence for a gene cluster on chromosome 12. EMBO J. 9:821-831.

9. Braun, T., D. G. Buschhausen, E. Bober, E. Tannich, and H. H. Arnold.
1989. A novel human muscle factor related to but distinct from MyoD1
induces myogenic conversion in 10T1/2 fibroblasts. EMBO J. 8:701-709.

10. Buckingham, M. 1992. Making muscle in mammals. Trends Genet. 8:144—
148.

11. Calvo, S., J. Stauffer, M. Nakayama, and A. Buonanno. Differential regula-
tion of troponin I genes by electrical activity: mechanisms controlling tran-
scriptional activity. Submitted for publication.

12. Corin, S. J., O. Juhasz, L. Zhu, P. Conley, L. Kedes, and R. Wade. 1994.
Structure and expression of the human slow twitch skeletal muscle troponin
I gene. J. Biol. Chem. 269:10651-10659.

13. Corin, S. J., L. K. Levitt, J. V. O’'Mahoney, J. E. Joya, E. C. Hardeman, and
R. Wade. 1995. Delineation of a slow-twitch-myofiber-specific transcriptional
element by using in vivo somatic gene transfer. Proc. Natl. Acad. Sci. USA
92:6185-6189.

14. Cserjesi, P., B. Lilly, C. Hinkley, M. Perry, and E. N. Olson. 1994. Home-

odomain protein MHox and MADS protein myocyte enhancer-binding fac-

tor-2 converge on a common element in the muscle creatine kinase en-

hancer. J. Biol. Chem. 269:16740-16745.

Ju—



VoL. 16, 1996

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Davis, R. L., H. Weintraub, and A. B. Lassar. 1987. Expression of a single
transfected cDNA converts fibroblasts to myoblasts. Cell 51:987-1000.
Devlin, B. H., F. C. Wefald, W. E. Kraus, T. S. Bernard, and R. S. Williams.
1989. Identification of a muscle-specific enhancer within the 5'-flanking
region of the human myoglobin gene. J. Biol. Chem. 264:13896-13901.
Dignam, J. D., P. L. Martin, B. S. Shastry, and R. G. Roeder. 1983. Eukary-
otic gene transcription with purified components. Methods Enzymol. 101:
582-598.

Donoghue, M. J., J. D. Alvarez, J. P. Merlie, and J. R. Sanes. 1991. Fiber
type- and position-dependent expression of a myosin light chain-CAT trans-
gene detected with a novel histochemical stain for CAT. J. Cell Biol. 115:
423-434.

Donoghue, M. J., J. P. Merlie, N. Rosenthal, and J. R. Sanes. 1991. Rostro-
caudal gradient of transgene expression in adult skeletal muscle. Proc. Natl.
Acad. Sci. USA 88:5847-5851.

Edmondson, D. G., T. C. Cheng, P. Cserjesi, T. Chakraborty, and E. N.
Olson. 1992. Analysis of the myogenin promoter reveals an indirect pathway
for positive autoregulation mediated by the muscle-specific enhancer factor
MEEF-2. Mol. Cell. Biol. 12:3665-3677.

Edmondson, D. G., and E. N. Olson. 1989. A gene with homology to the myc
similarity region of MyoD1 is expressed during myogenesis and is sufficient
to activate the muscle differentiation program. Genes Dev. 3:628-640.
Emerson, C. J. 1993. Skeletal myogenesis: genetics and embryology to the
fore. Curr. Opin. Genet. Dev. 3:265-274.

Gossett, L. A., D. J. Kelvin, E. A. Sternberg, and E. N. Olson. 1989. A new
myocyte-specific enhancer-binding factor that recognizes a conserved ele-
ment associated with multiple muscle-specific genes. Mol. Cell. Biol. 9:5022—
5033.

Hallauer, P. L., H. L. Bradshaw, and K. E. Hastings. 1993. Complex fiber-
type-specific expression of fast skeletal muscle troponin I gene constructs in
transgenic mice. Development 119:691-701.

Hallauer, P. L., K. E. Hastings, and A. C. Peterson. 1988. Fast skeletal
muscle-specific expression of a quail troponin I gene in transgenic mice. Mol.
Cell. Biol. 8:5072-5079.

Hamalainen, N., and D. Pette. 1993. The histochemical profiles of fast fiber
types IIB, IID, and IIA in skeletal muscles of mouse, rat, and rabbit. J.
Histochem. Cytochem. 41:733-743.

Hasty, P., A. Bradley, J. H. Morris, D. G. Edmondson, J. M. Venuti, E. N.
Olson, and W. H. Klein. 1993. Muscle deficiency and neonatal death in mice
with a targeted mutation in the myogenin gene. Nature (London) 364:501—
506.

Hidaka, K., I. Yamamoto, Y. Arai, and T. Mukai. 1993. The MEF-3 motif is
required for MEF-2-mediated skeletal muscle-specific induction of the rat
aldolase A gene. Mol. Cell. Biol. 13:6469-6478.

Hogan, B., F. Costantini, and E. Lacy. 1986. Manipulating the mouse em-
bryo: a laboratory manual. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Horlick, R. A., and P. A. Benfield. 1989. The upstream muscle-specific en-
hancer of the rat muscle creatine kinase gene is composed of multiple
elements. Mol. Cell. Biol. 9:2396-2413.

Hu, J. S., E. N. Olson, and R. E. Kingston. 1992. HEB, a helix-loop-helix
protein related to E2A and ITF2 that can modulate the DNA-binding ability
of myogenic regulatory factors. Mol. Cell. Biol. 12:1031-1042.

Hughes, S. M., J. M. Taylor, S. J. Tapscott, C. M. Gurley, W. J. Carter, and
C. A. Peterson. 1993. Selective accumulation of MyoD and myogenin
mRNAs in fast and slow adult skeletal muscle is controlled by innervation
and hormones. Development 118:1137-1147.

Innis, M. A., D. H. Gelfand, J. J. Sninsky, and T. J. White (ed.). 1990. PCR
protocols: a guide to methods and applications. Academic Press, Inc., San
Diego, Calif.

Kelly, R., S. Alonso, S. Tajbakhsh, G. Cossu, and M. Buckingham. 1995.
Myosin light chain 3F regulatory sequences confer regionalized cardiac and
skeletal muscle expression in transgenic mice. J. Cell Biol. 129:383-396.
Kirschbaum, B. J., H. B. Kucher, A. Termin, A. M. Kelly, and D. Pette. 1990.
Antagonistic effects of chronic low frequency stimulation and thyroid hor-
mone on myosin expression in rat fast-twitch muscle. J. Biol. Chem. 265:
13974-13980.

Konieczny, S. F., and C. J. Emerson. 1987. Complex regulation of the
muscle-specific contractile protein (troponin I) gene. Mol. Cell. Biol. 7:3065—
3075.

Lee, T.-C., K.-L. Chow, P. Fang, and R. J. Schwartz. 1991. Activation of
skeletal a-actin gene transcription: the cooperative formation of serum re-
sponse factor-binding complexes over positive cis-acting promoter serum

ELEMENTS REGULATING MUSCLE-TYPE-SPECIFIC TRANSCRIPTION

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

2417

response elements displaces a negative-acting nuclear factor enriched in
replicating myoblasts and nonmyogenic cells. Mol. Cell. Biol. 11:5090-5100.
Lin, H., K. E. Yutzey, and S. F. Konieczny. 1991. Muscle-specific expression
of the troponin I gene requires interactions between helix-loop-helix muscle
regulatory factors and ubiquitous transcription factors. Mol. Cell. Biol. 11:
267-280.

Luckow, B., and G. Schutz. 1987. CAT constructions with multiple unique
restriction sites for the functional analysis of eukaryotic promoters and
regulatory elements. Nucleic Acids Res. 15:5490.

Mar, J. H., and C. P. Ordahl. 1988. A conserved CATTCCT motif is re-
quired for skeletal muscle-specific activity of the cardiac troponin T gene
promoter. Proc. Natl. Acad. Sci. USA 85:6404—6408.

Miner, J. H., and B. Wold. 1990. Herculin, a fourth member of the MyoD
family of myogenic regulatory genes. Proc. Natl. Acad. Sci. USA 87:1089—
1093.

Murre, C., P. S. McCaw, H. Vaessin, M. Caudy, L. Y. Jan, Y. N. Jan, C. V.
Cabrera, J. N. Buskin, S. D. Hauschka, A. B. Lassar, H. Weintraub, and D.
Baltimore. 1989. Interactions between heterologous helix-loop-helix proteins
generate complexes that bind specifically to a common DNA sequence. Cell
58:537-544.

Olson, E. N. 1990. MyoD family: a paradigm for development? Genes Dev.
4:1454-1461.

Parmacek, M. S., H. S. Ip, F. Jung, T. Shen, J. F. Martin, A. J. Vora, E. N.
Olson, and J. M. Leiden. 1994. A novel myogenic regulatory circuit controls
slow/cardiac troponin C gene transcription in skeletal muscle. Mol. Cell.
Biol. 14:1870-1885.

Pette, D., and R. S. Staron. 1990. Cellular and molecular diversities of
mammalian skeletal muscle fibers. Rev. Physiol. Biochem. Pharmacol. 116:
1-76.

Pollock, R., and R. Treisman. 1991. Human SRF-related proteins: DNA-
binding properties and potential regulatory targets. Genes Dev. 5:2327-2341.
Rao, M. Personal communication.

Rhodes, S. J., and S. F. Konieczny. 1989. Identification of MRF4: a new
member of the muscle regulatory factor gene family. Genes Dev. 3:2050—
2061.

Rosenthal, N. 1989. Muscle cell differentiation. Curr. Opin. Cell Biol.
1:1094-1101.

Rosenthal, N., J. M. Kornl , M. Donogl K. M. Rosen, and J. P.
Merlie. 1989. Myosin light chain enhancer activates muscle-specific, devel-
opmentally regulated gene expression in transgenic mice. Proc. Natl. Acad.
Sci. USA 86:7780-7784.

Salminen, M., P. Maire, J. P. Concordet, C. Moch, A. Porteu, A. Kahn, and
D. Daegelen. 1994. Fast-muscle-specific expression of human aldolase A
transgenes. Mol. Cell. Biol. 14:6797-6808.

Sartorelli, V., K. A. Webster, and L. Kedes. 1990. Muscle-specific expression
of the cardiac alpha-actin gene requires MyoD1, CArG-box binding factor,
and Spl. Genes Dev. 4:1811-1822.

Schreier, T., L. Kedes, and R. Gahlmann. 1990. Cloning, structural analysis,
and expression of the human slow twitch skeletal muscle/cardiac troponin C
gene. J. Biol. Chem. 265:21247-21253.

Stockdale, F. E., and J. B. Miller. 1987. The cellular basis of myosin heavy
chain isoform expression during development of avian skeletal muscles. Dev.
Biol. 123:1-9.

Tang, J., S. A. Jo, and S. J. Burden. 1994. Separate pathways for synapse-
specific and electrical activity-dependent gene expression in skeletal muscle.
Development 120:1799-1804.

Wefald, F. C., B. H. Devlin, and R. S. Williams. 1990. Functional heteroge-
neity of mammalian TATA-box sequences revealed by interaction with a
cell-specific enhancer. Nature (London) 344:260-262.

Weintraub, H., R. Davis, S. Tapscott, M. Thayer, M. Krause, R. Benezra,
T. K. Blackwell, D. Turner, R. Rupp, S. Hollenberg, Y. Zhuang, and A. B.
Lassar. 1991. The myoD gene family: nodal point during specification of the
muscle cell lineage. Science 251:761-766.

Wright, W. E., D. A. Sassoon, and V. K. Lin. 1989. Myogenin, a factor
regulating myogenesis, has a domain homologous to MyoD. Cell 56:607-617.
Yu, Y. T., R. E. Breitbart, L. B. Smoot, Y. Lee, V. Mahdavi, and G. B. Nadal.
1992. Human myocyte-specific enhancer factor 2 comprises a group of tissue-
restricted MADS box transcription factors. Genes Dev. 6:1783-1798.
Yutzey, K. E., R. L. Kline, and S. F. Konieczny. 1989. An internal regulatory
element controls troponin I gene expression. Mol. Cell. Biol. 9:1397-1405.

. Zot, A. S., and J. D. Potter. 1987. Structural aspects of troponin-tropomyosin

regulation of skeletal muscle contraction. Annu. Rev. Biophys. Biophys.
Chem. 16:535-559.



