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Transcription of the genes coding for troponin I slow (TnIl,,1) and other contractile proteins is activated
during skeletal muscle differentiation, and their expression is later restricted to specific fiber types during
maturation. We have isolated and characterized the rat TnIS51W gene in order to begin elucidating its regulation
during myogenesis. Transcriptional regulatory regions were delineated by using constructs, containing TnIsi1w
gene sequences driving the expression of the chloramphenicol acetyltransferase (CAT) reporter gene, that were
transiently transfected into undifferentiated and differentiated C2C12 cells. TnIslw 5'-flanking sequences
directed transcription specifically in differentiated cells. However, transcription rates were approximately
10-fold higher in myotubes transfected with constructs containing the 5'-flanking sequences plus the intragenic
region residing upstream of the translation initiation site (introns 1 and 2), indicative of interactions between
elements residing upstream and in the introns of the gene. Deletion analysis of the 5' region of the TnIs,w gene
showed that the 200 bp upstream of the transcription initiation site is sufficient to confer differentiation-specific
transcription in C2C12 myocytes. MyoD consensus binding sites were found both in the upstream 200-bp
region and in a region residing in the second intron that is highly homologous to the quail Tn1afst enhancer.
Transactivation experiments using transfected NIH 3T3 fibroblasts with TnI-CAT constructs containing
intragenic and/or upstream sequences and with the myogenic factors MyoD, myogenin, and MRF4 showed
different potentials of these factors to induce transcription. Transgenic mice harboring the rat TnI-CAT fusion
gene expressed the reporter specifically in the skeletal muscle. Furthermore, CAT levels were approximately
50-fold higher in the soleus than in the extensor digitorum longus, gastrocnemius, or tibialis muscle, indicating
that the regulatory elements that restrict TnI transcription to slow-twitch myofibers reside in the sequences we
have analyzed.

Myogenesis involves an ordered progression of events
leading to the fusion of mononucleated myoblasts into multi-
nucleated myofibers, with the concomitant activation of
functionally related muscle-specific genes coding for pro-
teins that form the contractile apparatus (8, 42). The distinct
isoforms of these contractile proteins, which assemble to
generate the myofibrils, underlie the slow and fast contrac-
tile properties of muscle fibers (40). The genes coding for the
different contractile protein isoforms are generally expressed
selectively in either the fast- or the slow-twitch muscle;
examples include myosin light chain (MLC), myosin heavy
chain, and troponins C, I, and T (reviewed in reference 2).
The cis-acting elements needed for muscle-specific tran-
scription of these genes have been extensively characterized
(6, 17, 21, 31, 38, 39, 43, 44). Regulatory regions of these
genes share many common sequence motifs that constitute
binding sites for both muscle-specific and ubiquitous nuclear
factors (42).

In recent years, several regulatory factors involved in
muscle-specific gene activation have been identified (37, 49).
The best-characterized myogenic transcription factors are
the helix-loop-helix proteins of the MyoD family, which
includes MyoD (14), myogenin (20, 52), myf5 (5), and MRF4
(4, 32, 41). Each of these factors is expressed exclusively in
the skeletal muscle and can activate myogenesis when
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introduced into a variety of nonmuscle cells. They het-
erodimerize with the widely expressed basic helix-loop-helix
(bHLH) proteins encoded by E2a genes (35) and bind to the
sequence CANNTG (referred to as an E box), which is
present in the transcriptional regulatory regions of many
muscle-specific genes. In addition to the MyoD family, other
factors such as serum response factor (3), muscle-CAT
binding factor (31), and myocyte specific enhancer factor 2
(MEF-2) (53) are known to participate in the transcriptional
regulation of muscle-specific genes. Transcriptional activa-
tion during muscle differentiation appears to involve com-
plex, and often cooperative, interactions between these
myogenic transcription factors (19).
While the transcriptional basis of muscle differentiation is

well explored, much less is known about the regulatory
mechanisms dictating diversity among muscle fibers and
pattern formation in the developing muscle. A strict sequen-
tial pattern of contractile protein isoform expression has
been observed in developing muscles (16, 46), and a number
of factors including cell lineage, hormonal inputs, and inner-
vation have been implicated in modulating the properties of
adult muscle fibers. Recently, Donoghue et al. (18) have
shown that transgenic mice carrying an MLC-CAT chimeric
gene construct expressed the reporter in a fast fiber-type-
specific manner, indicating that transcription is a major
mechanism dictating fiber-type-specific expression. It is ap-
parent that elucidating the molecular mechanisms of selec-
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tive muscle gene expression, especially transcription, may
be a key to understanding how diversity among muscle fiber
types is generated and maintained.
We have focused our attention on the transcriptional

regulation of the slow isoform of troponin I (TnI,10,). TnI is
a component of a large protein complex which also includes
tro!onins C and T. The troponin complex is involved in
Ca +-mediated regulation of acto-myosin ATPase during
skeletal muscle contraction (56). Three different isoforms of
TnI are known: TnIslow and TnIfast are expressed in slow-
and fast-twitch adult skeletal muscle fibers, respectively,
while TnIcardiac is confined to the cardiac muscle (47, 51).
The genes encoding TnI isoforms are activated in terminally
differentiated muscle cells (7), but diverse molecular signals
restrict their expression to specific fiber types. Characteriza-
tion of cis-acting elements and trans-acting factors mediating
TnIslow gene expression offers potential insight into the
molecular mechanisms of fiber type generation. Here, we
report the cloning of the rat TnIsl1w gene and begin to
delineate the regulatory regions necessary for slow fiber-
type-specific transcription in skeletal muscle. We show that
the rat TnIslow gene has two distinct cis-regulatory regions:
one in the 5'-flanking sequence and the other in an intragenic
region. The upstream regulatory element is sufficient to
activate transcription in terminally differentiated muscle
cells, and the intragenic element is required for maximal
activation. Finally, we demonstrate that mice harboring the
CAT gene directed by the upstream and intragenic regula-
tory elements of the TnIslow gene confer specifically slow
fiber type transcription in transgenic mice.

MATERIALS AND METHODS

Cloning the 5' end of TnI.,*, transcripts. The 5' end of the
TnIslow mRNA was selectively amplified by the RACE
procedure as described by Frohman et al. (22). Briefly, 1 ,ug
of poly(A)+ RNA isolated from rat hind limb muscles was
reverse transcribed with Moloney murine leukemia virus
reverse transcriptase in the presence of 20 ,uCi of [32P]dCTP
by using the oligonucleotide primer TnI-RT (5'-CGTAGG
GATGCGCTCCG-3'), corresponding to a sequence within
the rat TnIslow cDNA (28). Excess TnI-RT primer was
separated from the first-strand cDNA on a Sephadex G-75
column, and fractions corresponding to the first radioactive
peak were collected. The 3' end of the first-strand cDNA
was further modified by adding a homopolymeric tail, by
using dATP and terminal deoxynucleotidyltransferase, to
provide an anchor for the subsequent polymerase chain
reaction (PCR) amplification. The tailed first-strand cDNA
was specifically amplified by PCR using a nested oligonucle-
otide primer, Tnl-AMP (5'-GAGGTAACGCACCTlCTC-
3'), corresponding to a region more 5' on the coding strand,
and two oligonucleotide primers corresponding to the anchor
region (22). The amplified double-stranded cDNA was gel
purified and cloned into the Bluescript SK (Stratagene)
vector for sequencing.

Primer extension analysis. Primer extension was per-
formed with an antisense oligonucleotide primer TnI-2RC
(5'-TCCGGCATGGTGGTAACAAG-3'), corresponding to a
sequence encompassing the initiator methionine codon of
TnIs,ow mRNA (28). One hundred thousand counts per
minute of 32P-end-labeled TnI-2RC was added to 5 p,g of rat
soleus or liver total RNA in a final volume of 10 ,ul containing
50 mM Tris (pH 8.3), 50 mM KCI, and 10 mM MgCl2. The
primer was annealed to the RNA by incubating at 62°C for 20
min and slowly cooling to room temperature. The reaction

volume was adjusted to 20 ,ul with final concentrations of 50
mM Tris (pH 8.3), 50 mM KCl, 10 mM MgCl2, 10 mM
dithiothreitol, 2.8 mM sodium pyrophosphate, 1 mM each
deoxynucleoside triphosphate and 0.5 mM spermidine. Ex-
tension was performed at 42°C for 45 min by using 1 U of
avian myeloblastosis virus reverse transcriptase (Promega).
Following ethanol precipitation, the products were fraction-
ated on an 8% polyacrylamide denaturing sequencing gel. A
dideoxy sequencing ladder generated with 12P-end-labeled
TnI-2RC as a primer on a RACE cDNA clone, as well as
phosphorylated 4X174 Hinfl fragments (Bethesda Research
Laboratories), was used as molecular weight markers to
precisely determine the size of the primer-extended product.

Isolation of rat TnI.5O1 genomic clones. Approximately 106
recombinants from a rat genomic library made in the vector
Lambda Dash (Stratagene) were screened with a 32P-end-
labeled oligonucleotide probe, TnI-5, designed from the
sequence obtained by the RACE strategy. The sequence of
the oligonucleotide TnI-5 (5'-CTAGGCTGGCCCGAGCCT
CACCACAGACGGCAGATTA-3') corresponds to the 5'
end of the rat TnIS10W cDNA sequence. Phage lifts on
duplicate filters were hybridized for 36 h at 56°C in 6x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate), Sx
Denhardt's solution, 10% dextran sulfate, 100 pg of salmon
sperm DNA, and 106 cpm of the phosphorylated probe per
ml of hybridization solution. The filters were then washed
twice at room temperature for 30 min each in 2x SSC-0.1%
sodium dodecyl sulfate (SDS) and then subjected to a
high-temperature wash at 56°C for 45 min in the same wash
solution. Positive plaques were picked and carried through
three successive rounds of purification to obtain pure clones.
Mapping, subcloning, and DNA sequencing. Positive

lambda phage clones Tnl, TnS, Tn7, and Tn9 were mapped
by using oligonucleotide probes corresponding to the 5' and
3' ends of the TnIslow cDNA (28), respectively. The phage
clone Tn7, which hybridized with both 5'- and 3'-specific
probes, was selected for subcloning and sequence analysis.
BamHI restriction fragments from Tn7 were subcloned into
the Bluescript II (Stratagene) vector to generate the clones
TN7.Bml, TN7.Bm2, and TN7.Bm3, which were used for
mapping and sequencing, by the dideoxy chain termination
method for denatured double-stranded plasmids (29).
DNASTAR DNA sequencing software (DNASTAR, Inc.,
Madison, Wis.) was used for sequence analysis.
RNA isolation and Northern analysis. Isolation of total

RNA from rat hind limb muscles or C2C12 cells was per-
formed by the guanidium thiocyanate procedure as described
by Chirgwin et al. (11). For Northern (RNA) analysis, total
RNA was fractionated on 1.5% formaldehyde-agarose gels,
transferred to a nylon membrane, and hybridized with the rat
TnIS,1, or mouse TnIfa., cDNA probes. For detection of
TnISI1W mRNA, hybridization was performed at 42°C for 16 h
in 40% formamide, 5 x SSC, 5 x Denhardt's solution, 1%
SDS, 100 p,g of salmon sperm DNA, and 106 cpm of the
phosphorylated probe per ml of hybridization solution. Fol-
lowing hybridization, the blot was washed at moderate strin-
gency (55°C, 0.2x SSC-1% SDS) and exposed to Kodak
X-ray film. Subsequently, the blot was stripped and hybrid-
ized with the TnIfast cDNA probe. Hybridization with the fast
probe was done under similar conditions except that 50%
formamide was used and the blot was washed at higher
stringency (65°C, O.lx SSC-1% SDS). The signals on the
blots were also quantitated with a PhosphorImager (Molecu-
lar Dynamics).
Troponin reporter gene constructs. The TnI-CAT chimeric

gene constructs were made by inserting sequences from the
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rat TnIslow gene into the vector pCAThasic (Promega) con-
taining the CAT reporter gene. Standard molecular tech-
niques were used for construction of the plasmids. A brief
description of these constructs is given below (see Fig. 4 for
details).
A SalI-XbaI fragment (containing the -2.2 kb upstream

and 2.3 kb downstream sequences relative to the transcrip-
tional start site) from Tn7.Bml was inserted into the SalI-
XbaI site of pCAThasic to generate the clone TnSX.CAT.
TnSX.CAT was cleaved at the XbaI site and blunt ended,
and a 1.7-kb blunt-ended BamHI-EcoRI fragment from
Tn7.Bm2 was inserted to generate the clone TnSXBE.CAT.
In order to generate the splice acceptor site, TnSXBE.CAT
was further modified by inserting a 300-bp PCR-amplified
fragment from Tn7.Bm2 corresponding to the last 300 bp of
the second intron to generate the clone Tn6500.CAT.
Tn4400.CAT was constructed by inserting the same 300-bp
PCR fragment at the XbaI site of TnSX.CAT. Tn2700.CAT
was constructed by insertion of a 550-bp PCR fragment
(corresponding to nucleotides +50 to -500 relative to the
transcriptional start site) into KpnI-XbaI-cleaved, blunt-
ended Tn4400.CAT. Tn2300.CAT was generated by deletion
of a 2.2-kb SalI-KprnI fragment from the 5' upstream region
of Tn4400.CAT, followed by blunt ending and religation.
Tn5OO.CAT, Tn300.CAT, Tn200.CAT, and Tn45.CAT were
constructed by PCR amplification of the corresponding
regions using specific oligonucleotide primers and ligation of
the PCR fragments into pCAThasic. All the clones obtained
with fragments generated by PCR were verified by sequenc-
ing. Large-scale preparations of plasmid DNA were made by
using Qiagen columns (Qiagen Inc.).

Cell culture, transfections, and CAT assays. C2C12 myo-
blasts were maintained in growth medium (Dulbecco's mod-
ified Eagle's medium containing 20% fetal calf serum) and
induced to differentiate by transferring cells to differentiation
medium (Dulbecco's modified Eagle's medium containing
2% horse serum). NIH 3T3 cells were maintained in Dulbec-
co's modified Eagle's medium containing 10% calf serum.
Transient transfections were performed by DNA-calcium
phosphate precipitation as described by Graham and Van
der Eb (25). C2C12 myoblasts were transfected with 15 ,ug of
test CAT construct and 5 ,ug of reference plasmid pSV3gal,
used for normalization. Cells transfected for 12 to 14 h were
subjected to a 2-min glycerol shock and transferred to either
growth medium (for myoblasts) or differentiation medium
(for myotubes). MyoNlasts were incubated for an additional
24 h in growth medium prior to harvesting; myotubes were
harvested 48 h following the switch to the differentiation
medium. NIH 3T3 transfections were performed essentially
as described above, and cells were harvested 36 h following
glycerol shock. Cell extracts were prepared in 0.25 M Tris
(pH 8.0) according to standard procedures, and extracts
normalized to equal 0-galactosidase activity were assayed
for CAT activity by thin-layer chromatography. CAT assays
were performed as described by Gorman et al. (23) for 1 h at
37°C, and 3-galactosidase assays were performed as de-
scribed by Nielsen et al. (36). Multiple transfections were
performed for each reporter construct with at least two
separate plasmid preparations.

Generation of transgenic mouse lines. Founder transgenic
mice were generated by DNX, The National Transgenic
Development Facility. The DNA fragment used for injection
into the pronuclei of fertilized mouse eggs (C57BL/6 x
SJL)F2 was prepared as follows. Plasmid Tn6500.CAT (Fig.
3) was digested with NdeI to release a 7.3-kb fragment
containing -5.5 kb of sequences upstream of the first coding

exon of the TnIslow gene linked to the CAT reporter gene.
Following restriction digestion and electroelution, the DNA
fragment was further purified over sucrose gradient and
dialyzed against water. Putative founders were screened for
transgene integration by tail blotting using a random-primed,
32P-labeled CAT fragment. Two CAT-expressing founder
lines (TnI-434 and TnI-548) were established by mating
tail-blot-positive males to C57BIV6 wild-type females. Off-
spring of these matings were screened by PCR amplification
of tail DNA using the oligonucleotides Tn-44 (specific for
TnISI1W) and CAT1O.NC (specific for CAT). Adult transgenic
mice (8 weeks old) were used to analyze tissue- and muscle-
type-specific expression of CAT activity. Muscle extracts
were made essentially as described by Donoghue et al. (18).
CAT assays were performed as described by Gorman et al.
(23) for 1 h at 37°C.

RESULTS

Determination of the transcription initiation site of the
TnIslow gene. Genomic sequences corresponding to the 5'
untranslated region of several skeletal muscle genes are
interrupted by large introns, as is the case with the TnIfast
gene (27). Considering the extensive homology of TnIs,1w
and TnIfast coding sequences, we suspected the existence of
intervening sequences in the upstream region of the TnIsi1w
gene. Since we were interested in obtaining genomic clones
encompassing the transcription start site and regulatory
regions of the TnI.10. gene, we felt it was advantageous to
screen genomic libraries with probes that extended fully to
the 5' end of the TnI message. Therefore, we began by
mapping the 5' end of TnIslw mRNA by primer extension
analysis. Using an antisense oligonucleotide primer that
extended upstream from the third codon of the rat TnIsl1w
cDNA sequence (28), we detected a major extension product
of 131 nucleotides with RNA isolated from the rat soleus
muscle (Fig. 1A). The size of the primer-extended product
indicated that the 5' end of TnIslowmRNA lies 79 nucleotides
upstream of the cDNA sequence reported by Koppe et al.
(28). No extension product was obtained with rat liver RNA,
which does not express the TnI genes. To further character-
ize the TnIslow message, we generated cDNA clones corre-
sponding to the full-length 5' untranslated region of the
mRNA by the RACE strategy (see Materials and Methods).
In independent experiments, a single abundant -300-bp
fragment (visualized on agarose gels) was obtained following
PCR amplifications by using an antisense primer that ex-
tended upstream from codon 45. The amplified fragments
obtained in two separate experiments were subcloned, and
six independent cDNA clones were isolated and sequenced.
The cDNAs had identical sequences that extended to the
same 5' residue, and they differed only in the length of the
poly(T) track introduced during the RACE procedure. The
nucleotide sequence of this region is shown in Fig. 1B. The
5'-most nucleotide of the RACE cDNA clones mapped
exactly to the primer-extended product (Fig. 1A), and we
designate this residue +1. Extending in the 3'-to-5' direc-
tion, the first 72 bp of sequence we obtained matched
perfectly with the rat TnIslow cDNA sequence reported by
Koppe et al. (28) and extended an additional 79 bp to the 5'
end. In addition, we found that the 5' noncoding cDNA is
identical to the rat TnIslow genomic sequence, except that
the latter is interrupted by two introns that are flanked by
canonical splice donor-acceptor sites (see below).

Characterization of the rat TnI.10, gene. A synthetic 37-
mer oligonucleotide probe designed from the 5'-most region
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of the TnIslow cDNA sequence (Fig. 1B) was used to screen
a rat genomic library. Four clones were obtained after 106
plaques were screened. Southern blot analysis of the
genomic clones using oligonucleotide probes corresponding
to the 5' and 3' ends of the cDNA revealed that the rat
TnI.10W gene is -10.5 kb long and extends over three BamHI
fragments (2a). A lambda clone, Tn7, containing the entire
TnIS1,W gene was selected for subcloning and structure
analysis. The 5' portion of the TnIsl10 gene, including 485 bp
upstream of the transcription start site, was sequenced (Fig.
2). Comparison of the genomic and cDNA sequences re-
vealed that the rat TnIslow gene contains two 5' noncoding
exons which are flanked by consensus splice donor-acceptor
sites. The TnI.10W gene is interrupted by large intervening
sequences with the initiator methionine positioned 3.7 kb
downstream of the transcription start site. The complete
structure of the rat TnIslow gene will be reported elsewhere
(2a).

Developmental regulation of the Tn.l,0w gene. The mouse
myogenic cell line C2C12 provides an excellent system to
study regulation of muscle gene expression. C2C12 myo-
blasts do not express detectable levels of myofibrillar pro-
teins, but when induced to differentiate by withdrawal of
growth factors, they express a battery of myofibrillar genes
(7). In order to determine whether the TnI genes are regu-
lated during C2C12 differentiation, the expression of the
endogenous genes was monitored by Northern blot analysis.
Total RNA isolated from C2C12 myoblasts and myotubes at
various times after induction of differentiation was probed
with a rat TnIslow and a mouse TnIfast cDNA. The levels of
both transcripts were practically undetectable in undifferen-
tiated C2C12 cells and dramatically increased following a
switch to low-mitogen-containing medium (Fig. 3). Quanti-
tation of the relative levels of TnIS1,W mRNA showed that
these transcripts begin to accumulate as early as 14 h after
mitogen withdrawal and the levels increased -40-fold in 48 h
(data not shown). TnIfast transcripts were observed to accu-
mulate 24 h after a medium change, and by 48 h levels were
-36-fold higher than those in myoblasts.

Analysis ofthe rat TnIslow promoter. In an attempt to define
the sequence elements that are involved in the myotube-
specific transcription of the TnIslow gene, a series of reporter
constructs were tested in transient transfection assays. Since
several skeletal muscle genes, including muscle creatine
kinase (45) and TnIfast (30), contain transcriptional regula-

ACGAGGACTA AkrCTAGi I GT<;C rT-rrACr CTC ACC-TC :Ack>co(CG-;

CTCATCTCCA CAGGACACCA ACAGI GTrCTG CCTTGUTrAJ:_I

ACC ATG- CGC GAA GOTT GAG rAA'-GAM CTA.......
MET

FIG. 1. Mapping the transcription start site of the rat TnI,10w
gene. (A) Rat soleus muscle (lane 1) and liver (lane 2) total RNAs
were annealed with a y-32P-end-labeled antisense oligonucleotide
primer and extended with avian myeloblastosis virus reverse tran-
scriptase to yield a 131-nucleotide-long product. The size of the
primer-extended product was determined from a dideoxy sequence
ladder generated from a RACE cDNA clone primed with the same
ly-32P-end-labeled oligonucleotide (left) and phosphorylated 4X174
Hinfl fragments (lane 3). The sequence of the coding strand is
shown. (B) The complete nucleotide sequence of the 5' noncoding
region of the rat TnIr,1w mRNA was derived from cDNA RACE
products. The sequence shown here was obtained from six indepen-
dent clones representing the 5' end of TnI,l1w mRNA. The 5'-most
nucleotide of this sequence is designated + 1 and corresponds
exactly to the same residue as that obtained by primer extension.
The boundaries between the exons are marked (11). The first
nucleotide of the rat TnIslow cDNA sequence previously reported by
Koppe et al. (28) is indicated (asterisk at position 80), and sequences
extending downstream of the initiator methionine (MET) are shown
as codons.

tory elements residing in upstream and intragenic regions,
TnI-CAT constructs containing various lengths of both re-
gions of the rat TnIs10w gene were generated. The C2C12 cell
line was used to test the activities of these TnI-CAT fusion
constructs. Each reporter construct was transiently trans-
fected into C2C12 myoblasts that were either maintained in
an undifferentiated state or induced to differentiate into
myotubes. In order to control for differences in transfection
efficiencies, the 3-galactosidase-expressing plasmid, pSVIgal,
was cotransfected with each construct. Subsequently, cell
extracts were normalized to equivalent amounts of f-galac-
tosidase activity and assayed for CAT (see Materials and
Methods). In these experiments, the promoterless plasmid
pCAThasic (Promega) served as a negative control, and
pCATcontrol, containing the promoter and enhancer of
simian virus 40, was used as a positive control. The results of
transfection experiments are presented in Fig. 4; CAT activ-
ities of TnIslow reporter constructs are expressed relative to
that of pCATcontrol.
To begin identifying regulatory regions of the rat TnIslow

gene, the reporter construct Tn6500.CAT, containing 2.7 kb
of the 5' region upstream of the transcriptional start site and
3.8 kb of intragenic sequences (two noncoding exons and
two introns) driving the CAT reporter gene, was tested in
C2C12 myocytes. Transfected myoblasts expressed practi-
cally undetectable levels of CAT activity; however, upon
differentiation, there was an -80-fold increase in reporter
activity (Fig. 3). We also measured the CAT activity of a
construct containing the 750 bp of the upstream sequence of
the nicotinic acetylcholine receptor y subunit gene, shown
previously to be expressed specifically in differentiated
myotubes (9). The level of expression of Tn6500.CAT is
approximately twofold higher than that of the nicotinic
acetylcholine receptor -y construct (data not shown). Dele-
tion of 1.7 kb of the second intron in construct Tn4400.CAT
had no effect on the level of CAT expression (Fig. 4),
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GGTACCAGAG ACACAAATAC TTAGGTCTTT GGTTTTTTGA GGGTTTTTGG AGCATGGTCT

GGGGTTGCAT GTCTACATGT CCTGGCTGGA GAGGAAGTGT CAGCCTGCTA GCTCCCTCCC

TGATCTTTAA TGGTTCCTCA GACCTCCCAG TGCCCTGATT CCCTTCATCC CCCTTCCTGT
E3

TCACATCTCT GGTCAATTCC ATATCCTGTC TAGTCTTCCC GTCTCTGTCC TCCCCCAQ

GAGTGCTGTT TTCCCCAAGT CAAAGGCTCT GTGTGCAG GGTTTGTGTG TGTGCTCCTG

ATGTATACAC ACTGGTCTCT AAGCCTGTGA GGTACACACG GCAGCACGTA TCTGCCCTGC
E2

GAGGTGCGCA TGGTGGGAGG GGGTGGGAAG GA3GGGGCAGC TaGAGGGGG.aTggCTGTT
MEF2 El

CTAl&rTAC TGGC== CCGGAGGCCA CGqGTCAI-GCCTGCCCT CAGCTCTGCC
+1

CCCACA&8CT OWCA CTGT GTOOCTC OOCC&GcCTJ OCCCACQ

Ogtaagtgtc tacaacactg accatggacc tgggcagctg agtagagagg tgaggttttg

tttagagggg aaatgaagtt tgggagacag agatgtttct tatttggatt tgtgtgggca

ggtttgttgg cagatactct aagactccta gccttttgac ccaccaaatg gcatttctcc

tgtacgatgc tgtgggcagt tggacctgga agggaagact gtccaacatg ttcctcagaa

acccaaagca gtggactatg ctctcacgag ggactgcagc caggggcagg gtggaccgag

ctcctggtgg gaggggtggc cctggggacc aaggcatcac atttgggaga agcctggggg

agaagcacca gtggtcatgc aggactctga ggagacagtc cagagggcct gctgaccgaa

gagaccatct cgtttctttg tcctttctct ctgacag!O CIYQACYC

CACAC&CC ALCLGgtata gacagaccac catgcctccc ccactgctcc

tgggctctga gtcggagaag gagttgtagg ggaggtggat gaccacagtg tctggggtca

gagtacaatt gtctgtgagc atgtaagcta gcaagacatc tacagcatga tgatcggagg

aggtttgggc taaaggcagc ccctacccca agtcctggac cctaagcggt tctaatgctg

gacttctggc cacaagcttg ggagatcagc ttgttagcac cctgtttggg aggatggggt

tgcccttgaa ctaagttcca aggtcagagg tggggtgcaa gggtagagca tgacgcatac

gccctatcag ggggttggtt cctttctgct gtgtctcaca caggatttac acactccata

ctcaagcaag tgggcttggc gtggaaaact gacagtcttt cctctccaag gcctcagggc

caggaaggtg agtcttgagt caggcctgag tctgctccct tccttccagc tctgtgcttt

ctcttatctc tcgctttcca cttgtggtcc agatggaatt cggccctcca gcccctctgc

tatctatatc ctggcttcta atcaggcccc tgcttctctt ccatagagcc tgtcaagggg

tcctgcctgg tgggtgtcag agcacaggtc agggcctcat gcttgatgtg ggacccctgg

gcctggcatt tgtcagtgag gcagttaggg actgcctgga gcttggcagg agcccaggct

gcccagcagt gggccccaca ctggtgacag gggggctctc tcagggatag aggaaggaca

gccatggcta agtgcccacc agggcgaagc ataatctagg gagacagatg caagacctat

cggctaagac tcgcattccc agaggccaga cagacttggg aggggaggat ctttgtcagc

tagtgtctcc ttttggactt ccccccagtg tcttcggaaa ggcagagctc ttgagtctgt

gtattaaacc taatttcagc taagcatctt gggaatgcat gaatggttcc cacatctctt
IRE

ctgcatgaac agaggcttag gtgcaaggct ctgtaacagg ctgggatcc
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FIG. 2. Nucleotide sequence corresponding to the 5' untrans-
lated region of the rat TnI,l.,1 gene. The nucleotide sequence of a
KpnI-BamHI restriction fragment of the rat TnI.,1.w gene is shown.
Sequences extending upstream of the transcription start site (+1)
are marked with negative numbers, and the exons and the introns
extending downstream are positively numbered. The 5' noncoding
exons are boldfaced, the 5'-flanking region is uppercased, and the
introns are lowercased. An AT-rich sequence that could function as
a TATA box is present at -35. Additional transcription regulatory
sequence motifs obtained from a computer search are underlined:
three E boxes (CANNTG), a MEF-2-like sequence, and a region
within the second intron bearing homology to the quail TnIf.,t
enhancer (IRE) (see the text for details).

indicating that this region does not contain elements that
regulate transcription in the differentiated C2C12 myotubes.
Complete removal of intragenic sequences in Tn2700.CAT
resulted in a threefold reduction in reporter activity in
differentiated myotubes, suggesting the presence of positive
regulatory elements within the first and second introns.
Plasmid Tn2300.CAT, containing 485 bp of the upstream
sequence and the short intragenic region, was constructed to
delineate the 5' boundary of TnI8l1w regulatory sequences.
Unexpectedly, this construct was found to be about 2.5-fold
more active than the larger constructs Tn4400.CAT and
Tn6500.CAT, indicating that there may be a negative ele-

0 7 14 24 36 48

4*404$ TnIslow

* 9 TnI fast

28S

18S

FIG. 3. Expression of TnI isoforms is induced during differenti-
ation of C2C12 myoblasts. The levels of TnI mRNAs were analyzed
during differentiation of C2C12 cells by using random-primed rat
TnIS,10 and mouse TnIf., cDNA probes. The number of hours
following a change of medium to induce differentiation is indicated
at the top of each lane. Each lane on the Northern blot contains 5 ,ug
of total RNA. Ethidium bromide staining of the gel (bottom panel) is
shown to indicate that equivalent amounts of RNA were loaded in
each lane.

ment located between -485 and -2700. The construct
Tn500.CAT, containing only 485 bp of the 5'-flanking region,
directed myotube-specific transcription. However, the level
of expression with Tn500.CAT was about 10-fold lower than
that obtained with the construct Tn2300.CAT, which spans
the identical 5' upstream sequences but includes the intra-
genic region extending from +36 to + 1729. On the basis of
these results, it is tempting to speculate that transcriptional
cis-acting elements are present in the intragenic region;
however, it is possible that these sequences selectively
stabilize the reporter transcripts in differentiated C2C12
cells. Most of the TnI-CAT constructs tested exhibited
practically undetectable levels of CAT activity in C2C12
myoblasts or in the fibroblast cell line NIH 3T`3 (Fig. 4). Only
construct Tn2300.CAT, which was the most active in C2C12
myotubes, showed slightly higher activity in myoblasts. This
low level of activity could result from the premature differ-
entiation of myoblasts frequently observed with C2C12 cells.
Taken together, these results indicate the existence of two
distinct regulatory regions, one in the 5' upstream sequence
and another within the intragenic regions of the TnI8l1w gene.
The upstream regulatory region is sufficient to mediate
stage-specific transcription to a reporter gene in C2C12 cells,
and the intragenic region is required for high-level expres-
sion.
To further delineate the regulatory region residing in the

upstream TnI sequences, we generated 5' deletions in
Tn500.CAT and tested these deletion constructs for their
abilities to confer development-specific activation in C2C12
cells. Deletions down to position -300 (Tn3O0.CAT) and
-200 (Tn200.CAT) had little effect on transcriptional activa-
tion in C2C12 myotubes. Further deletion of the upstream
sequences to -45 (Tn45.CAT) resulted in constitutive pro-
moter activity, expressing the reporter gene in myoblasts,
differentiated myotubes, and NIH 3T3 fibroblasts. Se-
quences suppressing transcription in nonmuscle cells have
been possibly removed in this construct. Similar observa-
tions, of genes being nonspecifically expressed after removal
of sequences residing close to the CAP site, have been
reported for other genes including the muscle-specific b-sub-
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FIG. 4. Identification of regulatory elements in the rat TnI,10, gene directing cell-type- and development-specific transcription. A partial
restriction endonuclease map of the portion of the rat TnIslo, gene used in creating fusion constructs is shown at the top (not drawn to scale).
Restriction sites: B, BamHI; N, NdeI; K, KpnI; E, EcoRI. Open boxes represent the 5' noncoding exons, the filled box represents the first
coding exon, +1 is the transcription start site, and ATG is the initiator methionine. The filled circle represents the IRE homology (see the
text). Schematic representations of rat TnI-CAT reporter constructs employed in transient transfection assays are shown below the restriction
map. Tn6500.CAT contains 2.7 kb of upstream sequences and the intragenic region including the first two noncoding exons and two introns.
All other constructs are deletion mutants of Tn6500.CAT, and intragenic deletions are indicated by dashed lines. Tn4400.CAT has an internal
deletion within the second intron between +1730 and +2430. The intragenic region is deleted in construct Tn2700.CAT, which contains
nucleotides between -2700 and +35. Tn2300.CAT contains 485 bp of the 5'-flanking sequence and the internal deletion within the second
exon. Tn500.CAT through Tn45.CAT are serial 5' deletion constructs. Graphic representations of CAT activities in transiently transfected
C2C12 myotubes (filled bars), C2C12 myoblasts (stippled bars), and NIH 3T3 fibroblasts (open bars) for each construct are shown on the right.
The CAT activity levels obtained with each construct have been normalized to the levels obtained with pCATcontrol. The data represent the
mean values for four or more independent transfections. Cells were cotransfected with a pSV,3gal expression plasmid to correct for
transfection efficiencies.

unit gene of the nicotinic acetylcholine receptor (48). There-
fore, the minimal region necessary for cell-type- and stage-
specific transcription of the TnI.I0, gene resides between
-200 and -45.
The 0.5 kb of the upstream sequence and 1.7 kb of

intragenic sequence of the rat TnI.,0, gene were scanned for
previously described cis-acting elements that might partici-
pate in the transcriptional regulation. A computer-aided
search, using the program Findpattern of the Genetics Com-
puter Group (15), revealed the existence of several transcrip-
tion-regulatory cis-acting elements found in other muscle-
specific enhancers, as well as cellular and viral enhancers.
As shown in Fig. 2, three MyoD binding sites (E boxes) are
located in the upstream region of the TnI.10, gene at posi-
tions -51, -78, and -250 relative to the transcription start
site. Two AT-rich sequences are found at positions -25 to
-32 and -56 to -66. The proximal sequence at -25
(T1TTCATA) might function as a TATA box, while the
distal sequence at -56 (CTAT'IT'''AC) is similar to the
MEF-2 binding site. The MEF-2 site has been identified for
enhancers of many muscle-specific genes (24). In addition, a

potential CArG motif (CT'JTJAATG) is positioned at -323. A
region within the second intron, spanning nucleotides + 1624
to +1669, shares many features of the muscle-specific en-

hancer (internal regulatory element [IRE]) of the quail TnIfast
gene (34) (see Discussion).

Differential trans activation ofthe rat TnIslo31 promoter by the

myogenic factors MyoD, myogenin, and MRF4. The presence
of potential E boxes in the upstream regulatory region and
within the second intron of the TnIslow gene (see above)
prompted us to investigate whether the TnI-CAT constructs
could be transactivated in NIH 3T3 fibroblasts by forced
expression of MyoD-related transcription factors. To exam-
ine the individual roles of the upstream and intragenic regions,
three different TnI-CAT constructs representing different
regions of the TnI%jow gene were tested in transactivation
experiments. The constructs tested were Tn6500.CAT (long
upstream and intragenic regions), Tn2300.CAT (short up-
stream and intragenic regions), and Tn500.CAT (only the
short upstream region). As shown in Fig. 5, transcription of
all three constructs was activated by MyoD and myogenin.
The relative level of transactivation observed with these
constructs paralleled the pattern observed with C2C12 my-
otubes, suggesting that the interactions between the up-
stream and the internal regulatory regions are necessary for
full TnI.1OW gene activation. An interesting pattern of trans-
activation of the TnI-CAT constructs was obtained with the
myogenic factor MRF4; it increased transcription from con-
structs (Tn2300.CAT and Tn5OO.CAT), containing 485 bp of
the upstream sequence, but it failed to transactivate the
construct (Tn6500.CAT) containing sequences extending to
-2700. MRF4 also failed to transactivate Tn4400.CAT,
which has the same intragenic deletion as Tn2300.CAT but
extends to -2700 (data not shown). These results suggest

Tn500.CAT

Tn300.CAT

Tn200.CAT

Tn45.CAT
---I
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FIG. 5. Transactivation of TnI-CAT repo
blasts by the muscle regulatory factors 1
MRF4. (A to C) Analysis of CAT activitl
following transient transfection with CAT re
(control) or with reporter constructs mixed
MyoD, the myogenin, or the MRF4 express
tative CAT assay for each reporter construct
was normalized to equal 3-galactosidase
cotransfection with plasmid pSV3gal. (D)
myogenic factors relative to control values.
open bars, myogenin; filled bars, MRF4.

that sequences residing between -2
interfere with MRF4 transactivation. T1
to transactivate certain muscle-specific
ously been reported (see Discussion).

Regulatory sequences of the TnI31., gi
muscle-type-specific expression in transi
differentiation-specific activation of the
cle cell autonomous, several extrinsic I
modulate fibertype specification during
uration. In order to begin characterizi
quences that confer skeletal muscle- ar
expression to the TnI,10w gene, we
characterized transgenic mice carrying
of a TnI-CAT fusion construct. Transg
erated by injecting a 7.3-kb NdeI fra
plasmid Tn6500.CAT (see Materials a
Southern blot, we determined that two
analyzed, TnI-548 (-40 copies) and Ti
had integrated multiple copies of the fr
tail fashion and had germ line transmissi
To determine whether transcription of t]
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FIG. 6. TnI.10W regulatory sequences direct skeletal muscle spec-
ificity transcription in transgenic mice. A representative CAT assay
showing distribution of CAT activity in various tissues from adult
mice derived from the transgenic line TnI-548. Each CAT assay
included equivalent amounts of extract containing 1 Ag of protein
and incubated for 1 h at 37°C.

liver, kidney, and uterus tissues of 8-week-old transgenic
mice and assayed for CAT expression. As shown in Fig. 6,

- .- H ~~~high levels of CAT activity were found in the skeletal muscle
but not in any other tissues, including those of cardiac and
smooth muscles. These results demonstrate that the TnI
regulatory regions restrict transcription of a reporter gene to
the skeletal muscle in vivo.

rter constructs in fibro- The endogenous TnIr10w gene is expressed exclusively in
ryoD, myogenin, and slow-twitch fibers. As a first step to determine whether the

porom Nsc acelos sequences responsible for slow fiber-type-specific expres-
with 2 1g of either the sion of the TnIslow gene are retained in the TnI-CAT trans-
wion vector. A represen- gene, we compared the levels of CAT activity in different
tis shown. CAT activity hind limb muscles of adult transgenic mice. Initially, CAT
activity obtained from assays were performed with extracts prepared from the
Transactivation by the soleus and the extensor digitorum longus (EDL) at different
Stippled bars, MyoD; protein concentrations to quantitate CAT levels in the linear

portions of the assay. These two muscles were chosen
because they are composed of different myofiber types; the
EDL has predominantly type II (fast) fibers, whereas the
mouse soleus has approximately equal numbers of type I

700 and -485 may (slow) and type II myofibers. As shown in Fig. 7A, the levels
he inability of MRF4 of CAT activity are approximately 50-fold higher in the
enhancers has preyi- soleus than in the EDL muscles of mice derived from line

TnI-548. Quantitation of CAT levels in two additional mus-
e confer tissue- and cles that are predominantly composed of type II fibers, the

Tenic mice. Although superficial gastrocnemius and tibialis, showed that transcrip-

TnIosl1 gene is mus- tion was dramatically higher in the solei of the two Tnl lines
factors are known to compared (Fig. 7B). The absolute levels of CAT activity
skeletal muscle mat- varied about fivefold in muscles of these two lines, possibly
ng thecrs-acting se- because of a difference in copy number or integration site.
nd fiber-type-specific Nevertheless, the ratios of CAT activity in the soleus to the
have generated and activity in the other three muscles were similar in the two
germ line integration transgenic lines. These results indicate that transcription is
enic mice were gen- the major mechanism confining TnIrlow expression to the
igment excised from slow-twitch muscle and that the regulatory elements reside
nd Methods). Using in the sequences used to generate the transgenic mice.
of thi- fr%iiinAlsr Hin,-cU1lltLH UUHlUCF llInt;

InI-424 (-10 copies),
agment in a head-to-
ion (data not shown).
he CAT reporter was
muscle, brain, heart,

DISCUSSION
The genes encoding muscle Tnl isoforms serve as molec-

ular targets for diverse regulatory signals during develop-
ment and maturation of the skeletal muscle. Although the
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long and consists of two exons. The major structural differ-
* ence between the rat TnIs10w and the quail TnIfast (1) genes

lies at the 5' noncoding region. The rat gene has an additional
noncoding exon, and the distance between the transcrip-
tional start site and the initiator methionine codon of the rat
TnI,l0W gene is almost three times larger than in the quail
TnIfast gene. A similar increase in the size of intronic
sequences in mammals compared with birds has been previ-
ously observed for the -y- and B-subunit genes of the acetyl-
choline receptor (12).

9 w * * 9 * 9 9 Transcriptional regulation of the rat TnI.,,, gene. The
results of the present study indicate that the differentiation-
specific and cell-type-restricted expression of the TnIslw

(.(.X.) (0. 0. i i.0 H ().0I
gene is controlled by upstream and intragenic sequences.
The concerted action of both of these regions is necessary
for a quantitative level of TnIlsl0 gene expression. The 5'

SI. EDL deletion constructs of the TnIslow gene show that the region
between -200 and + 15 is sufficient to confer differentiation-
specific transcription in muscle cells. This region contains
two potential E-box sequence motifs on either side of a

T MEF-2 sequence. The close proximity of the potential E
boxes and the MEF-2 cis elements is reminiscent of the
arrangement in the muscle-specific enhancers of the genes

0-*coding for muscle creatine kinase (13), MLC 1/3 (50), and
myogenin (19). With respect to the intragenic elements,

B1 } Konieczny and coworkers (30, 54) have previously demon-
strated that the transcriptional activation of the quail TnIfast
gene is controlled by a muscle-specific enhancer, IRE,
located within its first intron. IRE consists of three distinct

K) - * Isites: an E-box-containing region capable of binding the
*_________________________*MyoD family of transcription factors, an AP-2-like sequence

301. ODI.GA_ FBI. SOL ELM. GAS FBI (site I), and a C-rich region (site II). Sequence comparison of
the rat TnIs10w and the quail TnIfas, genes revealed that the

TnI-548 'Fiil-42-4 former contains a 50-bp region within the second intron
bertype-specific transcription oftheTnICATcon

which is highly homologous to the quail IRE (Fig. 1B). In the
ber-type-specific transcription of the TnI-CAT cofn- rat TnIslow gene, 10 of 14 nucleotides are conserved in the
nsgenic mice. (A) Analysis of CAT activity using E-box site located between +1633 and +1647. In addi-
unts of protein from extracts made from the soleus tion site is pesent im diatey 75to the i-
aiin prdmnnl slwtic fibrs (firs fou tion, an AP-2-like site iS present immediately 5' to the E-boxaining predominantly slow-twitch fibers (frst four .'
DL, containing fast-twitch fibers (last four lanes). The site, and a C-rich region is located 9 bp downstream of this
otein used in each assay is shown below each lane. (B) site. The location of these elements in an intron and the fact
)f CAT activity in various hind limb muscles of adult that addition of this region to a construct containing 485 bp
he transgenic lines TnI-548 and TnI-424. The CAT of upstream sequences increases transcription -10-fold
performed for 1 h at 37°C with protein concentrations strongly suggest that the IRE-like region in TnIslow could
ed the assay in the linear range (see above). Four mice also function as an enhancer. We are currently investigating
e were analyzed. GAS, gastrocnemius; TBL, tibialis. how elements located in the upstream and intragenic regions

may interact to direct a high level of TnIslow transcription
during muscle differentiation.

n of these genes is activated in terminally differ- The muscle regulatory factors of the MyoD family are
rotubes, their expression is restricted to specific capable of transactivating cotransfected contractile protein
in the mature muscle. We have chosen the slow genes in various nonmuscle cell backgrounds. Although
he contractile protein Tnl as a model system to these factors have been shown to bind to a common se-
the transcriptional basis of isoform gene expres- quence, the mechanism of transactivation is not fully under-

stood. The MyoD-related factors have been shown to exhibit
rf the rat TnIs3ow gene. In this article, we focus on different potentials to transactivate the muscle creatine
-rization of the 5' portion of the rat TnI,10. gene kinase (10) and TnIfast (55) enhancers, which contain canon-
ream region. We isolated genomic clones using a ical E-box sequences. Whereas MyoD and myogenin trans-
)nucleotide probe corresponding to the 5' end of activated these enhancers, MRF4 was completely inefficient,
The 5'-end-specific probe was used because a although MRF4 did bind to the cis element. Sequences
port on the structure of the quail TnIfast gene (1) outside the E box might have interfered with transactivation
at the exons towards the 5' end of the gene are by MRF4, since a construct containing muscle creatine
and flanked by large intronic sequences. Since kinase E boxes multimerized upstream of the herpes simplex
d sequence of TnIslow cDNA (28) lacked the virus thymidine kinase promoter was efficiently transacti-
uence, we used the RACE technique to clone the vated by MRF4. Chakraborty and Olson (10) have generated
5' noncoding region and obtain sequences to myogenin/MRF4 fusions to demonstrate that the MRF4
ibrary. Analysis of the rat TnIsl10 gene structure sequences residing outside the DNA-binding domain could
it the 5' untranslated portion of this gene is 3.7 kb account for these differences in transactivation potential. In
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the present study, we show that MyoD, myogenin, and
MRF4 activate transcription of the TnI,10. promoter with
different efficiencies. All three factors transactivated the
shorter Tnl-CAT constructs, whereas MRF4 failed to acti-
vate the larger TnIslow construct containing the region be-
tween -2700 and -485. It is tempting to speculate on the
basis of these observations that inhibitory protein-protein
interactions between MRF4 and a factor binding to the
upstream region repress transactivation.

Fiber type specificity of the TnI-CAT transgene. Cultured
muscle cells have been extensively used to study transcrip-
tional regulation of skeletal muscle genes during differentia-
tion. Our current understanding of myogenesis relies heavily
on the wealth of information obtained with the tissue culture
systems. However, the fact that cultured myocytes do not
manifest specific adult fiber type properties has considerably
hindered the progress towards understanding determinants
of fiber type specification. Transgenic mice provide an
alternative system for analyzing in vivo regulation of myo-
genesis as well as mechanisms underlying fiber type gener-
ation. We have begun this analysis by generating transgenic
mice carrying germ line integration of a fragment containing
a TnI-CAT fusion gene.
The TnIslow gene is expressed in skeletal and cardiac

muscles during fetal and neonatal development (34). After
birth, expression in cardiac tissues progressively diminishes,
and by day 21 expression of TnIslow is restricted to slow-type
fibers. Although differentiation-specific activation of the
TnIslow gene is muscle cell autonomous, several factors such
as hormones and innervation are known to modulate the
fiber type specification during skeletal muscle maturation
which occurs late in development. Current research seeks to
understand the nature of the molecular signals that specify
fiber-type-specific expression. To this extent, Hallauer et al.
(26) initially reported that transgenic mice carrying the entire
quail TnIfat transcription unit expressed the quail mRNA
specifically in fast fibers. Since the entire TnIfast gene and
flanking sequences were used in generating these mice, it
was uncertain whether transcriptional or posttranscriptional
mechanisms directed fiber-type-specific expression. Re-
cently, Donoghue et al. (18) have shown very elegantly that
transgenic mice carrying an MLC-CAT construct, contain-
ing a 1.5-kb promoter fragment and a 0.9-kb enhancer of the
MLC 1/3 fast gene, expressed the CAT reporter preferen-
tially in type II fibers. These experiments indicate that
fiber-type-specific transcription of the MLC 1/3 fast gene is
directed by cis-regulatory regions in the construct. We have
characterized transgenic mice carrying TnI-CAT fusion con-
structs which direct transcription exclusively to the skeletal
muscle. When different hind limb muscles were analyzed,
the reporter gene was preferentially expressed in the soleus
compared with either EDL, superficial gastrocnemius, or
tibialis. Since the soleus muscle in the mouse is composed of
approximately equal numbers of type I and type II fibers
whereas the other muscles are predominantly composed of
type II fibers, these results strongly suggest that the TnIslow
sequences confine transcription to slow-type fibers. To our
knowledge, this report constitutes the first characterization
of cis-regulatory sequences in transgenic mice that confine
transcription to slow-type fibers. In both the MLC-CAT and
the Tnl-CAT transgenic mice, a small fragment of the 5'
noncoding region is transcribed with the reporter gene. An
extremely unlikely possibility that merits consideration,
however, is that these 5' noncoding sequences could partic-
ipate in stabilizing transcripts in specific fiber types. Future
experiments will be directed towards identifying the ele-

ments that developmentally regulate the TnIsl,, gene and
confine its expression to the slow-twitch muscle.
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