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During skeletal myogenesis, approximately 20 contractile proteins and related gene products temporally
accumulate as the cells fuse to form multinucleated muscle fibers. In most instances, the contractile protein
genes are regulated transcriptionally, which suggests that a common molecular mechanism may coordinate the
expression of this diverse and evolutionarily unrelated gene set. Recent studies have examined the muscle-
specific cis-acting elements associated with numerous contractile protein genes. All of the identified regulatory
elements are positioned in the 5'-flanking regions, usually within 1,500 base pairs of the transcription start site.
Surprisingly, a DNA consensus sequence that is common to each contractile protein gene has not been
identified. In contrast to the results of these earlier studies, we have found that the 5'-flanking region of the
quail troponin I (TnI) gene is not sufficient to permit the normal myofiber transcriptional activation of the gene.
Instead, the TnI gene utilizes a unique internal regulatory element that is responsible for the correct
mnyofiber-specific expression pattern associated with the TnI gene. This is the first example in which a
contractile protein gene has been shown to rely primarily on an internal regulatory element to elicit
transcriptional activation during myogenesis. The diversity of regulatory elements associated with the
contractile protein genes suggests that the temporal expression of the genes may involve individual cis-trans
regulatory components specific for each gene.

Regulation of gene expression in higher eucaryotes often
is mediated at the transcriptional level, ensuring that the
appropriate timing, tissue specificity, and quantitative levels
ofmRNA accumulation remain tightly controlled throughout
development. Rates of transcription initiation are controlled
primarily by cis-acting DNA regulatory sequences that in-
teract with specific protein trans-acting factors (see refer-
ences 22 and 35 for reviews). Usually, the cis regulatory
elements are positioned 5' to the promoters of individual
genes, although additional internal and 3'-flanking regulatory
elements that control tissue-specific expression patterns
have been identified (see reference 37 for review). The
diversity of regulatory control elements, as well as the
specificity of the associated DNA-binding proteins, permits
complex gene expression patterns to be accurately regulated
in development.

Skeletal muscle differentiation represents an excellent
model system in which to examine the mechanisms control-
ling differential gene transcription. During skeletal myogen-
esis, mononucleated myoblasts withdraw from the cell cy-
cle, fuse into multinucleated fibers, and express
approximately 20 contractile proteins and related gene prod-
ucts. Most of the contractile protein genes are regulated
primarily by transcriptional mechanisms, including the genes
coding for muscle creatine kinase (16), skeletal (13) and
cardiac (28) a-actin, acetylcholine receptor a-subunit (17),
and troponin C (TnC), TnI, and TnT (8). The temporal
regulation of these evolutionarily unrelated genes suggests
that common cis-trans regulatory systems may modulate
their transcriptional expression. Previous studies have iden-
tified specific regulatory elements, associated with a number
of contractile protein genes, that control the individual
muscle-specific expression patterns of these genes (1, 4, 6,
11, 13, 17, 20, 23, 24, 29, 31, 38, 40). In many instances, the
regulation of these genes appears complex, often involving
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multiple regulatory regions. In all cases, the primary regu-
latory elements that are essential for muscle-specific expres-
sion are positioned in the 5'-flanking regions of these genes.
Surprisingly, a regulatory element common to each of the
contractile protein genes has yet to be identified, which
suggests that the temporal regulation of this gene set may
require separate cis-trans regulatory components.
We have focused on identifying the regulatory elements

that control the transcriptional expression of a quail TnI
gene (3) during skeletal myogenesis. Previous studies from
our laboratory demonstrated that the quail TnI gene, when
introduced into a mouse multipotential cell or into a deter-
mined myogenic cell line, exhibits a correct myofiber-specif-
ic expression pattern, including the appropriate timing,
tissue specificity, and quantitative levels of gene transcrip-
tion which are normally associated with quail myofibers (19).
In addition, quail TnI genes introduced into transgenic mice
exhibit normal developmental and tissue-specific expression
patterns that are indistinguishable from those of the endog-
enous mouse TnI genes (14). Initial in vitro mutagenesis
experiments have shown that the 5'-flanking region of the
TnI gene, although providing a functional promoter, is not
required to elicit myofiber-specific expression. In addition,
these same studies suggested that the quail TnI tissue-
specific regulatory element likely is contained within the
primary transcription unit of the quail TnI gene (20).

In this study, we report that the quail TnI gene is con-
trolled developmentally by an internal regulatory element
(IRE) located within the first intron. The quail TnI IRE
exhibits enhancerlike activity, operating in a position- and
orientation-independent fashion as well as conferring a mus-
cle-specific expression pattern on a series of heterologous
promoters. In addition, we demonstrate directly that the
5'-flanking region of the quail TnI gene (-530 through +60)
cannot elicit a muscle-specific expression pattern on a het-
erologous gene in the absence of the IRE region. To our
knowledge, this is the first example in which the tissue-
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specific expression pattern of a contractile protein gene is
controlled predominantly by an IRE. Our results suggest
that the temporal regulation of the contractile protein gene
set may be very complex, involving distinct regulatory
elements for each contractile protein gene which become
temporally regulated during skeletal muscle development.

MATERIALS AND METHODS
Experimental gene construction. Test plasmids were con-

structed by standard molecular techniques, which have been
described previously (19, 20). All test constructions were
verified directly either by dideoxy (9) or by Maxam and
Gilbert (26) sequencing reactions of double-stranded DNA
plasmids. The wild-type quail Tnl gene (gC149) contains 530
base pairs (bp) of 5'-flanking sequences, 8 exons and 7
introns, plus 1,500 bp of 3'-lanking sequences (3, 19).
TnICAT 1 through TnICAT 24 contain portions of the quail
Tnl gene ligated to the chloramphenicol acetyltransferase
(CAT) gene (12) (see Fig. 2 and 4 for details). The number in
each gene construct refers to the nucleotide position of the
TnI fragment relative to the transcriptional start site of
gC149, which we have mapped precisely by primer exten-
sions and by SI nuclease protection assays (19, 20). A brief
description of these gene constructs is presented below.
TnICAT 1 and TnICAT 2 were constructed by inserting a

BglII linker in the Tnl gene at position +1604 (1 nucleotide
5' to the Tnl ATG translation start site in the second exon)
and a BamHI linker at +60 (the last nucleotide of exon 1),
respectively. By using these linkers, the CAT gene was
inserted downstream of the Tnl sequences -530 through
+1604 (TnICAT I) and -530 through +60 (TnICAT 2).
Therefore, TnICAT 1 contains 530 bp of 5'-flanking se-
quences plus the entire first exon and intron and 24 nucleo-
tides of the second exon. TnICAT 2 contains the same
5'-flanking region and the complete first exon but does not
contain any of the intron sequences from TnICAT 1. To
generate TnICAT 3 and TnICAT 4, region +60 through
+ 1604 of the Tnl gene (intron I) was ligated to the unique
BglII site present at the 5' end of TnICAT 2 in 5' -* 3' (intron
I) and in 3' -> 5' (intron I') orientations.
Heterologous promotet gene constructs used the control

pTKCAT gene (16), which contains the -109 through +56
sequences of the herpes simplex virus thymidine kinase (TK)
gene (27) ligated 5' to the CAT gene, as well as the control
pSV1CAT gene (16), which contains the simian virus 40
(SV40) early-promoter region ligated 5' to the CAT gene.
TnICAT 5 and TnICAT 6 were produced by inserting the Tnl
first-intron region (in both orientations) into the unique
BamHI site that is 5' to the herpes simplex virus promoter.
Similarly, TnICAT 7 and TnICAT 8 were generated by
inserting the Tnl first-intron region 5' to the SV40 early
promoter in the pSV1CAT gene in 5' -> 3' (intron I) and 3' --

5' (intron I') orientations. Additional TnICAT gene con-
structs (TnICAT 9 through TnICAT 24) were produced as
described above, using portions of the TnT first-intron region
inserted 5' to the herpes simplex virus promoter in the
pTKCAT recorder gene construct. TnICAT 9' through TnT-
CAT 12' refer to the TnI regions positioned in a 3' -* 5'
orientation relative to the pTKCAT transcription start site.
Similar nomenclature is used to indicate regions bl, b2, and
b3 for TnICAT 14 through TnICAT 24 (see Fig. 4 for details).
All constructs were generated by using available restriction
sites within the Tnl gene (3). In some instances, linkers were
ligated to facilitate cloning into the test CAT plasmids.

Cell culture, DNA transfections, and CAT assays. The
mouse myogenic cell line 23A2 was isplated from 5-azacyti-

dine-treated C3H1OT1/2 cells as described previously (18).
The growth and differentiation characteristics of this cell line
have been extensively studied and reported previously (18,
19). 23A2 myoblasts maintained in normal growth medium
(basal medium Eagle [BME]; 15% fetal bovine serum plus
penicillin [100 U/ml] and streptomycin [100 ,ugIml]) continue
to proliferate and remain undifferentiated. Myogenic differ-
entiation can be induced, however, by supplying 23A2
myoblasts with a chemically defined medium, ITS, consist-
ing of low-glucose Dulbecco modified Eagle minimal me-
dium, insulin (15 ,ug/ml), transferrin (15 pLg/ml), selenium (15
ng/ml), and penicillin-streptomycin. In the absence of serum
factors, 23A2 myoblasts rapidly differentiate by transcrip-
tionally activating expression of a number of contractile
protein genes, including muscle creatine kinase, a-actin,
TnI, and myosin heavy chains (unpublished data).
DNA transfections were performed by using standard

calcium phosphate precipitates as described previously (19,
20). Briefly, 105 23A2 myoblasts per 100-mm dish were
transfected with 5 ,ug of test CAT plasmid and 5 ,ug of the
reference plasmid, pRSVlacZ (16). Tran'sfected myoblasts
were subjected to a 2-min 20% glycerol shock after 4 h and
fed growth medium. After 24 h, myoblasts were again fed
growth medium. At 48 h posttransfection, protein extracts
were isolated by standard procedures (12). Myofiber trans-
fections were performed essentially as described above
except that cell density was approximately 106/100-mm dish.
After a glycerol shock, cells were induced to differentiate by
the addition of ITS. Protein extracts were isolated 48 h
posttransfection. In these experiments, less than 0.4% of the
myoblasts stained with a monoclonal antibody raised against
skeletal myosin heavy chains, whereas 93 to 97% of the cells
in the myofiber cultures expressed this contractile protein
gene. In some experiments, the myogenic cell lines C2C12
(5, 44) and L6 (43) were transfected and induced to differ-
entiate in a manner similar to that used for 23A2. In addition,
HeLa and L cells were transfected as above except that the
cells were maintained in BME, 10% fetal bovine serum,
penicillin-streptomycin.
CAT assays were carried out as described by Gorman et

al. (12) for 1 h at 37°C, and ,B-galactosidase assays were
performed as described by Nielsen et al. (32). The quantita-
tive values for each gene construct were determined from
the average of multiple transfections (at least two different
CsCl-banded plasmid preparations and at least two indepen-
dent transfections per Tnl insert) except that TnICAT 11
was tested only once in HeLa cells and in myoblasts.
Control gene constructs (TnICAT 2, pSV1CAT, and pTK-
CAT) were transfected in parallel with all experimental test
genes. To correct for minor variations in transfection effi-
ciencies between DNA precipitates, the amount of protein
extract (7) used for each CAT assay was normalized to the
specific activity of the cotransfected 3-galactosidase gene for
each transfection group within each experiment. CAT assays
were maintained within the linear range of activity, and the
acetylated forms of chloramphenicol were quantitated by
liquid scintillation counting. Because transfection efficien-
cies (determined by ,B-galactosidase activity) between cell
types varied (HeLa > myoblast > myofiber), CAT activities
were scaled relative to the basal levels obtained by the TnI
promoter, SV40 early promoter, or TK promoter (value set
to 1.0 for each cell type). Expression values of TnICAT 1
through TnICAT 4 were normalized to those of TnICAT 2,
values of TnICAT 7 and TnICAT 8 were normalized to those
of pSV1CAT, and values of TnICAT 5, TnICAT 6, and
TnICAT 9 through TnICAT 24 were normalized to those of
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pTKCAT. The average percentages of chloramphenicol con-
verted to an acetylated form for TnICAT 2, pSV1CAT, and
pTKCAT were as follows: TnICAT 2 (HeLa, 0.7; myoblast,
0.3; myofiber, 0.3); pSV1CAT (HeLa, 4; myoblast, 0.4;
myofiber, 0.3); and pTKCAT (HeLa, 70; myoblast, 2; myo-
fiber, 1).

Immunocytochenistry. Experimental cultures were rou-
tinely examined for the number of differentiated cells present
in each transfection group by immunocytochemistry.
Briefly, cultures were rinsed two times in cold phosphate-
buffered saline and fixed for 1 min at 4°C in a 20:2:1 solution
of 70% ethanol, Formalin, and glacial acetic acid. After five
rinses in phosphate-buffered saline, cultures were incubated
with the mouse monoclonal antibody MF-20 (2), which
recognizes sarcomeric myosin heavy chains. Ceils then were
rinsed in phosphate-buffered saline and treated with a bio-
tinylated anti-mouse immunoglobulin G secondary antibody.
Immune complexes were visualized by using the Vectastain
ABC reagents (Vector Laboratories, Burlingame, Calif.) and
photographed under phase-contrast and bright-light condi-
tions.

Sequence analysis of the IRE region. Each strand of the Tnl
IRE was sequenced independently two times, using Sanger
dideoxy sequencing reactions (9). The published TnI se-
quence of Baldwin et al. (3) was incomplete within IRE
region +657 through +665. In addition, our sequence differs
from the published sequence at positions +690 and +691 (C
> T), +701 (A -+ T), +703 through + 710 (8-bp deletion),
+711 and +712 (T -* C), +724 (insertion of C), +746
(insertion of T), +752 (A -* T), +753 (insertion of G), and
+763 (T -* C). The identified quail TnI IRE sequence was
examined for sequence similarities to known regulatory
regions present in other contractile protein genes as well as
in several viral and cellular enhancer cores, using the com-
mercially available MicroGenie software (Beckman Instru-
ments, Inc., Fullerton, Calif.).

RESULTS

The 23A2 myogenic system. Previous studies from our
laboratory have examined the regulation of the quail Tnl
gene (3) when the gene is stably introduced into the mouse
myogenic cell line 23A2 (19, 20). From these studies, we
determined that the quail TnI gene, when integrated into the
mouse genome, was able to maintain its normal myofiber-
specific expression pattern. In the study presented here,
however, we turned our attention to using a transient trans-
fection approach to determine whether the quail Tnl gene is
able to respond rapidly to the developmental changes that
occur in the 23A2 cell line. A number of investigators have
shown that skeletal muscle differentiation is tightly regulated
by the level of growth factors (e.g., fibroblast growth factor)
in the environment (10, 21, 25, 39). Removal of fibroblast
growth factor rapidly triggers the fusion of mononucleated
myoblasts and the transcriptional expression of the contrac-
tile protein genes. The 23A2 myogenic cell line responds
similarly to the removal of growth factors. Most of the 23A2
myoblasts, when maintained in normal growth medium,
remained undifferentiated, although a small percentage of
the cells (<0.4%) precociously expressed contractile protein
genes even in the presence of high serum concentrations
(Fig. 1). When identical cultures of 23A2 myoblasts were fed
ITS, a chemically defined medium that is devoid of growth
factors (see Materials and Methods), a rapid differentiation
response occurred. Within 48 h, more than 95% of the 23A2
myoblasts transcriptionally activated expression of the con-

tractile protein genes, includihg the muscle creatine kinase,
a-actin, TnT, and myosin heavy chain genes (Fig. 1). Using
this system, we have introduced a series of Tnl gene
constructs into 23A2 myoblasts and have been able to
monitor expression of the transfected TnI genes within a
48-h period in parallel undifferentiated and differentiated cell
populations.

Analysis of the TnI promoter region. Our previous studies
demonstrated that the 5'-flanking region of the quail TnI
gene (-530 through -47) could be removed without affecting
the transcriptional activation of the TnI gene in differentiated
23A2 myofibers (20). Conversely, specific deletions within
the first-intron sequences of the TnI gene abolished all
myofiber expression (20). These studies suggested that the
essential control regions required for developmental regula-
tion of the quail TnI gene are positioned within the large
(-1,500-bp) first intron of this contractile protein gene. To
examine specific regions of the TnI gene that may be
involved in controlling developmental expression of the
gene, we generated a series of heterologous gene constructs
that contained the reporter gene, CAT (12), and specific
regions of the quail TnI gene (3). Each gene construct was
subsequently transfected into 23A2 myoblasts that were
either maintained in an undifferentiated state (myoblasts) or
induced to differentiate by the addition of ITS (myofibers)
(see Materials and Methods).
To determine the individual roles that the 5'-flanking

sequences and the first intron may have in controlling Tnl
gene expression during skeletal myogenesis, we generated
two gene constructs, TnICAT 1 and TnICAT 2 (Fig. 2).
TnICAT 1 contains the entire 530-bp 5'-flanking region of the
wild-type gC149 Tnl gene, which has been shown to be
expressed correctly in stable 23A2 transfectants (19, 20) as
well as in transgenic mice (14). In addition, TnICAT 1
contains the entire first exon, first intron, and 24 nucleotides
of the second exon ligated to the CAT gene. TnICAT 2
contains the same 5'-flanking regions as does TnICAT 1 as
well as the entire first exon but does not contain any of the
first intron sequences present in TnICAT 1 (see Materials
and Methods). Transient transfections of TnICAT 2 demon-
strated that the 5'-flanking region (-530 through +60) of the
quail TnT gene did not confer a muscle-specific expression
pattern on the heterologous CAT gene, since TnICAT 2 was
not efficiently expressed in 23A2 myoblasts or in 23A2
myofibers (Fig. 2 and 3A). In contrast, TnICAT 1, which
contains the entire TnT first intron, exhibited an average
81-fold increase in expression during myofiber differentiation
when compared with the myofiber expression level of TnT-
CAT 2 (Fig. 2 and 3A). Additional TnT gene constructs
containing or lacking the entire first intron were regulated
similarly in 23A2 myoblasts stably cotransfected with the
selectable marker gene, neomycin (data not shown). As
expected, only background expression levels of TnICAT 1
and TnICAT 2 were observed when these constructs were
transfected into nonmyogenic cell types such as HeLa cells
(Fig. 2 and 3A). Our experiments suggest that the quail TnT
5'-flanking region and first exon (-530 through +60) are
necessary, but not sufficient, to direct the correct transcrip-
tional activation of the TnT gene. Normal myofiber-specific
expression was obtained only in the presence of the com-
plete TnT first intron.
The internal position of the first intron regulatory region

suggested to us that it may function in an orientation- and
position-independent fashion to potentiate transcription of
the TnT promoter. To determine whether the myofiber-
specific IRE contained within the TnT first intron exhibited a
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FIG. 1. Immunocytochemical detection of myosin heavy-chain expression in Tnl-transfected myoblast (A and B) and myofiber (C aild D)
cultures. 23A2 myoblasts were maintained in a proliferative state (A and B) or induced to differentiate by the addition of ITS (C and D) for
48 h, fixed, and immunocytochemically stained with the monoclonal antibody MF-20, which recognizes specifically sarcomeric myosin heavy
chains. Panels A and C were photographed under phase-contrast conditions; panels B and D were photographed under bright-field conditions.
Although a single myoblast (<0.4% of the population) had precociously differentiated in normal growth medium, over 95% of the cells treated
with ITS expressed the sarcomeric myosin heavy chain. The intense immunoperoxidase staining of the ITS cultures produced a slight
alteration of the phase-contrast properties of the photomicrograph in panel C.

tissue-specific enhancer activity, we monitored the expres-
sion of TnICAT 2 gene constructs in which the first intron
was positioned outside of its normal internal location. Tnl-
CAT 3 and TnICAT 4 (Fig. 2) were transfected into 23A2
myoblasts as described above, and CAT activity was mea-
sured in proliferating myoblasts and in differentiated myofi-
bers. Positioning the TnI first intron 5' to the TnICAT 2
promoter sequences (-530 through +1) resulted in an aver-
age 7-fold (5' -* 3' orientation) or 16-fold (3' -> 5' orienta-
tion) increase in myofiber-specific CAT expression, whereas
no significant expression was detected in HeLa cells. Similar
results were obtained when the first intron was placed at the
3' end of TnICAT 2 (data not shown). These data demon-
strate that the Tnl IRE functions as a tissue-specific and
developmentally regulated enhancer element that is required
to elicit the correct myofiber-specific expression from the
TnI promoter and first exon (-530 through +60).
The TnI IRE confers a muscle-specific expression pattern on

heterologous promoters. The TnI 5'-flanking region was not
capable of generating a myofiber-specific expression pattern
in the absence of the Tnl IRE, which suggested that a
cooperative mechanism involving the IRE and the normal
Tnl promoter region may be required to obtain the proper
developmental regulation. To determine whether the IRE

could function in the absence of the Tnl 5'-flanking se-
quences, we tested the possibility that the TnI IRE could
confer a muscle-specific expression pattern on heterologous
promoters. For these experiments, we used the control gene
constructs pTKCAT (16), which contains the -109 through
+56 promoter sequences of the herpes simplex virus TK
gene (27), and pSV1CAT (16), which contains the SV40 early
promoter (minus the SV40 enhancer) (42) (Fig. 2). Both
pTKCAT and pSV1CAT were expressed weakly in undiffer-
entiated myoblasts and in differentiated myofibers. Myofi-
ber-specific increases in CAT expression were observed,
however, after the addition of the Tnl first-intron sequences
to the pTKCAT and pSV1CAT gene constructs. For exam-
ple, TnICAT 5 and TnICAT 6, which contain the entire Tnl
first-intron region in 5' -* 3' and 3' -- 5' orientations,
respectively, exhibited an average 99-fold myofiber-specific
increase in CAT expression when compared with the basal
level of CAT expression from pTKCAT (Fig. 2 and 3B).
Similar results were obtained with the IRE-modified
pSV1CAT genes TnICAT 7 and TnICAT 8, in which the IRE
produced an average 34-fold increase in the myofiber-specif-
ic expression pattern (Fig. 2). Again, only background levels
of expression were obtained when TnICAT 5 through Tnl-
CAT 8 gene constructs were introduced into nonmyogenic
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FIG. 2. Expression of quail TnI gene constructs transiently

transfected into HeLa cells or into the mouse myogenic cell line
23A2. (a) The wild-type quail TnI gene (gC149) contains 530 bp of
S'-flanking sequences, 8 exons and 7 introns, plus 1,500 bp of
3'-flanking sequences. (b through e) TnICAT 1 through TnICAT 4
contain portions of the quail TnI gene ligated to the CAT gene as

shown. (g through k) TnICAT S through TnICAT 8 contain portions
of the TnI gene ligated to the control reporter gene pTKCAT or

pSV,CAT. The relative expression value of each TnICAT gene
transfected into HeLa, myoblasts (MB), and myofibers (MF) is
indicated. All CAT activities are scaled relative to the basal levels
obtained from TnICAT 2, pTKCAT, or PSV1CAT (set to 1.0 for
each cell type). Expression values represent the averages of multiple
transfections and plasmid preparations per gene construct. See text
for details.

cell types such as HeLa cells (Fig. 2). These experiments
demonstrate that the TnI first intron contains an IRE that
transcriptionally regulates heterologous genes and heterolo-
gous promoter sequences in a myofiber-specific fashion. In
addition, our data suggest that the Tnl promoter plays a
minor role, if any, in the tissue-specific activation of this
contractile protein gene, since TnICAT 5 through TnICAT 8
were able to elicit correct developmental expression patterns
in the absence of any TnI 5'-flanking sequences.

The IRE is located within region +634 through +781 of the
Tnl first intron. To identify the Tnl IRE further, we tested
the activity of subfragments from the TnI first intron ligated
(in both orientations) to the test gene, pTKCAT. Regions
+60 through +244, +822 through +924, and +924 through

C U. m E m LL
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FIG. 3. Analysis of CAT activity from transiently transfected
TnICAT gene constructs. (A) TnICAT 1 and TnICAT 2 expression
in transfected HeLa cells (H), 23A2 myoblasts (B), and 23A2
myofibers (F). Purified CAT was incubated with ["4C]chloramphen-
icol and spotted onto the thin-layer chromatography plate as a

positive control. The percentages of chloramphenicol converted to
an acetylated form were as follows: 1H, 0.5; 1B, 0.4; 1F, 20; 2H, 0.3;
2B, 0.3; 2F, 0.2. Only TnICAT 1 exhibited a myofiber-specific
expression pattern. (B) Expression of the control pTKCAT gene and
TnICAT 5 and TnICAT 6 (containing the TnI first-intron sequences
5' to the pTKCAT promoter region) in myoblasts (B) and myofibers
(F). The percentages of chloramphenicol converted to an acetylated
form were as follows: TKB, 2; TKF, 0.3; SB, 9; SF, 40; 6B, 6; 6F,
27. The acetylated products in SB and 6B could be detected upon
longer exposures. Both TnICAT 5 and TnICAT 6 were expressed
preferentially in differentiated myofibers.

+ 1604 of the TnI first intron did not exhibit CAT activity
above the background level detected with pTKCAT (Fig. 4
and SA). Changes in the orientations of these fragments with
respect to the TK promoter had little effect. However,
region +244 through +822 of the TnI first intron (TnICAT 10
and TnICAT 10') produced a strong myofiber-specific CAT
expression pattern. Regardless of the orientation, gene con-
structs containing this fragment generated an average 70-fold
increase in pTKCAT expression in myofiber cultures but not
in myoblasts or in HeLa cells.
To identify the smallest TnI sequence region that defines

the IRE, we continued to test subfragments of intronic
region +244 through +822 in pTKCAT reporter gene con-
structs. As shown by TnICAT 23 and TnICAT 24, we

identified a 148-bp sequence that is responsible for the
developmentally regulated expression pattern of the Tnl
gene during 23A2 skeletal muscle differentiation (Fig. 4 and
SB). The Tnl IRE was found to be located within region
+634 through +781 of the quail Tnl first intron. As expected,
the Tnl IRE functioned in a correct developmental fashion

+5870 A

9

B
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FIG. 4. Expression of TnICAT gene constructs transiently transfected into 23A2 myoblasts, myofibers, and nonmyogenic HeLa cells. (a)
TnICAT 5 contains the entire TnI first intron 5' to the pTKCAT promoter. (b through i) TnICAT 9 through TnICAT 12 contain subfragments
(a through d) of the TnI first intron ligated to the pTKCAT gene. a' through d' refer to the indicated intronic fragments positioned in a 3' +

5' orientation relative to the pTKCAT promoter. Only TnICAT 10 and TnICAT 10' produced a strong myofiber-specific expression pattern.
(j) Enlargement of the TnICAT 10 intronic region. (k through p) Additional portions of region +244 through +822 of the TnI first intron
positioned in the test pTKCAT reporter gene. The TnI IRE region is located within region +634 through +781 of the TnI first intron. All CAT
activities are scaled relative to the basal levels obtained by pTKCAT (set to 1.0 for each cell type). See text for details.

when introduced into other established cell lines, since
TnICAT 10, TnICAT 24, and pTKCAT were equivalently
expressed at basal levels in the nonmyogenic cell lines HeLa
and L, whereas a normal increase in TnICAT 10 and
TnICAT 24 expression was detected in differentiated C2C12
and L6 myogenic cell lines (data not shown). Additional
overlapping gene constructs have produced similar results.
We conclude that the TnI IRE, located between positions
+634 and +781, functions as a muscle-specific enhancer
element. The IRE appears to be the primary regulatory
element that is responsible for the correct transcriptional
activation of the quail TnI gene during skeletal myogenesis.

Sequence analysis of the Tnl IRE. As mentioned earlier,
the temporal expression of the contractile protein genes
during skeletal muscle differentiation suggests that these
evolutionarily unrelated genes may utilize a common cis-
trans regulatory mechanism to coordinate their expression in
muscle fibers. We examined the TnI IRE region (Fig. 6) for
sequence similarities to the 5' regulatory elements defined
for other contractile protein genes to determine whether a

common regulatory sequence is shared by this diverse gene
set. In addition, we examined the TnI IRE for similarities to
the enhancer elements defined for certain viral and cellular
genes, since the IRE exhibits many characteristics of these
core enhancer regions. Although we have not identified a

common DNA consensus sequence that is shared by all
contractile protein genes, the TnI IRE does contain a num-

ber of potential control regions that resemble previously
characterized regulatory elements. For example, a single

9-bp direct repeat was identified within the IRE region, along
with three core viral enhancer sequences (15, 33, 42) that
were present at positions +698, +730, and +743 (Fig. 6). In
addition, a CArG-like element, which is associated with
skeletal and cardiac cx-actin regulatory sequences (29, 31),
was present at position +683 of the TnI IRE, although the
CArG-like element in the TnI IRE was imperfect since it
substituted a G -* A in a crucial 3' G position (34). It is

unknown whether any of these putative regulatory struc-
tures are involved directly in TnI gene regulation. Further
studies involving specific nucleotide mutagenesis and pro-
tein-binding analyses are required to establish precisely
which residues within the Tnl IRE control the transcrip-
tional regulation of the quail TnI gene.

DISCUSSION

We reported previously that a transfected gene construct
containing the entire quail TnI gene (-530 through +5870) is
developmentally regulated when stably integrated into the
genome of the mouse myogenic cell line 23A2 (19, 20). In
addition, the same quail TnI gene construct exhibits a

fiber-type specific expression pattern in transgenic mice (14),
which supports our original hypothesis that the avian and
mammalian contractile protein gene regulatory systems are

evolutionarily conserved (19). These initial studies also
demonstrated that the 5'-flanking regions of the quail Tnl
gene have a minor role, if any, in the developmental regula-
tion of this contractile protein gene (20). Further deletion

(c) TnICAT9'

(d) TnICAT10

(e) TnICAT1O'

(f) TnICAT1 1

(g) TnICATI1'

0.9 0.9 0.6 (o) TnICAT23

n.t. n.t. 1.3 (p) TnICAT24

(h) TnICAT12

(i) TnICAT12'

0.8 1.0 0.8

0.9 0.9 2.1

1.1 1.5 28.3

1.9 1.0 49.0

MOL. CELL. BIOL.



IDENTIFICATION OF A Tnl INTERNAL REGULATORY ELEMENT 1403

A

LA

id-

U. LA. L LL l-
aw o _ Y <

B

LU. UL.

FIG. 5. Analysis of CAT activity from transiently transfected
TnICAT gene constructs. (A) Myofiber expression of pTKCAT gene

constructs containing various portions of the TnI first intron. (B)
Myofiber expression of pTKCAT gene constructs containing the
defined 148-bp IRE in two different orientations (see legend to Fig.
4 for details). The percentages of chloramphenicol converted to an

acetylated form were as follows: (A) TKF, 0.3; 9F, 0.3; 10F, 53;
11F, 0.2; 12F, 0.2; (B) TKF, 1; 23F, 56; 24F, 37.

analysis using the entire quail gene and stable transfections
provided some preliminary evidence that the major regula-
tory element controlling Tnl transcription was positioned
internal to the gene (20). In the study presented here, we

extended these initial observations and demonstrated di-
rectly that the major regulatory region controlling the differ-
ential transcription pattern of the quail Tnl gene during
skeletal myogenesis is located within a 148-bp region of the
Tnl first intron. This unique IRE appears to be the primary
cis-acting sequence that is responsible for the initial tran-
scriptional activation of the TnI gene during skeletal muscle
differentiation. In addition, the Tnl IRE functions as a

tissue-specific enhancer element, since it is able to confer a

developmentally specific expression pattern on a heterolo-
gous gene and promoter, independent of position and orien-
tation. There is as yet no information suggesting that the TnI
5'-flanking region (-530 through +1) confers any develop-
mental specificity to expression of the TnT gene. To our

knowledge, this is the first example in which a contractile
protein gene has been shown to be regulated by an internal
element and not by regulatory sequences present in the
5'-flanking region of the gene.
The smallest portion of the TnI first intron that maintains

the IRE activity is located within positions +634 through
+781. This 148-bp region is able to confer an average 39-fold
increase in CAT expression when compared with the low
level of expression obtained with the control pTKCAT gene

constructs in differentiated myofibers. The correct timing of

expression as well as the correct tissue specificity are
controlled by the TnI IRE, since gene constructs containing
this 148-bp region are not expressed over basal levels in
undifferentiated myoblasts or in nonmyogenic cell types.
Interestingly, the 148-bp element may represent the mini-
mum IRE region that is still functional, since preliminary
experiments from our laboratory have shown that further
mutagenesis within this region usually leads to the inactiva-
tion of the IRE (unpublished data). It is likely that the IRE
possesses multiple functional elements that act in concert to
control the initial transcriptional activation of the TnI gene.
Multiple domains within a common regulatory element have
been reported in other developmental systems (36). In addi-
tion, it is possible that other regulatory elements are closely
associated with the Tnl IRE, since the larger intronic region
spanning +244 through +822 produces a slightly higher level
of expression than is obtained with the defined IRE region
(compare the average of TnICAT 10 and TnICAT 10' with
the average of TnICAT 23 and TnICAT 24; Fig 4). Future
studies will focus on whether the Tnl IRE interacts with
other regulatory elements positioned within the first intron
or elsewhere in the TnI gene. In addition, it will be important
to determine the identity of putative protein factors that
interact with the IRE to potentiate the transcriptional acti-
vation of the Tnl gene. Finally, by generating additional
transgenic mice, we should be able to determine whether the
TnI IRE, in addition to regulating the initial transcriptional
activation of this contractile protein gene, functions to direct
the fast fiber specificity of expression that is associated with
the quail fast Tnl gene in vivo (14).
As discussed earlier, one aspect of skeletal muscle devel-

opment is the unique temporal expression of the evolution-
arily unrelated contractile protein gene set. For the genes
making up the troponin complex (TnC, TnI, and TnT), the
timing of expression is controlled at the transcriptional level
(8). The precise developmental regulation of the contractile
protein gene set during myogenesis suggests that the genes
are regulated coordinately, either by sharing a common
cis-trans transcriptional regulatory mechanism or by utiliz-
ing separate cis-trans elements that are activated simulta-
neously. Interestingly, the quail TnI gene is the only re-
ported gene to be transcriptionally controlled by an IRE. In
all other reported cases, the regulatory regions associated
with contractile protein genes are positioned in the 5'-
flanking regions.
Our studies have shown that contractile protein gene

regulation is likely complex, involving unique regulatory
elements positioned in both the 5'-flanking sequences and,
possibly, internal to each gene. To date, a cis-acting regula-
tory sequence element common to all contractile protein
genes has not been identified, and little is known about the
trans-acting factors that interact with the different cis-acting
regulatory elements (30, 34, 41). The one common feature
that most contractile protein genes share is the presence of
an untranslated first exon followed by a relatively large first
intron (up to -3,100 bp) (20). Although no function has been
attributed to this conserved gene structure, it is remarkable
that over 20 evolutionarily unrelated contractile protein
genes share this 5' exon-intron organization. The conserva-
tion of the large first intron preceded by an untranslated first
exon may be important in coordinating the temporal regula-
tion of this gene set. In support of this model, Sternberg et
al. (40) and S. Hauschka and colleagues (personal commu-
nication) have found that the first intron of the mouse muscle
creatine kinase gene may contain a positive regulatory
element. Similarly, W. Nikovits and C. P. Ordahl (personal
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Quail TnI IRE (+634 - +781)

643 653 663 673 683 693
CCTGGCTGCG TCTGAGGAGA CAGCTGCAGC TCCTTGTGCA GCTCCCCAGC CATTTTTAGA

0. 04 C CATTTTTgG
(CArG)

703 713
AGCACTTTCC CCCCCCACCC

CTTTCC aC
(ENH-1)

723 733 743 753
CCTTGCTCTT CCCAGCAATG TGTTGTGCCT GCACATTTTC

AgTG TGgTtT T GCACAT
(ENH-2) (ENH-3)

763 773
CAGGATAAGG TTTCCTCAGG GAGCTTGG

FIG. 6. Nucleotide sequence of the quail TnI IRE (positions +634 through +781 relative to the TnI transcription start site). Direct repeats
are indicated by arrows, and sequence similarities to known regulatory elements are indicated below the IRE sequence, with lowercase letters
identifying mismatches. References for the indicated regulatory elements: CArG (29, 31, 34), ENH-1 (42), ENH-2 (15), and ENH-3 (33).

communication) recently have identified an additional regu-

latory element within the first exon of the chicken TnI gene.

Additional studies will be required to determine whether all
contractile protein genes utilize IREs to obtain the correct
developmental timing and quantitative levels of gene expres-

sion.
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