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The chicken cardiac troponin T (cTNT) gene contains a single 30-nucleotide alternative exon that is included
in embryonic striated muscle and skipped in the adult. Transient-transfection analysis of cTNT minigenes in
muscle and fibroblast cell cultures previously identified four muscle-specific splicing enhancers (MSEs) that
promote exon inclusion specifically in embryonic striated muscle cultures. Three MSEs located in the intron
downstream from the alternative exon were sufficient for muscle-specific exon inclusion. In the present study,
the boundaries of these MSEs were defined by scanning mutagenesis, allowing analysis of individual elements
in gain-of-function experiments. Concatamers of MSE2 were necessary and sufficient to promote muscle-spe-
cific inclusion of a heterologous exon, indicating that it is a target for muscle-specific regulation. Sequences
present in MSE2 are also found in MSE4, suggesting that these two MSEs act in a similar manner. MSE3
appears to be different from MSE2 and MSE4 yet is able to functionally replace both of these elements, dem-
onstrating functional redundancy of elements that are likely to bind different factors. MSE2 and MSE4 each
contain a novel sequence motif that is found adjacent to a number of alternative exons that undergo regulated
splicing in striated muscle, suggesting a common role for this element in muscle-specific regulation.

A large number of genes express multiple protein isoforms
as a result of alternative pre-mRNA splicing (2, 23). For many
genes, the choice of splicing pathway is regulated according to
cell-specific patterns (e.g., according to differentiated cell type,
developmental stage, or gender or in response to an external
stimulus). Investigations into the mechanism of alternative splic-
ing have addressed two major questions: (i) what is the basis
for nonconstitutive usage of some splice sites and (ii) what is
the basis for cell-specific modulation of splice site usage? An
answer to the first question has emerged: alternative splice
sites are generally recognized less efficiently than constitutive
splice sites due to several features of the pre-mRNA, such as
splice site sequences that diverge from the consensus, small
exon size, relative strength of competing splice sites, or secon-
dary structure. For some exons, exonic or intronic splicing en-
hancers are required to prevent the exon from being ignored,
while for other exons, repressor elements can contribute to
nonconstitutive use of splice sites. The question of cell-specific
regulation has been more difficult to answer. Paradigms for
regulated splicing have been well defined in Drosophila mela-
nogaster; however, progress has been slower in vertebrate ex-
perimental systems. A large number of pre-mRNA cis ele-
ments have been shown to affect splicing efficiency; however,
only a few of these appear to be targets for cell-specific regu-
lation (4).

Our laboratory is using the chicken cardiac troponin T
(cTNT) gene to investigate the mechanisms of regulated splic-
ing in striated muscle. cTNT is transcribed in embryonic skel-
etal muscle and in embryonic and adult cardiac muscle (8, 9).
One exon (exon 5) within the pre-mRNA undergoes develop-
mentally regulated splicing such that it is included in embry-

onic skeletal and cardiac muscle and is excluded in the adult
(9). Transient-transfection analysis using cTNT minigenes has
demonstrated that the default splicing pattern in nonmuscle
cells is exon skipping. Exon inclusion in embryonic striated
muscle cultures is mediated by a positive mechanism that re-
quires muscle-specific splicing enhancers (MSEs) located in
the adjacent introns and trans-acting factors that are induced
as part of the myogenic program (27).

The last 99 nucleotides of intron 4 and the first 142 nucle-
otides of intron 5 were sufficient to mediate enhanced inclusion
of a heterologous exon in embryonic skeletal muscle cultures
(27). Regulation with this cTNT genomic fragment was com-
parable to that observed with a larger genomic fragment con-
taining exons 1 to 6, indicating that the proximal regions were
sufficient for the maximal level of regulation observed by trans-
fection. Substitution and deletion analysis of this small geno-
mic fragment defined four MSEs within the flanking introns, at
least three of which are required for regulation. MSE1 is lo-
cated between the branch site and the 39 splice site in intron 4.
MSE2, 3, and 4 are located downstream from the alternative
exon in intron 5. Each MSE was defined by one mutation
(substitution or deletion of a block of 13 to 32 nucleotides) that
reduced the level of exon inclusion in muscle to or to less than
the default level of exon inclusion observed in fibroblast cul-
tures. Importantly, these mutations did not affect the default
level of inclusion in fibroblasts demonstrating muscle-specific
recognition. MSE3 was initially identified by its conservation in
both sequence and position in three genes that undergo simi-
larly regulated alternative splicing in striated muscle. The func-
tional boundaries for the three MSEs within intron 5 were
unknown. In addition, since at least three MSEs were required
for muscle-specific exon inclusion, it was unknown whether
each element was able to direct muscle-specific regulation or
whether only some MSEs were targets for muscle-specific reg-
ulation while the others served an essential function through
recognition by the constitutive splicing machinery.
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In the present study, boundaries for the MSEs in intron 5
were defined by scanning mutagenesis, providing the basis for
gain-of-function analysis of individual elements. Sequence and
functional comparisons of MSE2 and MSE3 demonstrated that
these are distinct elements with redundant functions. MSE2
and MSE4 appear to be repeats of a single element and con-
tain a motif that is located adjacent to several alternative exons
that undergo regulated splicing in muscle. Gain-of-function
experiments using concatamerized elements indicated that
MSE2 alone can promote strong muscle-specific inclusion of a
heterologous exon. The ability to regulate splicing by using a
single element will greatly simplify analysis of the factors that
promote muscle-specific exon inclusion.

MATERIALS AND METHODS

Minigene constructs. All clones were derived from RTB33.51 in which a
cassette containing cTNT genomic fragments flanking a heterologous alternative
exon was inserted into the second intron of a minigene derived from the con-
stitutively spliced skeletal troponin I gene (reference 27 and Fig. 1). The cTNT
cassette contains (from 59 to 39) the last 99 nucleotides of cTNT intron 4, a 46-
nucleotide heterologous exon (see below), and the first 142 nucleotides of cTNT
intron 5. Cloning was facilitated by three restriction sites that were unique to the
RTB33.51 plasmid: a SalI site at the 59 end of the cTNT fragment, a BstBI site
within the heterologous alternative exon, and an SpeI site at the 39 end of the
cTNT fragment (Fig. 1). The heterologous exon (GGTTCACAACCATCTACG
CATTCGAACCAAGCAAGATGTCTGACAG) contains the 30-nucleotide
sTNI exon 2 (nonunderlined text), a 12-nucleotide random insert (underlined
once) containing a BstBI site, and the consensus first and last exon nucleotides
(underlined twice). The cTNT splice sites in RTB33.51 were converted to globin
sites [R35(46)] (Fig. 1) by using PCR primers that contained the nucleotide
substitutions. To generate a series of exon sizes in the R35(46) plasmid, PCR
was used to amplify the cTNT insert as two halves that could be ligated
together at different sites within the heterologous exon (6). The EI4 oligonucle-
otide (GCCTTCATCGATTCGAACCGGTCGATGGTTGTGAACCCT) was
used to prime the upstream half of the cTNT genomic fragment (Fig. 1), and the
EI5 oligonucleotide (GCCGGCATCGATGGCGCCTCGAGATCTCTGACAG
GT) was used to prime the downstream half. The underlined regions of these
oligonucleotides anneal within the heterologous exon. The regions not under-
lined contain multiple compatible restriction sites with CG 59 overhangs. The
upstream and downstream PCR products were digested with these enzymes in
separate reactions, and different combinations of upstream and downstream
fragments were ligated together to reassemble the cTNT genomic fragment,
producing heterologous exons of different sizes. The scanning mutations (Fig. 2)
were introduced by the megaprimer approach (28). MSE2 and MSE3 fragments
used for concatamerization were generated by PCR. The priming oligonucleo-
tides introduced compatible restriction sites (XbaI or NheI) at the ends of the
PCR product so that the DNA could be digested, gel isolated, and concatamer-
ized by ligation. Ligation reaction products were then digested with both restric-
tion enzymes to obtain ligations in only the head-to-tail orientation (in the
head-to-tail orientation, both restriction sites are destroyed; junctions of non-
head-to-tail ligations regenerate one of the restriction sites). Concatamers were
then blunt-ended with T4 DNA polymerase and were gel isolated. To construct
MSE2(33) (a construct with three copies of MSE2), MSE3(33), MSE3(36),
and MSE3mut(36) (see Fig. 4), concatamers were inserted into R5.15-21 be-
tween the AatII (introduced by the mutation) (Fig. 2) and SpeI sites (after
blunt-ending with T4 DNA polymerase), placing the concatemers 16 nucleotides
downstream from the exon. The globin 39 splice site in R5.15-21 was replaced
with a SalI/BstBI fragment containing the cTNT intron 4 segment. To construct
M2/M2, the blunt-ended MSE2(33) concatamer was blunt-end ligated onto a
PCR product containing the first nucleotide of the exon to the SpeI site, and this
ligated fragment was cloned between the SalI (filled-in) and SpeI sites in the
RTB33.51 plasmid (Fig. 1). To construct M2/M2TB, a 12-nucleotide synthetic
double-stranded fragment (CGCTCGAGCAAT) was ligated into the unique
BstBI site within the exon. All constructs were confirmed by sequencing.

Transient transfection and RT-PCR. Preparation of primary skeletal muscle
cultures from chicken embryos and transient transfection were performed as
described previously (32). Total RNA was extracted 40 to 48 h following addition
of DNA to the cells by using guanidinium thiocyanate (31). RNA was DNase
(Worthington) treated prior to reverse transcription (RT)-PCR. RT was per-
formed on total RNA (approximately 10 mg) from one-quarter of a 60-mm-
diameter plate by using 10 ng of the reverse primer, annealed at 65°C for 10 min
in annealing buffer (300 mM NaCl, 40 mM Tricine [pH 8.0], and 0.1 mM EDTA).
An equal volume of extension cocktail was added to give final concentrations of
100 mM Tris (pH 8.0), 12 mM MgCl2, 10 mM dithiothreitol, 1 mM dNTPs, and
4 U of avian myeloblastosis virus reverse transcriptase. Extension was performed
at 42°C for 1 h. RNA was hydrolyzed in 50 mM NaOH–6.3 mM EDTA at 100°C
for 5 min and then neutralized by 50 mM HCl and 0.375 M sodium acetate (pH
7.0), and the cDNA was ethanol precipitated. One-quarter to one-half of the

cDNA was added to 40-ml PCR mixtures with Taq polymerase buffers (Pro-
mega), 2 ng of the forward primer 32P labeled by polynucleotide kinase, 120 ng
each of unlabeled forward and reverse primers, and 2.5 U of Taq DNA poly-
merase. Eighteen cycles were performed with annealing and extension temper-
atures of 70°C and 72°C, respectively. Forward and reverse oligonucleotides were
CATTCACCACATTGGTGTGC and AGGTGCTGCCGCCGGGCGGTGGC
TG, respectively. PCR products were resolved on 5% nondenaturing polyacryl-
amide gels. Bands were quantitated directly from the gel by using a phosphoim-
ager. The percent exon inclusion is the percent of spliced RNA that contains the
exon and is calculated as follows: counts per minute of the inclusion band 4
(counts per minute of the inclusion band 1 counts per minute of the exclusion
band) 3 100. Each result is presented with its standard deviation and the number
of transfections. Representative RT-PCR results are presented in the figures.
The quantitative nature of these RT-PCR conditions was established by using in
vitro-transcribed RNAs synthesized from the cloned RT-PCR products of con-
struct RTB5.1.

RESULTS

Intronic segments to be tested for MSE activity were cloned
adjacent to an artificial heterologous exon (see Materials and
Methods), and the resulting intron-exon cassettes were in-
serted into the second intron of a minigene derived from the
constitutively spliced skeletal troponin I gene (Fig. 1 and ref-
erence 27). All constructs described in this work use heterol-
ogous exons that do not contain exonic splicing enhancers.
Minigenes were transiently transfected into primary chicken
embryo skeletal muscle cultures and a QT35 quail fibroblast
cell line. Primary skeletal muscle cultures were prepared from
embryonic day-11 skeletal muscle in which .85% of the en-
dogenous cTNT mRNAs included the alternative exon. Both
the endogenous and transfected genes express mRNAs that

FIG. 1. cTNT MSEs regulate splicing of a heterologous exon flanked by
heterologous splice sites. The diagram illustrates that a 46-nucleotide exon (open
box) flanked by the last 99 nucleotides of cTNT intron 4 and the first 142
nucleotides of cTNT intron 5 (thin lines) was inserted into a constitutively spliced
minigene derived from skeletal troponin T (thick lines and filled boxes). The
relative positions of the oligonucleotides used for RT-PCR are indicated by
arrows below the diagram. Nucleotide substitutions within the cTNT splice sites
(underlined) were used to introduce the 39 and 59 splice sites of human b-globin
intron 1. RTB33.51 contains the natural cTNT splice sites. The R35 series
constructs contain the globin splice sites flanking an exon of the size indicated in
parentheses. Minigenes were transiently transfected into QT35 fibroblasts (F)
and primary chicken embryo skeletal muscle (M) cultures and assayed and
quantitated as described in Materials and Methods. n, number of independent
transfections.
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predominantly include the exon in these cultures, indicating
that regulated splicing is maintained in differentiated muscle
cells in culture and minigene pre-mRNAs respond appropri-
ately to regulatory factors expressed in these cells. In contrast
to the muscle cultures, fibroblast cultures express a default
preference for exon skipping (10, 32). The analysis here fo-
cused on mutations that reduced the level of exon inclusion in
muscle to the default level observed in fibroblasts in order to
distinguish elements that are recognized specifically in muscle
from those that affect splicing in both cell types.

The cTNT MSEs function independently of the cTNT splice
sites. Previous results from this laboratory demonstrated that
regulated splicing of cTNT exon 5 requires a weak 59 splice site
(10, 32); however, it was unclear whether splicing could be
regulated in the absence of both of the natural cTNT 39 and 59
splice sites. For example, the 59 splice site of NCAM exon 18
is required for neuron-specific exon inclusion and can promote
neuron-specific splicing to a heterologous substrate (29). A
requirement for a specific splice site sequence would suggest
that the initial regulatory event occurs concomitantly with
splice site recognition. Alternatively, the ability of the MSEs to
regulate utilization of two heterologous splice sites would sug-
gest that the MSEs are the sole targets for the factors that
mediate cell-specific regulation and that the regulatory event is
distinct from (and may precede) splice site recognition. To
determine whether the natural splice sites flanking exon 5 were
required for regulated splicing, they were replaced with those
of human b-globin intron 1 in construct RTB33.51 (Fig. 1). In
anticipation that the stronger globin splice sites would result in
constitutive inclusion of the 46-nucleotide heterologous exon,
the splice site substitutions were tested on a series of artificial
heterologous exons of decreasing size (see Materials and
Methods). The expectation was that smaller exons would de-
crease the basal splicing efficiency (3, 11, 32), without disrupt-
ing regulatory elements, and reveal whether exon inclusion was
regulated in muscle cultures. Indeed, the globin splice sites
resulted in nearly constitutive inclusion of the 46-nucleotide
exon in both cell types [R35(46)] (Fig. 1); however, muscle-

specific regulation was revealed by decreasing the size of the
exon. For example, when exon size was reduced to 30, 32, or 33
nucleotides [R35(30), R35(32), and R35(33)], muscle-specific
inclusion was as strong as that of the 46-nucleotide exon
flanked by cTNT splice sites (RTB33.51). Therefore, the spe-
cific sequences of the splice sites flanking the alternative exon
are not required for regulated splicing, indicating that the
MSEs are true auxiliary elements able to regulate a heterolo-
gous exon flanked by heterologous splice sites.

Scanning mutagenesis of intron 5. The first 142 nucleotides
of intron 5 contain MSE2, MSE3, and MSE4 and are sufficient
to provide a low but consistent level of regulated splicing to a
heterologous exon (RTB5.1) (Fig. 2 and reference 27). Scan-
ning mutagenesis was performed through this region to iden-
tify the nucleotides that were critical for MSE activity and to
define the boundaries of the MSEs within intron 5. Because
MSE1 provides redundant MSE activity (27), it was necessary
to do this analysis in RTB5.1, in which the upstream intron
containing MSE1 was replaced with a comparable segment of
human b-globin intron 1. While this substitution eliminated
the functional redundancy, it also reduced the level of en-
hanced exon inclusion observed in muscle. In addition, the
stronger b-globin 39 splice site increases the level of inclusion
in fibroblasts so that overall, the level of regulation is weaker
than that in constructs containing all four MSEs. Still, consis-
tent results were obtained in multiple transfections of each
mutant. Levels of exon inclusion with standard deviations and
numbers of transfections for each mutation are presented in
Fig. 2.

Only 5 of the 16 mutations tested did not disrupt muscle-
specific exon inclusion. The results in Fig. 2 indicate that most
of the first 130 nucleotides of intron 5 are required for en-
hanced inclusion in embryonic skeletal muscle. Mutations that
did not affect regulation were assigned as boundaries between
MSEs. An exception was one mutation (RTB66-69) within
MSE3 that did not eliminate regulation. This mutation was
unlikely to define a boundary between MSEs because it is with-
in a motif that appears to be a functional unit, since it is con-

FIG. 2. Scanning mutagenesis of the MSEs in cTNT intron 5. Shown for each clone are the name, the percent of spliced mRNA that includes the exon in fibroblast
(F) and muscle (M) cultures (with standard deviation), the number of transfections (n), and whether splicing is regulated in muscle (REG). Constructs marked with
a minus sign do not express statistically significant higher levels of exon inclusion in muscle cultures than in nonmuscle cultures. For example, the difference between
the average levels of exon inclusion for construct RTB76-81 is not significant due to the high variability of the results indicated by the large standard deviations. Several
mutations alter basal splicing efficiency (see text). The focus of this analysis is the difference in level of exon inclusion between fibroblasts and muscle for each construct.
The significance of construct-to-construct variation in the basal level of exon inclusion is less clear since different mutations of the same nucleotides have very different
effects on basal splicing efficiency (see Discussion). Nucleotide substitutions are indicated in boldface type. All constructs contain two nucleotide substitutions (positions
171 and 174), which created an Asp718 cloning site. Previously defined MSEs are also indicated in boldface type in the genomic sequence. MSEs are redefined based
on the results of the scanning mutation analysis presented in this figure. The revised boundaries are indicated by overlining above the genomic sequence. A boundary
is defined as the nucleotide adjacent to a mutation that did not affect enhanced splicing in muscle. For MSE2, the 59 splice site is excluded from the 59 boundary. The
primary goal for defining these boundaries was to identify elements for gain-of-function experiments. MSE2 and MSE3 segments used for gain-of-function studies are
underlined in the genomic sequence. na, not applicable.
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served in sequence and relative position downstream from six
similarly regulated alternative exons (reference 27 and data
not shown). The MSEs thus defined provided the basis for the
analysis of individual units of activity described below.

Some of the mutations had a striking effect on the level of
exon inclusion in both cell types. For example, R5.15-21 re-
sulted in high levels of inclusion in fibroblasts and muscle cells,
suggesting that the mutation either disrupted a general repres-
sor of exon inclusion or fortuitously introduced a sequence that
enhanced splicing efficiency in both cell types. Consistent with
the first possibility, the mutated region contains the sequence
UCUU in a pyrimidine-rich region which is a preferred binding
site for PTB/hnRNP I (24), a protein known to repress splicing
in other experimental systems (1, 5, 22, 24). However, the pres-
ence of a repressor element would be inconsistent with our
previous results obtained with a 12-nucleotide substitution in-
cluding the same nucleotides that resulted in decreased exon
inclusion in muscle cells and had no effect on the level of exon
inclusion in fibroblasts (RBT5.2) (reference 27 and Fig. 2). To
determine whether the mutation resulted in a loss of repres-
sor function or a gain of enhancer function, the same nucleo-
tides were mutated by four additional nucleotide substitutions
(R5.15AG, R5.15AT, R5.15GG, and R5.15GT) (Fig. 2). Con-
sistent with the designation of this region as part of an MSE, all
five mutations expressed a level of exon inclusion in muscle
cells lower than that observed in fibroblasts. However, different
mutations resulted in significantly different basal levels of exon
inclusion in fibroblasts, demonstrating that the sequence of a
mutation introduced into this region can have strong effects on
the basal level of exon recognition. Taken together, the results
from the five mutations in this region are not completely con-
sistent with the presence of a general repressor in this region
since not all mutations promote exon inclusion. However, the
fact that the mutations upstream (RTB10-14) and downstream
(R5.26-31) from this region also increased the level of exon
inclusion in both cell types indicates that this possibility cannot
be completely ruled out (see Discussion).

MSE2 and MSE3 are functionally redundant. Once func-
tional MSEs were defined, they were compared for sequence
and functional similarities. The sequences of MSE2 and MSE4
could be aligned, strongly suggesting that they are repeats of
the same element (Fig. 3). Both MSE2 and MSE4 contain an
intronic motif that is found adjacent to alternative exons that
undergo regulated splicing in muscle (see below). In contrast,
MSE3 does not contain sequence motifs in common with
MSE2 or MSE4, suggesting that MSE3 may be a target for dif-
ferent regulatory factors. To compare muscle-specific splicing
activities of MSE2 and MSE3, gain-of-function experiments
were performed. MSE2 and MSE3 were individually concata-
merized and placed 16 nucleotides downstream from the het-
erologous exon. In all of these constructs, the intron upstream
of the alternative exon contains the last 99 nucleotides of
cTNT intron 4, which contains MSE1 (Fig. 4). A reasonable
level of regulation was observed when the intron 5 segment was
replaced by three copies of MSE2 [MSE2(33)] (Fig. 4). This
result was not surprising, since MSE1, MSE2, and MSE4 were
sufficient to regulate splicing (27) and MSE2 and MSE4 are

likely to be repeats of a single element. Three copies of MSE3
in the same construct was not sufficient for regulated splicing,
but six copies did provide regulated splicing [MSE3(33) and
MSE3(36), respectively] (Fig. 4). Six copies of the same MSE3
segment containing the 66-81 mutation (Fig. 2) did not show
enhanced exon inclusion in muscle cultures [MSE3mut(36)
(Fig. 4)], demonstrating sequence specificity of the MSE activ-
ities. Therefore, multiple copies of MSE2 or MSE3 can func-
tionally replace MSEs 2, 3, and 4. These results demonstrate
that while MSEs 2 and 3 appear to be different elements, they
are redundant in function.

MSE2 is sufficient for regulated splicing of a heterologous
exon. To determine whether a single element could mediate
muscle-specific inclusion of a heterologous exon, three copies
of MSE2 were placed upstream and downstream of the 46-
nucleotide heterologous exon (M2/M2) (Fig. 5). MSE2 is py-
rimidine rich and contains several adenosine residues, so it was
anticipated that this element could serve as a pyrimidine tract
and provide a branch site. The 39 splice site was created from
a filled-in XbaI restriction site at the 39 end of the MSE2 con-
catamer (TCTAG) that was blunt-end ligated to the first nu-
cleotide of the exon (the underlined nucleotides are the last
two nucleotides of the intron). As shown in Fig. 5, six copies of
MSE2 were sufficient for robust regulated splicing of the 46-
nucleotide exon. Since inclusion of the 46-nucleotide alterna-
tive exon was barely detectable in fibroblasts, a 57-nucleotide
exon was also tested to evaluate the full level of regulated splic-
ing (M2/M2TB). The level of regulation is actually greater for
M2/M2TB than for constructs regulated by the natural flanking
introns (e.g., RTB33.51) (Fig. 1). These results demonstrate that
multiple copies of MSE2 alone are sufficient to mediate en-
hanced inclusion of heterologous exons in embryonic skeletal
muscle.

MSE2 and MSE4 contain a novel sequence motif found ad-
jacent to alternative exons that are regulated in striated mus-
cle. A different approach to identifying sequences that are crit-
ical for regulated splicing was to identify intronic sequences

FIG. 3. Sequence alignment of MSE2 and MSE4. Matching nucleotides are
underlined. A motif in positions 25 to 32 is repeated in positions 33 to 40 and 113
to 121. The sequence in boldface type is found within introns that flank alter-
native exons that are regulated in muscle (see Fig. 6).

FIG. 4. Gain-of-function assays for MSE2 and MSE3. MSE2(33) contains
three copies of MSE2 (positions 13 to 146 of intron 5) (Fig. 2) placed 16
nucleotides downstream from the 46-nucleotide heterologous exon. Upstream of
the exon are the last 99 nucleotides of cTNT intron 4, which contains MSE1.
MSE3(33) and MSE3(36) contain three or six copies of MSE3 (positions 157
to 190 of intron 5) (Fig. 2) placed 16 nucleotides downstream of the alternative
exon. The MSE3 concatamers in MSE3mut(36) contain the RTB66-81 mutation
(Fig. 2). The percent of spliced mRNA that includes the alternative exon in
fibroblasts (F) and muscle (M) is indicated with standard deviation and number
of transfections (n). Whether splicing is (1) or is not (2) regulated in muscle
(REG) is also indicated.
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that are common to similarly regulated alternative exons. In-
tron sequences upstream and downstream of alternative exons
that are regulated in striated or smooth muscle were searched
for: (i) sequence motifs that were repeated within each gene
and (ii) sequence motifs that were common to different genes.
From this analysis a number of repeated and/or potentially
conserved sequence motifs were identified. The significance of
most of these motifs remains unknown due to their presence in
only one or two genes and a lack of functional analysis. How-
ever, one motif found within MSE2 and MSE4 was found in
introns adjacent to many exons that are regulated in striated or
smooth muscle (Fig. 6). Of particular interest is that in three
genes, human cTNT exon 5, chicken cTNT exon 5, and rat
skeletal TNT exon 8a, variations of this motif are present in
multiple copies located upstream and downstream of the al-
ternative exon. Mutation analysis has demonstrated that this
sequence is important for regulation in both chicken (this
work) and human (25) cTNT genes. In the chicken cTNT
minigene, mutations in either copy of this motif disrupted
regulated splicing (R5.35-41 and R5.119-124) (Fig. 2). We
have recently demonstrated that a human cTNT genomic frag-
ment containing the homologous 30-nucleotide alternative
exon 5 and 300 and 372 nucleotides of the upstream and
downstream introns, respectively, is appropriately regulated in
chicken primary skeletal muscle cultures. Nucleotide substitu-
tions within the common motif (positions 20, 32, 35, 39, and
42) (Fig. 6) disrupts regulation (25). Therefore, this variably
conserved sequence motif has been demonstrated to contrib-
ute to regulated splicing in two genes.

DISCUSSION

This laboratory previously defined four MSEs required for
enhanced inclusion of cTNT exon 5 in embryonic skeletal
muscle cultures. Each element was defined by one mutation
that decreased the level of exon inclusion in muscle compared
to the default level observed in fibroblasts (27). In the present
study, scanning mutagenesis was used to define the boundaries
of the MSEs in intron 5. Most mutations in intron 5 disrupted
regulation; those that did not were designated as boundaries
between MSEs (an exception was an MSE3 mutation which
split a conserved motif). Defining MSEs in this way provided

units of activity for analysis in gain-of-function experiments.
Sequence comparisons suggested that MSE2 and MSE4 are
repeats of a single element and that MSE3 is distinct from
MSE2 and MSE4. In gain-of-function experiments, MSE2 and
MSE3 were shown to be functionally redundant since con-
catamers of either element could substitute for MSEs 2, 3, and
4 and promote muscle-specific exon inclusion. These results
suggest the possibility that distinct elements that assemble dif-
ferent complexes are able to perform the same muscle-specific
enhancer function when placed downstream of the exon in
context with MSE1. Analyses of the complexes that assemble
on MSE2 and MSE3 in muscle nuclear extracts are necessary
to determine whether they contain components in common.
However, functional differences between MSE2 and MSE3
were also apparent since three copies of MSE2 downstream of
the exon were sufficient to regulate splicing while more than
three copies of MSE3 were required to perform the same
function (Fig. 4). In addition, one, two, three, or six copies of
MSE3 were unable to substitute for MSE1, even when a con-
sensus branch site was introduced upstream of the MSE3 in-
sertion (data not shown) while three copies of MSE2 could
functionally replace MSE1 (Fig. 5).

At least three MSEs are required for muscle-specific regu-
lation; however, it is unclear whether all MSEs are muscle-
specific splicing elements. It is possible that only one element
is the target for muscle-specific recognition and the others are
required for recognition by the constitutive splicing machinery.
Mutations that disrupt either a muscle-specific or a required
ubiquitous complex would disrupt muscle-specific regulation.
The results presented in this work demonstrate that MSE2 is a
direct target for muscle-specific regulation since this element
alone is sufficient for muscle-specific regulation of exon inclu-
sion.

Given the sizes of MSEs 2, 3, and 4 (40, 35, and 37 nucleo-
tides, respectively), it is likely that each of these units contains
multiple binding sites and assembles a multicomponent com-
plex. For example, the 13-nucleotide Drosophila dsx element
assembles a complex containing at least three components

FIG. 5. MSE2 is sufficient for muscle-specific exon inclusion. Three copies of
MSE2 were placed upstream and downstream of a 45- or 57-nucleotide heter-
ologous exon. The percent of spliced mRNA that includes the alternative exon
in fibroblasts (F) and muscle (M) is indicated with standard deviation and
number of transfections (n).

FIG. 6. Sequence comparisons of introns flanking alternative exons that un-
dergo regulated splicing in striated or smooth muscle has identified a novel motif.
The position of the motif in MSE2 and MSE4 is indicated by shading in the
diagram. The number indicates the position of the first nucleotide of the se-
quence from the regulated alternative exon. Negative numbers are upstream and
positive numbers are downstream from the alternative exon. Abbreviations:
aTm, a-tropomyosin; bTm, b-tropomyosin; and sTNT, skeletal troponin T.
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(18). A 33-nucleotide intronic element that regulates neuron-
specific inclusion of the c-src N1 exon binds a complex con-
taining multiple components (19, 20). Even purine-rich exon
splicing enhancers, which initially appeared to be low in se-
quence complexity, have recently been shown to contain mul-
tiple components. Chimeric swaps between the caldesmon (32
nucleotides) and cTNT (30 nucleotides) purine-rich exon splic-
ing enhancers have demonstrated that the 39 one-quarter of
each of these two elements contains distinct components that
are responsible for distinct functions (12). The 39 one-third of
MSE2 contains a motif found near many alternative exons that
are regulated in muscle (see below), which also supports the
contention that the MSEs are made up of smaller components.

It is unclear whether MSE2 and MSE3 could be further
subdivided into smaller functional units or whether the com-
ponents of these MSEs must remain associated. Ideally, a bona
fide element can be functionally defined as the minimal se-
quence that will promote regulation (when concatamerized if
necessary). One example of this is a hexanucleotide originally
identified in the fibronectin gene (16, 17) which has recently
been shown to promote the neuron-specific inclusion of c-src
when concatamerized (21). Presumably, a minimal element pro-
motes assembly of a core complex (composed of a single or
multiple components) sufficient for regulation. The results pres-
ented in this work and a previous work (27) demonstrate that
three copies but not one copy of MSE2 in place of MSEs 2, 3,
and 4 regulate splicing, indicating that a single type of complex
is sufficient for regulation as long as it is present in multiple
copies. Since heterologous pairs of weakly recognized splice
sites can be regulated by the MSEs (Fig. 1), the MSEs are
likely to function by recruiting and or stabilizing binding of
constitutive splicing factors to inefficiently recognized splice
sites. The fact that multiple elements are required to perform
this function suggests that cooperativity between units is re-
quired and/or that the number of assembled complexes must
reach a threshold level to successfully capture components of
the constitutive splicing machinery.

A novel sequence motif has been identified within MSE2 by
sequence comparisons of introns flanking alternative exons
that are regulated in striated muscle (Fig. 6). It remains to be
determined how many of the sequences shown in Fig. 6 actu-
ally function in regulated splicing; however, point mutations in
three of these elements affect regulated splicing in muscle
(chicken cTNT exon 5 positions 133 and 1112 and human
cTNT position 132) (Fig. 2, Fig. 6, and reference 25). In the
human cTNT gene, this motif has recently been shown to have
MSE activity and is a target for positive regulation of exon
inclusion by a novel hnRNP protein called CUG-binding pro-
tein (CUG-BP). CUG-BP is thought to play a role in the patho-
genesis of myotonic dystrophy, a disease caused by a CTG ex-
pansion in the 39 untranslated region of a protein kinase gene,
by a trans-dominant effect on posttranscriptional processing of
several genes (26, 30). Consistent with this proposal, cTNT is
aberrantly spliced in striated muscle from myotonic dystrophy
patients (25). Therefore, other genes listed in Fig. 6 may be
regulated posttranscriptionally by CUG-BP and their expres-
sion may also be affected in myotonic dystrophy.

An unanticipated result was the observation that different
substitutions between positions 115 and 121 showed signifi-
cant differences in the level of exon inclusion in both regulating
and nonregulating cell types. This was not an isolated effect,
since multiple substitutions within a 5-nucleotide region in
MSE1 showed dramatic effects in both cell types (data not
shown), making it impossible to draw reliable conclusions re-
garding nucleotides required for regulation. These observa-
tions may partially explain the inconsistent results that have

made it so difficult to define cell-specific splicing elements in
vertebrates. For example, if each of the five mutations between
positions 115 and 121 of cTNT intron 5 was analyzed in the
absence of the others, four different conclusions could be ar-
gued: (i) enhanced inclusion in both muscle and fibroblasts
(R5.15-21) suggests the presence of a general repressor; (ii) en-
hanced inclusion only in fibroblasts (R5.15AG and R5.15GG)
suggests the presence of a fibroblast-specific repressor; (iii) de-
creased inclusion in fibroblasts and muscle (R5.15GT) suggests
the presence of a general enhancer; and (iv) decreased inclu-
sion specifically in muscle (R5.15AT) suggests the presence of
a muscle-specific enhancer. Since all five mutations in this
region prevent enhanced exon inclusion in muscle compared to
fibroblasts, the only clear conclusion is that the region between
positions 115 and 121 is required for muscle-specific exon in-
clusion.

A role for fibroblast-specific repressors (suggested by R5.15AG
and R5.15GG [Fig. 2]), needs to be considered since a role for
negative splicing elements in cell-specific splicing has been
demonstrated in several experimental systems (5, 13, 14). One
important difference between cTNT and these systems is that
the cTNT pre-mRNA is not expressed in the cell type that
would repress exon inclusion. It is unlikely that this gene would
contain an element specifically recognized in a cell type in
which it is not expressed. It is possible, however, that a repres-
sor in this region is utilized during the switch to exon skipping
in adult heart and that similarities in repressive activities of
constitutive splicing factors such as PTB in fibroblasts and
adult heart result in repressor activity in fibroblasts. Still, it is
difficult to explain why only some mutations of the same nu-
cleotides showed an increased level of exon inclusion if this
region contains a repressor. Overall, this lack of consistency
suggests that some nucleotide substitutions fortuitously intro-
duced sequences that enhanced splicing. Our laboratory has
previously shown that the general splicing efficiency is stronger
in the fibroblast cultures. A stronger splicing machinery in fi-
broblasts may be more responsive to fortuitously introduced
enhancers and lead to the higher levels of exon inclusion ob-
served in these cells.

Some common themes are emerging regarding the cis-acting
elements that regulate cell-specific splicing (6): (i) these ele-
ments are intronic (with one exception [33]; all other exonic
splicing elements identified so far are general splicing enhanc-
ers [7]); (ii) a genomic fragment containing 100 to 300 nucle-
otides upstream and downstream of the regulated exon is likely
to contain sufficient information in cis for appropriate cell-
specific regulation (however, additional distal elements with
redundant function are also likely); (iii) regulation is often
mediated by multiple elements with different sequence motifs;
(iv) multiple repeats of each element may be located upstream
and downstream of the regulated exon; (v) elements are often
common to different genes that undergo a similar cell-specific
regulatory pattern and are conserved in the homologous gene
from different species; and (vi) both positive- and negative-
acting elements are likely to be involved. These observations
suggest a straightforward approach to streamlining the identi-
fication of elements that regulate cell-specific splicing: (i) per-
form sequence comparisons of introns that flank similarly reg-
ulated alternative exons for repeated and conserved sequence
elements to identify the most obvious regulatory elements; (ii)
functionally define the minimal genomic segment that is nec-
essary and sufficient to mediate cell-specific splicing to remove
redundant elements that can obscure the effects in loss-of-
function experiments; (iii) perform mutation analysis on this
genomic fragment to identify elements by loss-of-function mu-
tations; and (iv) use the critical elements to perform gain-of-
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function experiments on heterologous alternative exons and
splice sites.

Overall, the picture that is emerging from results from Dro-
sophila and vertebrate systems demonstrates strong parallels
between the regulation of splicing and the regulation of tran-
scription (15). Both are mediated by multiple distinct auxiliary
elements present in multiple copies, and regulation involves
assembly of a complex which ultimately serves to recruit the
basal machinery. These complexes contain components that
are ubiquitously expressed and are required for constitutive
functions (18–20). A question that is key to understanding the
mechanism of regulated splicing is whether cell-specific (or at
least cell-restricted) factors are also a component of the com-
plex. Thus far, the factors that have been shown to bind to
cell-specific splicing elements in vertebrates are ubiquitously
expressed, indicating either that cell-specific factors remain to
be isolated or that splicing is regulated by a committee of
general splicing factors. Given the complexity of the mecha-
nism of cell-specific splicing, the ability to use multiple copies
of a single element rather than multiple distinct elements to
regulate muscle-specific splicing will allow simplified analysis
of the factors that mediate muscle-specific exon inclusion.
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