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The alternative exon 5 of the striated muscle-specific cardiac troponin T (cTNT) gene is included in mRNA
from embryonic skeletal and cardiac muscle and excluded in mRNA from the adult. The embryonic splicing
pattern is reproduced in primary skeletal muscle cultures for both the endogenous gene and transiently
transfected minigenes, whereas in nonmuscle cell lines, minigenes express a default exon skipping pattern.
Using this experimental system, we previously showed that a purine-rich splicing enhancer in the alternative
exon functions as a constitutive splicing element but not as a target for factors regulating cell-specific splicing.
In this study, we identify four intron elements, one located upstream and three located downstream of the
alternative exon, which act in a positive manner to mediate the embryonic splicing pattern of exon inclusion.
Synergistic interactions between at least three of the four elements are necessary and sufficient to regulate
splicing of a heterologous alternative exon and heterologous splice sites. Mutations in these elements prevent
activation of exon inclusion in muscle cells but do not affect the default level of exon inclusion in nonmuscle
cells. Therefore, these elements function as muscle-specific splicing enhancers (MSEs) and are the first
muscle-specific positive-acting splicing elements to be described. One MSE located downstream from the
alternative exon is conserved in the rat and chicken ¢cTNT genes. A related sequence is found in a third
muscle-specific gene, that encoding skeletal troponin T, downstream from an alternative exon with a devel-
opmental pattern of alternative splicing similar to that of rat and chicken ¢TNT. Therefore, the MSEs
identified in the cTNT gene may play a role in developmentally regulated alternative splicing in a number of

different genes.

A large number of genes are remarkable for their ability to
generate multiple mRNAs via pre-mRNA alternative splicing
(27, 46). Alternative splicing is often regulated according to
cell-specific pathways (such as cell type, developmental stage,
or sex) to generate mRNAs that differ in protein coding po-
tential, stability, or translation efficiency. Genetic and bio-
chemical studies have established several paradigms for regu-
lated splicing in Drosophila melanogaster (27); however, little is
known regarding the cis elements or trans-acting factors that
mediate cell-specific regulation in vertebrates.

The cis elements required for the regulation of alternative
splicing in vetebrates have been investigated primarily by tran-
sient transfection of cloned genes into homologous and heter-
ologous cell types (22, 46). In heterologous cells, which pre-
sumably lack appropriate regulatory factors, an alternatively
spliced pre-mRNA is spliced according to a default pathway
determined by the efficiency with which the constitutive splic-
ing machinery recognizes the constitutive splicing signals.
Work from many laboratories has demonstrated that the de-
fault splicing pathway is determined by a balance of several
pre-mRNA features, such as splice site strength, exon size,
presence of splicing enhancers or repressors in exons and in-
trons, relative strength of competing splice sites, and secondary
structure. These features render a pre-mRNA permissive to
undergo regulated selection of more than one splicing path-
way. Most of the investigations to identify cis elements con-
trolling alternative splicing have defined the pre-mRNA se-
quences that contribute to default splicing pathways. Only a
few cis elements have been demonstrated to be likely targets
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for trans-acting factors that mediate cell-specific splicing events
(5, 20, 24, 30, 56).

Components of the constitutive splicing machinery have
been demonstrated to affect alternative splice site choice, sug-
gesting that modulation of the nuclear concentrations of con-
stitutive splicing factors may regulate some alternative splicing
events (37). For example, a family of serine-arginine-rich (SR)
proteins has been shown to mediate both constitutive and
regulatory splicing activities (19, 34, 63, 64). A role for SR
proteins in regulated splicing is supported by the demonstra-
tion that individual SR proteins show tissue-specific distribu-
tion (61, 64) and by the recently demonstrated correlation
between transitions in SR protein isoforms and alternative
splicing of CD44 and CD45 during T-cell activation (53). The
regulatory activity of some SR proteins is antagonized by the
ubiquitously expressed protein heterogeneous nuclear ribonu-
cleoprotein (hnRNP) Al, leading to the suggestion that a bal-
ance of these proteins modulates alternative splice site selec-
tion (38, 39).

The observation that several different regulatory programs
for alternative splicing run concurrently within individual cells
makes it unlikely that all regulated splicing in vertebrates is
mediated by changes in the nuclear concentrations of consti-
tutive splicing factors. During skeletal muscle development, for
example, inclusion of embryo-specific alternative exons of the
fast skeletal troponin T (sTNT) and cardiac troponin T
(cTNT) genes decreases while inclusion of exon 2 of the AMP
deaminase 1 gene and dystrophin exon 78 increases (3, 6, 42,
43). It is likely that, as in D. melanogaster, alternative splicing
of some vertebrate genes is regulated by programs that utilize
distinct sets of cis elements and trans-acting factors.

We are using the chicken ¢cTNT gene as an experimental
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FIG. 1. Intronic elements adjacent to exon 5 regulate exon inclusion in primary skeletal muscle cultures. The cTNT genomic fragment in the APB minigene contains
exons 1 to 6. cTNT exon 1 is fused to the Rous sarcoma virus long terminal repeat; for 3’ end formation, cTNT exon 6 is fused to the last exon and 377 nucleotides
(nt) of 3’ flanking genomic DNA from the chicken skeletal a-actin gene (62). AP.PSR is identical to APB.SA except that segments of introns 4 and 5 were replaced
by comparable segments of human B-globin intron 1 and exon 5 was replaced by a heterologous exon (see the text). Minigenes were transiently transfected into QT35
fibroblasts (F) and primary chicken embryo skeletal muscle cultures (M) and assayed by primer extension using a 3?P-labeled oligonucleotide complementary to exon
6 (62). The primer extension products are 169 and 199 nucleotides (APB) and 169 and 203 nucleotides (AP.PSR). Bands were quantitated directly from the gel with
a Betagen 610 imaging system. The level of exon inclusion was calculated as described in Materials and Methods. The position of the primer extension products from
endogenous cTNT mRNA including exon 5 in skeletal muscle cultures is indicated by an asterisk.

model with which to study the mechanisms of regulated splic-
ing. cTNT expression is restricted to striated (cardiac and skel-
etal) muscle. Alternative splicing of the cTNT pre-mRNA is
developmentally regulated such that a single alternative exon
(exon 5) is included in embryonic striated muscle and skipped
in the adult (11). This regulatory pattern is conserved between
birds and mammals (23, 33). We have established a transient
transfection system to identify pre-mRNA cis elements re-
quired for the embryonic splicing pattern of exon inclusion in
embryonic skeletal muscle (48, 62). cTNT minigenes express
mRNAs that predominantly include exon 5 in primary cultures
of chicken embryonic skeletal muscle, while in nonmuscle cell
lines, exon 5 is spliced according to a default splicing pattern
that favors exon skipping. Using this system, we previously
identified a purine-rich splicing enhancer in exon 5 and dem-
onstrated it to be a constitutive splicing element and not a
muscle-specific regulatory element (48, 62). Having demon-
strated that the exon enhancer activity was general, we focused
on finding the elements that mediate cell-specific splicing. In
this study, we describe the identification of multiple positive-
acting intron elements located immediately upstream and
downstream of exon 5 that act synergistically to mediate the
embryonic splicing pattern of exon inclusion. Mutations in
these elements prevent muscle-specific activation of exon in-
clusion but have no effect on the default splicing pattern in
nonmuscle cells. Therefore, we have identified intronic ele-
ments that act as muscle-specific splicing enhancers (MSEs).

MATERIALS AND METHODS

Minigene constructs. Construction of APB and APB.SA (Fig. 1 and 2) was
described previously (62). APB.SA differs from APB by only one nucleotide
substitution in intron 4 to introduce a Sall restriction site and two nucleotide
substitutions in intron 5 to introduce an Asp718 site. AP.PSR is identical to APB
except that the last 93 nucleotides of intron 4, exon 5, and the first 70 nucleotides
of intron 5 were replaced by a PCR-generated fragment containing (5’ to 3") the
last 96 nucleotides of human B-globin intron 1, the first nucleotide of globin exon
2, the 30-nucleotide skeletal troponin I (sTNI) exon 2, the last 3 nucleotides of
globin exon 1, and the first 75 nucleotides of globin intron 1. Therefore, the
30-nucleotide sTNI exon 2 is flanked by the complete splice sites (exonic and
intronic components) of human B-globin intron 1. sSTNI exon 2 was used because
this constitutive exon was demonstrated to lack elements that affect splicing in
muscle or nonmuscle cells (62).

The RTB minigene (Fig. 3) was derived from the constitutively spliced sTNI
gene (45). In this minigene, the Rous sarcoma virus long terminal repeat is fused
to position 50 of exon 1; the last exon contains STNI exon 4 and 15 nucleotides
of exon 5 fused to nucleotide 186 of skeletal a-actin exon 7 and includes 377
nucleotides of actin 3’ flanking genomic sequence (18). To construct RTB33.51,
exon 3, 111 nucleotides of intron 2, and 51 nucleotides of intron 3 from sTNI
were removed by a Pvull-Clal deletion. The cTNT genomic fragment shown in
Fig. 3 was then inserted into an Eco47111 site located in intron 3. The sequences
of unmodified and mutated ¢cTNT genomic fragments used in this study are

shown in Fig. 8. Human B-globin intron 1 was substituted for cTNT introns 4 and
5, using the megaprimer PCR cloning method (52). All constructs were con-
firmed by sequencing.

Transient transfection into primary skeletal muscle cultures and QT35 cells,
RNA extraction, and primer extension were performed as described previously
(48, 62). Primary skeletal muscle cultures were prepared from embryonic day 11
chicken breast muscle. At this developmental stage, >90% of endogenous cTNT
mRNA in breast muscle tissue includes exon 5 (11), and this splicing pattern is
retained in primary muscle cultures. The transition to cTNT exon 5 skipping is
not reproduced in these cultures, consistent with the inability of these cells to
express other markers of late developmental stages (55). The splicing patterns of
the endogenous gene and transfected minigene mRNAs from APB, APB.SA, and
AP.PSR were assayed by primer extension of total cellular RNA, using an
oligonucleotide (E630) complementary to ¢cTNT exon 6 (5'-GTCTCCTCTTC
CTCCTCGTCTACCTGATCC-3'). For cotransfection studies, 2 ug of APB.SA
or AP.PSR and 8 pg of MyoD or myogenin expression plasmid (13, 17) were
cotransfected into QT35 quail fibroblast cultures. RNA was harvested 2 and 3
days later and was assayed by primer extension using the E630 oligonucleotide.
An oligonucleotide complementary to sTNI exon 4 (5'-AGGTGCTGCCGCC
GGGCGGTGGCTG-3') was used for primer extension of total cellular RNA in
Fig. 3 to 7. Some transfections were assayed by low-cycle reverse transcription-
PCR (RT-PCR) (data not shown). The quantitative nature of the RT-PCR assay
was established on in vitro-transcribed RNAs synthesized from the cloned RT-
PCR products of construct RTBS5.1. The percent exon inclusion for all minigenes
was calculated as [cpm exon inclusion/(cpm exon inclusion + cpm exon skip-
ping)] X 100. Results for each construct were determined from at least three
independent transfections. In Fig. 3 to 7, the significance of the difference of the
mean percent exon inclusion in muscle and nonmuscle cultures was determined
by Student’s ¢ test. For all constructs marked as “+” for regulation in muscle
cultures, the probability that the mean percentages of exon inclusion in muscle
and nonmuscle cells differ by chance is 1 in 100 (P < 0.01). Constructs marked
as “—” do not express statistically significantly higher levels of exon inclusion in
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FIG. 2. Myogenin and MyoD induce the muscle-specific splicing pattern in
nonmuscle cells. QT35 cultures were transiently cotransfected with 2 pg of either
APB.SA or AP.PSR and 8 pg of cDNA expression plasmid for MyoD or myo-
genin. RNA was harvested 2 and 3 days after transfection and assayed by primer
extension. The level of exon inclusion was determined directly from the gel as
described in Materials and Methods.
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FIG. 3. Regulatory elements in ¢cTNT introns 4 and 5 mediate muscle-specific regulation of a heterologous exon. The RTB minigene (top) was derived from the
constitutively spliced sTNI gene. In RTB33.51, the last 99 nucleotides (nt) of ¢TNT intron 4 and the first 142 nucleotides of cTNT intron 5 (cTNT introns are
represented by thin lines) flank a heterologous exon derived from sTNI exon 2 (see Materials and Methods). This is the same exon as in AP.PSR (Fig. 1) except that
a 12-nucleotide stuffer was inserted to increase the general efficiency of exon inclusion in muscle and nonmuscle cells. Thick lines in RTBPSR, RTB5.1, and RTB3.3
represent comparable regions of human B-globin intron 1. The four MSEs defined in this study are indicated by open boxes and numbered 1 to 4 from 5’ to 3’ (see
Fig. 8 for nucleotide sequences of all unmodified and mutant constructs). Minigenes were transiently transfected into QT35 (F) and primary skeletal muscle (M)
cultures, and the levels of exon inclusion were assayed by primer extension using an oligonucleotide complementary to sTNI exon 4. The sizes of the primer extension
products are 165 and 119 nucleotides for mRNAs including and excluding the alternative exon, respectively. Percent exon inclusion was calculated as described in
Materials and Methods. Results are presented as the mean percent exon inclusion * standard deviation. The number of independent transfections is indicated in
parentheses. Statistical analysis of the results in Fig. 3 to 7 is described in Materials and Methods. The asterisk indicates the primer extension product of the endogenous

sTNI mRNA in skeletal muscle cultures.

muscle than in nonmuscle cultures. Representative primer extension results are
presented in the figures.

RESULTS

Activation of ¢cTNT exon 5 inclusion requires proximal in-
tronic elements. Our transient transfection assay for regulated
splicing of cTNT minigenes has been described previously (48,
62). Briefly, cTNT minigenes such as APB (Fig. 1) were trans-
fected into chicken primary skeletal muscle cultures and the
quail QT35 fibroblast line. Primary cultures from embryonic
skeletal muscle retain the embryonic splicing pattern observed
in muscle tissue in that the endogenous and minigene ¢cTNT
mRNAs predominantly include exon 5 (Fig. 1, lane 2, and
reference 62). The embryonic splicing pattern is also repro-
duced in primary cultures of embryonic cardiac muscle (data
not shown). In QT35 and other nonmuscle cell lines, which are
expected to lack gene-specific regulatory factors for cTNT al-
ternative splicing, the exon was predominantly skipped (Fig. 1,
lane 1, and reference 62). Forced expression of cTNT cDNAs
that include or exclude exon 5 has shown that the steady-state
ratio of the alternatively spliced mRNAs in muscle and non-
muscle cells is not determined by differences in mRNA stability
(our unpublished data). These results indicated that exon skip-
ping is the default splicing pathway in nonmuscle cells and
strongly suggested that exon inclusion in embryonic striated
muscle is mediated by a positive-acting mechanism.

It was possible that the high levels of exon 5 inclusion in
muscle cells reflected an intrinsically stronger constitutive
splicing machinery as a result of higher activities of constitutive
splicing factors rather than a gene-specific activation of exon
inclusion. If this were the case, any alternatively spliced exon
would be expected to be included at higher levels in muscle
cells than in nonmuscle cells. To determine whether a high
level of alternative exon inclusion was a general feature of
skeletal muscle cultures, cTNT exon 5 and segments of cTNT
introns 4 and 5 in APB were replaced with a heterologous
alternatively spliced exon to generate construct AP.PSR (Fig.
1). In this construct, the last 93 nucleotides of cTNT intron 4
were replaced by 96 nucleotides of intron 1 from the human
B-globin gene, the first 70 nucleotides of cTNT intron 5 were
replaced by the first 75 nucleotides of B-globin intron 1, and
c¢TNT exon 5 was replaced with sTNI exon 2 (see Materials and
Methods). The sizes of the introns flanking the alternative

exon were essentially preserved. The chimeric AP.PSR con-
struct provided an alternatively spliced exon that lacked cis-
acting elements capable of mediating cell-specific regulated
splicing. STNI exon 2 and the globin intron are constitutively
spliced in their natural contexts. STNI exon 2 was used since it
does not contain sequence that affects splicing in muscle or
nonmuscle cells (62). We took advantage of the relationship
between exon size and splicing efficiency (5, 15, 62) to balance
the size of the AP.PSR exon against the intrinsic strength of the
B-globin splice sites so that mRNAs including and excluding
the AP.PSR exon were expressed in both cell types. We tested
enhancer-negative exons of different sizes and identified one
that gave a level of exon inclusion in QT35 cells that was
similar to that of APB. This allowed a direct comparison of
cell-specific differences in APB and AP.PSR alternative splic-
ing. The minigenes were transiently transfected into QT35 and
primary muscle cultures. Splicing was assayed by primer exten-
sion using an oligonucleotide that anneals to cTNT exon 6, and
the levels of exon inclusion were quantitated directly from the
gel as previously described (48, 62).

The two minigenes express similar levels of exon inclusion in
QT35 cells (Fig. 1, lanes 1 and 3), indicating that the two
alternatively spliced exons are recognized with equal efficiency
in the absence of regulatory factors. The level of APB exon
inclusion is much higher in embryonic skeletal muscle cultures
than in nonmuscle cultures, as previously described (Fig. 1,
lanes 1 and 2). This is not the case for AP.PSR. In fact, in five
independent transfections, the level of exon inclusion is lower
in the muscle cultures than in nonmuscle cultures (Fig. 1, lanes
3 and 4). We conclude that preferential exon 5 inclusion in
embryonic muscle cells is not due to an intrinsically high effi-
ciency of alternative exon recognition. These results strongly
suggest that enhanced inclusion of cTNT exon 5 in embryonic
muscle is mediated by interactions between positive-acting reg-
ulatory factors and target sequences in the cTNT pre-mRNA.
We previously demonstrated that sequence within exon 5 was
not required for regulated splicing (62); therefore, target se-
quences essential for regulation are within the intronic regions
replaced by globin intron 1 in AP.PSR.

The myogenic transcription factors myogenin and MyoD
induce muscle-specific splicing in QT35 fibroblasts. The re-
sults presented in Fig. 1 suggested that cTNT exon inclusion is
mediated by sequence-specific regulatory factors that were



VoL. 16, 1996

A TGTGTCCTGTGCCTTTCCCTGCT  +64 to +86 chicken ¢TNT intron 5

e rr rerrer vl
TCTGTCCC TG CTTTCC TGCT
FEeerey e e
TCTGTCC ATGTCTGTC

B conserved
element

RTAB2

+24 10 +43 rat ¢TNT intron 4

+109 to +124 rat skeletal TNT intron 8a

102 nt ¥
_Hc»—@—:- 34+3 47+6 (6) -+
MSE 2 MSE 3 MSE 4
RABG6-81 _ED——*_':' 3/5+2 32+5 (4) - 1

MUSCLE-SPECIFIC SPLICING ENHANCERS 4017

RTAB2 RAB&6-81
FMFM

—— - - 4 exon

M regulation
" een@l) —« - cxon

2 34

FIG. 4. A conserved element in intron 5 serves as a muscle-specific splicing enhancer. (A) Conserved sequence in the introns downstream of embryo-specific
alternative exons in three muscle-specific genes. Nucleotides (nt) are numbered such that +1 is the first nucleotide of the intron downstream from the alternative exon.
The GenBank accession numbers are M80829 (rat cTNT) and X03783 (rat STNT). Nucleotide substitutions and deletions in the RAB66-81 mutation that disrupts
splicing in chicken ¢cTNT intron 5 are underlined (see Fig. 8 for nucleotide sequences). Thin lines represent cTNT intron 5; thick lines represent globin intron 1
substitutions. The RTAB2 construct contains the minimal segment of intron 5 that regulates alternative splicing in muscle (see Fig. 5). Results are presented as
described in the legend to Fig. 3. (B) Primer extension assay of transfected constructs in QT35 (F) and primary muscle (M) cultures.

present in embryonic muscle but not in nonmuscle cells. To
determine if factors regulating alternative splicing were in-
duced as part of the skeletal muscle differentiation program, a
¢TNT minigene was transiently cotransfected with a MyoD or
myogenin cDNA expression clone (provided by E. Olson, Dal-
las, Tex.) into QT35 fibroblasts (13, 17). MyoD and myogenin
are two of four transcription factors that are capable of acti-
vating skeletal muscle-specific gene transcription when ex-
pressed in a variety of nonmuscle cells (reviewed in reference
47). MyoD and myogenin were cotransfected with cTNT mini-
gene APB.SA, which is identical to APB (Fig. 1) except for
three nucleotide substitutions that introduce restriction sites.
These substitutions affect the basal level of exon inclusion in
muscle and nonmuscle cells but do not affect the level of
regulated splicing in muscle cultures. Splicing of minigene
mRNA was assayed by primer extension 2 and 3 days following
transfection. In four independent experiments, the level of
APB.SA exon inclusion was consistently increased when this
construct was cotransfected with MyoD or myogenin (Fig. 2,
lanes 1 to 6), while a smaller or no increase in the level of exon
inclusion was observed for AP.PSR (lanes 7 to 12). In some
experiments, cotransfection with myogenin induced 80% exon
inclusion of the APB.SA alternative exon (data not shown).
Therefore, the muscle-specific splicing pattern was induced in
QT35 cells by myogenic transcription factors. As in primary
muscle cultures, the induced regulation in QT35 cells required
regulatory elements that are within 99 nucleotides upstream
and 70 nucleotides downstream of the exon. Myogenin and
MyoD are unlikely to be directly involved in regulating splic-
ing. It is more likely that the factors that regulate splicing are
induced as part of the myogenic differentiation program. We
conclude that exon inclusion in embryonic skeletal muscle re-
quires the expression of muscle-specific splicing factors.
Muscle-specific regulation requires intronic elements lo-
cated upstream and downstream of exon 5. Results from our
initial attempts to define regulatory elements in the APB mini-
gene suggested that functionally redundant elements were lo-
cated throughout introns 4 and 5 (data not shown). To avoid
the complications of redundant elements, we sought to define
minimal ¢cTNT genomic fragments that were necessary and
sufficient to regulate exon inclusion in embryonic muscle cells.
To accomplish this, we designed a minigene containing mini-
mal cassettes from cTNT introns 4 and 5 flanking a heterolo-
gous exon whose inclusion was enhanced by intronic se-
quences. To produce this construct, cTNT genomic fragments
containing 99 nucleotides of intron 4 and 142 nucleotides of
intron 5 were cloned into a constitutively spliced sTNI gene to

generate construct RTB33.51 (Fig. 3). In RTB33.51, ¢cTNT
exon 5 was replaced by the sTNI heterologous exon used in
AP.PSR (Fig. 1) to eliminate a known splicing enhancer and
simplify interpretation of the data. We demonstrated previ-
ously that the enhancer in exon 5 is not required for regulated
splicing in muscle cells (62). As in AP.PSR, we sought to
balance exon size with splice site strength such that a detect-
able level of default exon inclusion was expressed in nonmuscle
cells. This allowed us to determine the effects of mutations on
the default splicing pattern in nonmuscle cells as well as on the
regulated splicing pattern in muscle cells. To increase the level
of exon inclusion in both cell types, it was necessary to increase
the size of this exon by insertion of a 12-nucleotide stuffer.
Because this exon does not contain sequences required for
regulated splicing, exon modifications can be used to manipu-
late the general efficiency of exon recognition without inter-
fering with the signals for muscle-specific regulation. Using this
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FIG. 5. Deletion and substitution analysis to localize regulatory elements in
intron 5. Thin lines represent cTNT intron 5; thick lines represent globin intron
1 substitutions (see Fig. 8 for nucleotide sequences). Results are presented as
described in the legend to Fig. 3. nt, nucleotides; F, QT35 fibroblasts; M, muscle
cells.
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legend to Fig. 3. nt, nucleotides; F, QT35 fibroblasts; M, muscle cells.

approach, we were able to distinguish intronic elements that
mediate muscle-specific effects from those that affect splicing
in both muscle and nonmuscle cells.

RTB33.51 was transfected into muscle and nonmuscle cul-
tures, and splicing was assayed by primer extension using an
oligonucleotide complementary to sTNI exon 4. The level of
exon inclusion was quantitated directly from the gel. The re-
sults showed that the cTNT intron segments in RTB33.51
regulated splicing of the heterologous exon (Fig. 3, lanes 1 and
2). Additional upstream and downstream intron segments did
not increase the level of exon inclusion in muscle cells (data
not shown), indicating that RTB33.51 contains the critical
¢TNT intronic elements required for regulation.

To identify the pre-mRNA sequences that are required for
enhanced exon inclusion in embryonic muscle, cTNT introns
flanking the heterologous exon in RTB33.51 were systemati-
cally replaced by comparable regions of human p-globin intron
1. The overall results of this analysis, presented in Fig. 3 to 7,
demonstrate that at least four regions within the cTNT intron
segments in RTB33.51 mediate exon inclusion in embryonic
skeletal muscle. We refer to these regions as MSEs because
mutations prevent activation of exon inclusion in muscle cells
but do not affect the default splicing pattern in nonmuscle cells.
Each MSE was defined by a single mutation that eliminated
preferential exon inclusion in embryonic skeletal muscle. The
precise boundaries of these elements remain to be identified.
The sequences of unmodified and mutated intron segments
used in this study are presented in Fig. 8.

Consistent with the results for AP.PSR (Fig. 1), regulated
splicing in muscle cultures is lost when both the upstream
intron segment and the first 70 nucleotides of the downstream
intron are replaced (RTBPSR) (Fig. 3, lanes 3 and 4). Rein-
troducing either ¢cTNT intron 4 or the first half of intron 5 in
RTBPSR restored regulated splicing in muscle cultures
(RTB3.3 and RTB5.1, respectively) (Fig. 3, lanes 5 to 8). While
the level of regulation in these two constructs is reduced com-
pared with that of RTB33.51, it is reproduced in multiple
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transfections and is sufficient to permit analysis of the cis ele-
ments that mediate regulation. These results demonstrate that
the first 142 nucleotides of intron 5 are sufficient to regulate
splicing of a heterologous exon (RTBS5.1). In addition, the
downstream 72-nucleotide region of intron 5 is not sufficient to
regulate splicing (RTBPSR); however, this segment plus the
last 99 nucleotides of intron 4 are sufficient to regulate splicing
of a heterologous exon (RTB3.3). We conclude that regulatory
elements are located both upstream and downstream of the
alternative exon.

A conserved sequence in the downstream intron is required
for regulated splicing. To identify conserved regulatory ele-
ments, we compared the nucleotide sequences of chicken
¢INT introns 4 and 5 with introns flanking alternative exons
that are similarly regulated (embryo-specific alternative exons
of muscle-specific genes). The genomic sequences of two ad-
ditional genes that fit this criterion were available in the data-
base: rat cTNT exon 4 (which is homologous to exon 5 in the
chicken) and rat STNT exon 8a (6, 32). This comparison re-
vealed similar sequence motifs located within the first 124
nucleotides of the downstream intron in all three genes. In the
chicken gene, this motif is located at positions +64 to +86 in
intron 5 (MSE 3) (Fig. 4 and 8). To determine whether this
motif was required for regulated splicing, we constructed
RABG66-81 (Fig. 4 and 8), which contains a 13-nucleotide mu-
tation in the conserved motif and the first 124 nucleotides of
intron 5, the minimal amount of intron 5 required for regula-
tion (Fig. 5). The default level of exon inclusion in QT35 cells
was not affected by the RAB66-81 mutation; however, this
mutation eliminated regulated exon inclusion in muscle cul-
tures (Fig. 4, lanes 3 and 4). In four independent transfections,
the level of exon inclusion in muscle cultures was less than that
in QT35 cells, which is characteristic of an unregulated alter-
native exon (AP.PSR and RTBPSR [Fig. 1 and 3, respective-
ly]). We conclude that the region from positions +64 to +86 of
intron 5 contains a conserved element required for activation
of exon inclusion in muscle cells. The fact that the RAB66-81
mutation had no effect in QT35 cells indicates that this element
is likely to be a target for muscle-specific regulatory factors
rather than ubiquitously expressed constitutive splicing factors.

Multiple elements in intron 5 contribute to regulated exon
inclusion in muscle. To define the 5" and 3’ boundaries of the

E M regulation

R35AB2 e . BRCIE
MSE 1 MSE 2 MSE3 MSE4
R35AB2.66-81 —c.‘:—m_.:. 39+4 645 (3 +

R35 R35AB2
AB2  .66-81

FMFM

- @ —= + exon

- @ ~ - exon

1 2 3 4

FIG. 7. The last 99 nucleotides of cTNT intron 4 compensate for loss of the
conserved element in intron 5. The mutation that completely eliminates regula-
tion in construct RAB66-81 (Fig. 4) has little effect when ¢TNT intron 4 is
present (R35AB2.66-81). Results are presented as described in the legend to Fig.
3. nt, nucleotides; F, QT35 fibroblasts; M, muscle cells.
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Intron 4
genomic

RTB3.3
RTB3.2
RTB3.1
R3it
RTBPSR

Intron 5

genomic

RTBS.1
RTAB2
RAB66-81
RTAB3
RTBS.1AX
RTBS.2
RTBS.3
RTB5.4
RBTS.2
RTBPSR
R3AB2.76-81

MSEH1 MSE?2 MSE3 MSE4

1 I 1 11

-1to -32 +8 to +20 +64to +86 +105to +124

intron 4 intron 5

MSE 1 (rTB3.2)

GTCGGCGTCCICRACCTEGTGCACACCGTAGCTCTRCCCCACAGCTTTARGGCACCTGCTANCC TC T Iy S P T S SIS PSSP (oY
Sall
GTCGACGTCCTCACCTGGTGCACACCGTAGCTCTGCCCCACAGCTTTAAGGCACCTGGCTAACCTCTGCGCTTCTTCCCTTCCCTCCTCCCTGGCTCAG
GTCGACGTCCTCACCTGGTGCACACCGTAGCTCTGCCCCACAGCTTTAAGGCACCTGGCTAACCTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAG
GTCGACGTCCTCACCTGGTGCACACCGTAGCTCTGCCCCACAGCTTTAAGGCACCGGCACTGACTCTCTCTGCCTATTAGTCTATTTTCCCACCCTTAG
GTCGACACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGGGTTTCTGATAGGCACTGACTCTCCGCTTCTTCCCTTCCCTCCTCCCTGGCTCAG
GTCGACACCARTAGAAACTGGGCATG TGGAGACAGAGAAGACTCTTGGOTTTCTGATAGGCACTCACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAG

MSE 3 (raBss-81) MSE 4 (rTAB3)

_,\_mmmimqm.s
GTAGTT A NN TG TT ACCTCTGCTGIGAATAAATCGCGGG TCGG RN SE TSR AR NAeT oY U ¥ (NS IR} GGG ARACG C T T CC T T o AR el WU T ASRG C TT T TTGCGCTCTCCCC
Asp718 "
GTAGTTACTGCACCTTTCTTIGTICCATCTCTCCACCTCTGCTGTGAATARATCGCGGGTCCGTGTGTCCGLRTACS TTTCCC TGCTTGGGAAACGCTTTCCTTTCATTETTTCACTTCTCTGCTGCTTTTTGCGCTCTCCCC
GTAGTTACTGCACCTTTCTTTGTTCCATCTCTCCACCTCTGCTGTGAATAAATCGCGGG TCGGTGTG TCCGGTACCTTTCCCTGCTTGGGAAACGCTTTCCTTTCATTCTTTCACTTCTCTGCT
GTAGTTACTGCACCTTTCTTTGTTCCATCTCTCCACCTCTGCTGTGAATAAATCGCGGGTCGGTGACGACG - -ACGATGAGCTGCTTGGGAAACGCTTTCCTTTCATTCTTTCACTTCTCTGET
GTAGTTACTGCACCTTTCTTTGTTCCATCTCTCCACCTCTGCTGTGAATAAATCGCGGGTCGGTGTGTCCAGTACCTTTCCCTGCTTGGGAAACGCTTTCCTTTC
GTAGTTACTGCACCTTTCTTIGTTCCATCTCTCCACCTCTGCTGTGAATAAATCGCGGGTCGGTGTGTCCAGTACCT
GTTGATATCAAGGTTACAAGTGTTCCATCTCTCCACCTCTGCTGTGAATAAATCGCGGGTCGG TG TG TCCAG TACC PTTCCCTGCTTGGGAAACGC TTTCCTTTCATTCTTTCACTTCTCTGCTGCTTTTIGCGCTCTCCCC
GTTGGTATCANGGTTACAAGACAGGTTTAAGGAGACCAATGCTOTGAATARATCGCGGATCGATGTGTCCAGTACCT T ICCCTGCTIGGGAAACGCTTTCCTTTCAT TCTIICACTTCTCTGCTGCTTTTIGCGCTCTCCCC
GTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTUGOCATAGTAGAGTCGGTGTGTCCAGTACCTTTCCCTGCTTGGGAAACGCTTTCCTTTCATTCTTTCACTTCTCTGCTGCTTTTTGCGCTCTCCCC
GTAGTTATCAAGGTTACAAGTGTTCCATCTCTCCACCTCTGCTGTGAATAAATCGCGGGTCGGTGTGTCCAGTACCTTTCCCTGCTTGGGARAACGCTTTCCTTTCATTCTTTCACTTCTCTGCTGCTTTTTGCGCTCTCCCC
GTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGACATGTAIGAGACAGAGAAGACTCTTOQGTACC TTTCCCTGCTTGGGAAACGCTTTCCTPTCATTCTTTCACTTCTCTGCTGCTTTTTGCGCTCTCC
GTTGGTATCAAGGTTACAAGACAGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGG - - ACGATGAGCTGCTTGGGARACGCTTTCCTTTCATTCTTTCACTTCTCTGCTCTAGA

FIG. 8. The diagram at the top shows the locations of four regions required for enhanced exon inclusion in embryonic skeletal muscle. Below, the nucleotide sequences of cTNT introns 4 and 5 in all minigene constr
used in this study are compared with the sequences in cTNT genomic DNA. In the genomic sequences of cTNT introns 4 and 5, the CCAYCYCT(G/C)Y repeats are underlined (or overlined where two motifs over
the conserved sequence in intron 5 is both overlined and underlined, MSEs 1 to 4 are in black background, and the name of the minigene which defined each MSE is in parentheses. The CCAYCYCT(G/C)Y conse!
sequence was derived from all repeats in introns 4 and 5, not just those shown. In the sequence for each construct, substitutions in genomic sequence are indicated in boldface and deletions are indicated by dashed li
All constructs contain a single nucleotide substitution at the 5’ end of the intron 4 segment to generate a Sa/l site (underlined in RTB3.3) and two nucleotide substitutions in intron 5 to generate an Asp718 site (underl
in RTB5.1 and RTBPSR). The predominant branch sites for cTNT intron 4 and human B-globin intron 1 are indicated in outline. Note that in RTBPSR intron 5, the distance from the 5 splice site to the Asp718
is 5 nucleotides longer than in the natural cTNT intron as a result of substitution of the first 70 nucleotides of cTNT intron 5 by the first 75 nucleotides of B-globin intron 1. All of the constructs that test intron 4 mutat
(diagrammed in Fig. 6) contain the globin-for-cTNT intron 5 substitution as in RTBPSR.
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region in intron 5 that is required for regulated splicing, we
performed the deletion and substitution analysis presented in
Fig. 5. The 3' boundary was determined by deletions that
sequentially removed sequence from the 3’ end of the cTNT
genomic fragment. Deletion of 18 nucleotides from the 3’ end
(RTAB?2) (Fig. 5, lanes 3 and 4) had a slight effect on the level
of exon inclusion in muscle cells. It is likely that this region
contains a sequence that contributes to regulation but is not
essential. The remaining 124 nucleotides of intron 5 are suffi-
cient for regulated splicing in muscle cultures. Deletion of an
additional 19 or more nucleotides (RTAB3 and RTBS.1AX)
(lanes 5 to 8) eliminated regulated splicing because the level of
exon inclusion observed in muscle cells decreased to or below
the level of exon inclusion observed in nonmuscle cells. We
conclude that the conserved element (MSE 3) is not sufficient
for regulated exon inclusion; additional elements located be-
tween +105 and +124 of intron 5 are also required. The region
between +105 and +124 defines a second region required for
regulation, MSE 4.

To define the 5’ boundary of the regulatory elements in
intron 5, the 5’ end of the intron was replaced with progres-
sively larger segments of the identical positions from B-globin
intron 1. Substitution of the first 20, 39, or 58 nucleotides
resulted in the loss of regulated splicing in muscle cells (con-
structs RTB5.2, RTB5.3, and RTBS.4, respectively) (Fig. 5).
Since the natural 5’ splice site of intron 5 is not required for
regulation (RTB3.3) (Fig. 3), we expected that the regulatory
element disrupted in RTBS5.2 was not the 5’ splice site but an
element located in the downstream portion of this substitution.
This was confirmed in construct RBT5.2, in which the first
seven nucleotides of cTNT intron 5 containing the natural 5’
splice site were not sufficient to restore regulated splicing. The
RBT5.2 construct demonstrates that an element within posi-
tions +8 to +20 of intron 5 is required for regulation. This
region is designated MSE 2.

Taken together, the results presented in Fig. 5 define a
region of intron 5 between positions +8 and +124 that is
sufficient for regulation. This segment contains at least three
regions (MSEs 2 to 4), all of which are required for regulation
in the absence of intron 4. The mutations that defined MSEs 2
to 4 (RTAB3 [Fig. 5], RAB66-81 [Fig. 4], and RBT5.2 [Fig. 5])
eliminated regulation in muscle cells without affecting the de-
fault level of exon inclusion in nonmuscle cells, indicating that
recognition of elements within these regions is muscle specific.

Regulation of exon inclusion in muscle involves synergistic
interactions across the exon. The last 99 nucleotides of cTNT
intron 4 restored regulated splicing to RTBPSR (RTB3.3)
(Fig. 3). To define the relevant regulatory elements, we first
tested whether the 72-nucleotide downstream segment of in-
tron 5 contributed to this regulation by introducing two muta-
tions into this region. One was a deletion of 18 nucleotides
from the 3’ end of the cTNT genomic segment to the 3" end of
MSE 4 (construct R3AB2) (Fig. 6, lanes 3 and 4). The 3" end
of the cTNT intron 5 fragment in R3AB2 is the same as in
RTAB?2, which defined the minimal amount of intron 5 re-
quired for regulation (Fig. 5). In multiple independent trans-
fections, this deletion increased the level of exon inclusion in
nonmuscle cells, but overall, exon inclusion in muscle cells
remained regulated (compare RTB3.3 [Fig. 6, lanes 1 and 2]
and R3AB2 [lanes 3 and 4]). The second mutation was in MSE
3, the conserved element shown in Fig. 4. While the 5'-most
one-third of the conserved element is removed in RTB3.3, 14
of 23 nucleotides remain intact (Fig. 8). A mutation within
these remaining nucleotides completely eliminated regulation
(R3AB2.76-81) (Fig. 6, lanes 5 and 6). Therefore, the result for
R3AB2.76-81 indicated that the 99-nucleotide intron 4 seg-
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ment is not sufficient to regulate alternative splicing of a het-
erologous exon. Similarly, the result for RTBPSR indicated
that the downstream 72-nucleotide segment from intron 5 was
not sufficient for regulated splicing (Fig. 3). We conclude that
regulated splicing in RTB3.3 requires synergistic interactions
across the exon between elements located in these two regions.
One of the required elements in intron 5 is the conserved
region MSE 3.

To localize the components in the intron 4 segment that
contribute to regulated splicing in RTB3.3, regions of intron 4
were replaced by comparable regions of B-globin intron 1. The
structures of the cTNT and globin 3’ splice sites are analogous
in that the positions of the branch sites are similar (—38 for
¢TINT intron 4 and —37 for B-globin intron 1) (Fig. 8) (9, 50).
Constructs RTB3.2 and RTB3.1 (Fig. 6, lanes 7 to 10) contain
replacements of the polypyrimidine tract alone (RTB3.2) and
the polypyrimidine tract and the branch site of cTNT intron 4
(RTB3.1) with that of B-globin intron 1. The loss of regulation
in construct RTB3.2 indicated that the polypyrimidine tract
alone is required for regulation. This was confirmed by the
reciprocal substitution in construct R3I1, in which the last 32
nucleotides of ¢cTNT intron 4 were shown to be sufficient to act
synergistically with intron 5 to mediate regulated splicing (Fig.
6, lanes 11 and 12). This region of intron 4 is designated MSE
1. Therefore, the regulatory component of intron 4 that coop-
erates with the downstream intron is within the polypyrimidine
tract and is separate from the branch site. These results dem-
onstrate that regulated splicing in embryonic muscle is medi-
ated in part by synergistic interactions between a component in
the polypyrimidine tract in intron 4 and the conserved element
in intron 5.

We sought to determine the extent of functional redundancy
between elements located upstream and downstream of the
alternative exon. Results presented in Fig. 4 demonstrated that
mutation of a conserved element in intron 5 (MSE 3) elimi-
nated regulated splicing in muscle. To determine whether the
regulatory element in intron 4 could compensate for mutations
in MSE 3 in intron 5, we introduced the unmodified and
mutated intron 5 segments from RTAB2 and RAB66-81 (Fig.
4) into constructs containing the 99-nucleotide cTNT intron 4
segment to generate R35AB2 and R35AB2.66-81, respectively
(Fig. 7). The results for these minigenes demonstrated that
mutation of the conserved element had a small effect on the
level of exon inclusion in muscle cells and no effect in non-
muscle cells in the presence of intron 4. The reduced level of
exon inclusion in muscle is reproducible and probably reflects
a reduced regulatory capability. However, the main point of
this experiment was to demonstrate that the regulatory ele-
ment in intron 4 (presumably MSE 1) compensates for the loss
of a conserved regulatory element in intron 5 (MSE 3), despite
the fact that intron 4 does not contain a sequence that resem-
bles the conserved element. We conclude that modulation of
exon inclusion in embryonic muscle is mediated by multiple
regulatory elements located upstream and downstream of the
alternative exon and that these elements are diverse in se-
quence and redundant in function.

DISCUSSION

Alternative splicing of cTNT exon 5 is regulated during
striated muscle development such that the exon is included in
the embryo and skipped in the adult. The embryonic splicing
pattern is maintained in primary cultures of embryonic skeletal
and cardiac muscle, as demonstrated by high levels of exon
inclusion for both the endogenous gene and transiently trans-
fected minigenes. This provides an experimental system with
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which to investigate the mechanism of exon inclusion in em-
bryonic striated muscle (Fig. 1, references 48 and 62, and
unpublished results).

The results presented in this study demonstrate that activa-
tion of cTNT exon 5 inclusion in embryonic skeletal muscle
requires two components: (i) intronic elements located up-
stream and downstream of the exon and (ii) muscle-specific
positive-acting factors. Our results support a model for positive
regulation. First, we demonstrated previously that exon skip-
ping is the default splicing pattern in nonmuscle cells that
results from a balance of several features that make exon 5 an
intrinsically poor splicing substrate (10, 12, 62). A positive-
acting mechanism is required to account for enhanced inclu-
sion of an exon that is predominantly skipped in the absence of
regulatory factors. Second, muscle-specific exon inclusion re-
quires intronic elements located upstream and downstream of
the exon. Mutations in these elements decrease the level of
exon inclusion in muscle cells to or below the default level
observed in nonmuscle cells, suggesting that these elements
serve as targets for factors that mediate muscle-specific exon
inclusion. These results are consistent with a model in which
positive-acting regulators in muscle cells enhance exon inclu-
sion and not the alternative model in which a constitutively
expressed repressor blocks exon inclusion in nonmuscle cells.
It should be noted that this study addresses only the mecha-
nism of exon inclusion in embryonic muscle and not the de-
velopmental transition to exon skipping in adult tissue. While
the developmental switch to exon skipping may simply be due
to loss of the activity mediating exon inclusion, more complex
alternative models are also possible.

A number of intron (1, 5, 8, 14, 20, 21, 24, 30, 35, 40, 54, 56)
and exon (4) elements have been shown to influence alterna-
tive splice site usage in vertebrates. While many of these are
novel splicing elements, most are not cell specific in their
activities. Only a few elements have been demonstrated to be
targets for factors that mediate cell-specific splicing events. For
this investigation, minigenes were constructed such that some
level of exon inclusion was expressed in both muscle and non-
muscle cells. This allowed us to determine the effects of mu-
tations on the default splicing pattern in nonmuscle cells as
well as on the regulated splicing pattern in muscle. Using this
approach, we have identified the first muscle-specific positive-
acting splicing elements to be described. Mutations in these
elements prevent activation of exon inclusion in muscle cells
but have no effect on the default level of exon inclusion in
nonmuscle cells. These elements are likely to be targets for
muscle-specific splicing factors rather than ubiquitously ex-
pressed constitutive splicing factors. We refer to these ele-
ments as MSEs.

In some constructs, the default level of exon inclusion was
affected in both muscle and nonmuscle cells. In cases in which
the substituted regions included the 5’ and 3’ splice sites
(RTBS.2 and R3I1), a change in the default level of exon
inclusion is likely to be due to differences in the intrinsic
strengths of these constitutive splicing signals. In our analysis
of muscle-specific regulation, the critical question is whether
the level of exon inclusion is significantly higher in muscle than
in nonmuscle cells. In other constructs, the default level of
exon inclusion was altered by mutations that did not involve
known splicing signals. For example, deletion from the 3’ end
of the intron 5 segment in RTAB3 (Fig. 5) and R3AB2 (Fig. 6)
tended to increase the level of exon inclusion in nonmuscle
cells. We are currently testing whether this effect was due to
nonspecific changes in the spatial context of the exon or to loss
of repressor sequences. Since deletions in this region did not
affect the default levels of exon inclusion for RTBPSR (data
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not shown), this region is not likely to contain a general splic-
ing repressor.

Mutation analysis defined four regions in ¢cTNT introns 4
and 5 that act synergistically as MSEs in embryonic skeletal
muscle cultures (MSEs 1 to 4) (Fig. 8). Intron 5 contains at
least three regions between +8 and +124 that are required for
muscle-specific exon inclusion. In addition, the region from
+125 to +142 contributes to regulation but is not essential. A
fourth element (MSE 1) is located in the polypyrimidine tract
of intron 4. Of particular interest is a 23-nucleotide sequence
located in intron 5 that is conserved between the chicken and
rat cTNT genes (MSE 3). This sequence is also found down-
stream of a third embryo-specific alternative exon in rat sSTNT,
suggesting that it may be involved in developmentally regu-
lated splicing of a number of muscle-specific genes.

Each MSE was defined by a single mutation that eliminated
enhanced exon inclusion in embryonic skeletal muscle cultures
(MSE 1, 2, or 4) or by conservation between rat and chicken
genes (MSE 3). The precise boundaries of the MSEs remain to
be defined. Further experiments are necessary to identify the
specific targets for regulatory factors within the regions defined
as MSEs and to determine whether additional regulatory ele-
ments are located between MSEs 2 and 4 in intron 5. All four
MSEs are pyrimidine rich (Fig. 8). The three elements in
intron 5 (MSEs 2 to 4) have sequence features in common,
suggesting the possibility that these regions contain variable
repeats of a single element. MSEs 2 and 4 have a common,
albeit highly variable, sequence motif, CCAYCYCT(G/C)Y
(underlined in Fig. 8). Additional repeats of this motif are
found throughout cTNT introns 4 and 5, including copies up-
stream and downstream of the genomic fragment tested in this
study (data not shown). Copies of this sequence are also found
upstream and downstream of rat cTNT exon 4 and sTNT exon
8a, suggesting that this motif is conserved. Interestingly, sev-
eral repeats of this motif are found in the intron downstream
of the c-src neuron-specific N1 exon within regions that are
conserved between birds and mammals (5). It is doubtful that
this motif plays a role in c-src splicing in skeletal muscle since
the N1 exon is skipped in c-src mRNAs expressed in embryonic
and young adult chicken skeletal muscle (16). This sequence is
not within the intronic element from +38 to +70 that is re-
quired for neuron-specific splicing of the N1 exon, but three
copies are found in the intron fragment from +70 to +142 that
restores partial neuron-specific splicing (5). Therefore, a role
for this motif in neuron-specific splicing cannot been ruled out.
A second motif, CTTTC, is repeated five times in the first 124
nucleotides of cTNT intron 5 and is present in all three MSEs
in intron 5 (MSEs 2 to 4). We are currently testing whether the
specific sequences or merely the pyrimidine-rich nature of
these motifs is required for regulated splicing of cTNT exon 5
in embryonic muscle.

The element within the 3’ splice site of intron 4, MSE 1,
appears to be distinct from the three elements in intron 5.
Despite the lack of shared sequence, MSE 1 is functionally
redundant with at least two elements in intron 5: MSE 2 (com-
pare R3I1 [Fig. 6] with RTBS5.1 [Fig. 3]) and the conserved
element MSE 3 (compare RAB66-81 [Fig. 4] with R35AB
2.66-81 [Fig. 7]). Therefore, the mechanism of cell-specific
regulation of cTNT exon 5 involves diverse elements that ex-
hibit redundant functions. While these elements may bind to
different factors, their activities probably feed into a common
pathway that most likely recruits or stabilizes binding of con-
stitutive splicing factors to the weak splicing signals that flank
exon 5. It is possible that multiple elements with overlapping
functions exist to enhance the stability and specificity of this
process.



4022 RYAN AND COOPER

Regulated splicing requires at least three of the four MSEs,
indicating that regulation is mediated by synergistic interac-
tions between multiple intronic elements. The MSEs may act
as distinct binding sites for regulatory factors or as components
of a single large binding site. It should be noted that this region
does not contain detectable conserved secondary structures
that are consistent with the mutation studies. Given that the
four MSEs act synergistically, we cannot determine from the
results presented in this study whether all or only a subset of
the MSEs bind directly to muscle-specific regulatory factors.
For example, regulatory activity could require binding of mus-
cle-specific factors to only one MSE and constitutive splicing
factors to the others. Muscle-specific regulation would be dis-
rupted by MSE mutations that block binding of either consti-
tutive or muscle-specific factors to the pre-mRNA.

Synergistic interactions between multiple and repeated ele-
ments appear to be a general mechanism of cell-specific reg-
ulation of pre-mRNA alternative splicing in vertebrate and
invertebrate systems (5, 7, 20, 24, 28, 30, 31, 51, 56, 60). Pos-
itive regulation of the Drosophila doublesex (dsx) female-spe-
cific exon requires synergistic interactions between the 13-
nucleotide dsx repeat elements (25, 29, 44), a purine-rich
splicing enhancer (36), and a binding site for RBP1 in the 3’
splice site (26). These elements are required for cooperative
interactions between gene-specific regulatory factors (Tra and
Tra-2) and constitutive splicing factors (SR proteins) to assem-
ble a multicomponent regulatory complex (57, 58). Similarly,
the neuron-specific N1 exon of c-src has been shown to require
multiple elements to regulate cell-specific splicing (5, 8). The
intron downstream from the N1 exon contains positive-acting
RNA elements which bind to both constitutive and neuron-
specific factors in vitro (41). Both introns upstream and introns
downstream of the N1 exon also contain a repeated element
that specifically represses exon inclusion in vitro in HeLa nu-
clear extracts (8). Together, these results suggest an unex-
pected complexity in the regulation of cell-specific alternative
splicing. The modulatory nature of regulated splicing is remi-
niscent of transcriptional regulation in which different cis-act-
ing elements, often present in multiple copies, mediate as-
sembly of a complex composed of ubiquitously expressed
constitutive factors and cell-specific regulatory factors (59).

This study establishes the general mechanism for regulated
inclusion of cTNT exon 5 in embryonic striated muscle. Models
involving specific activation of either the 3’ splice site or the 5’
splice site are feasible given that regulatory elements are within
the polypyrimidine tract of intron 4 and immediately down-
stream of the 5’ splice site in intron 5. The fact that regulatory
elements located upstream and downstream of the exon act
synergistically across the exon to mediate muscle-specific acti-
vation of exon inclusion suggests an alternative possibility in
which these regulatory elements promote muscle-specific in-
clusion by recruiting or stabilizing factors involved in exon
definition (49). Given that exon-spanning interactions are in-
volved in the recognition of at least some constitutive exons (2,
4), it is likely that the modulation of these interactions is
utilized to regulate cell-specific inclusion of alternative exons.

ACKNOWLEDGMENTS

We thank Eric Olson for the MyoD and myogenin cDNA expression
clones and Janet Mar, William Mattox, Susan Berget, Miles Wilkinson,
and Lydia Coulter for critical reviews of the manuscript. We also thank
Claire Lo and Linda Li for excellent technical assistance.

This work was supported by an NIH First Award and by the Mus-
cular Dystrophy Association. T.A.C. is an Established Investigator of
the American Heart Association.

11.

12.

13.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

MoL. CELL. BIOL.

REFERENCES

. Balvay, L., D. Libri, M. Gallego, and M. Y. Fiszman. 1992. Intronic sequence

with both negative and positive effects on the regulation of alternative tran-
scripts of the chicken B-tropomyosin transcripts. Nucleic Acids Res. 20:
3987-3992.

. Berget, S. M. 1995. Exon recognition in vertebrate splicing. J. Biol. Chem.

270:2411-2414.

. Bies, R. D., S. F. Phelps, M. D. Cortez, R. Roberts, C. T. Caskey, and J. S.

Chamberlain. 1992. Human and murine dystrophin messenger-RNA tran-
scripts are differentially expressed during skeletal muscle, heart, and brain
development. Nucleic Acids Res. 20:1725-1731.

. Black, D. 1995. Finding splice sites within a wilderness of RNA. RNA

1:763-771.

. Black, D. L. 1992. Activation of c-src neuron-specific splicing by an unusual

RNA element in vivo and in vitro. Cell 69:795-807.

. Briggs, M. M., and F. Schachat. 1993. Origin of fetal troponin-T: develop-

mentally regulated splicing of a new exon in the fast troponin-T gene. Dev.
Biol. 158:503-509.

. Burtis, K. C., and B. S. Baker. 1989. Drosophila doublesex gene controls

somatic sexual differentiation by producing alternatively spliced mRNAs
encoding related sex-specific polypeptides. Cell 56:997-1010.

. Chan, R. C,, and D. L. Black. 1995. Conserved intron elements repress

splicing of a neuron-specific c-sr¢ exon in vitro. Mol. Cell. Biol. 15:6377—
6385.

. Cooper, T. A. 1992. In vitro splicing of cardiac troponin-T precursors—exon

mutations disrupt splicing of the upstream intron. J. Biol. Chem. 267:5330-
5338.

. Cooper, T. A., M. H. Cardone, and C. P. Ordahl. 1988. Cis requirements for

alternative splicing of the cardiac troponin T pre-mRNA. Nucleic Acids Res.
16:8443-8465.

Cooper, T. A,, and C. P. Ordahl. 1985. A single cardiac troponin T gene
generates embryonic and adult isoforms via developmentally regulated al-
ternate splicing. J. Biol. Chem. 260:11140-11148.

Cooper, T. A, and C. P. Ordahl. 1989. Nucleotide substitutions within the
cardiac troponin T alternative exon disrupt pre-mRNA alternative splicing.
Nucleic Acids Res. 17:7905-7921.

Davis, R. L., H. Weintraub, and A. B. Lassar. 1987. Expression of a single
transfected cDNA converts fibroblasts to myoblasts. Cell 51:987-1000.

. Del Gatto, F., and R. Breathnach. 1995. Exon and intron sequences, respec-

tively, repress and activate splicing of a fibroblast growth factor receptor 2
alternative exon. Mol. Cell. Biol. 15:4825-4834.

Dominski, Z., and R. Kole. 1991. Selection of splice sites in pre-mRNAs with
short internal exons. Mol. Cell. Biol. 11:6075-6083.

Dorai, T., and L.-H. Wang. 1990. An alternative non-tyrosine protein kinase
product of the c-src gene in chicken skeletal muscle. Mol. Cell. Biol. 10:
4068-4079.

. Edmondson, D. G., and E. N. Olson. 1989. A gene with homology to the myc

similarity region of MyoD is expressed during myogenesis and is sufficient to
activate the muscle differentiation program. Genes Dev. 3:628-640.
Fornwald, J. A., G. Kuncio, I. Peng, and C. P. Ordahl. 1982. The complete
nucleotide sequence of the chick alpha-actin gene and its evolutionary rela-
tionship to the actin gene family. Nucleic Acids Res. 10:3861-3876.

Ge, H., and J. L. Manley. 1990. A protein factor, ASF, controls cell-specific
alternative splicing of SV40 early pre-mRNA in vitro. Cell 62:25-34.
Gooding, C., G. C. Roberts, G. Moreau, B. Nadal-Ginard, and C. W. J.
Smith. 1994. Smooth muscle-specific switching of alpha-tropomyosin mutu-
ally exclusive exon selection by specific inhibition of the strong default exon.
EMBO J. 13:3861-3872.

Graham, I. R., M. Hamshere, and I. C. Eperon. 1992. Alternative splicing of
a human a-tropomyosin muscle-specific exon: identification of determining
sequences. Mol. Cell. Biol. 12:3872-3882.

Green, M. R. 1991. Biochemical mechanisms of constitutive and regulated
pre-mRNA splicing. Annu. Rev. Cell Biol. 7:559-599.

Greig, A., Y. Hirschberg, P. A. W. Anderson, C. Hainsworth, N. N. Malouf,
A. E. Oakeley, and B. K. Kay. 1994. Molecular basis of cardiac troponin T
isoform heterogeneity in rabbit heart. Circ. Res. 74:41-47.

Guo, W., and D. M. Helfman. 1993. Cis-elements involved in alternative
splicing in the rat beta-tropomyosin gene—the 3’-splice site of the skeletal
muscle exon-7 is the major site of blockage in nonmuscle cells. Nucleic Acids
Res. 21:4762-4768.

Hedley, M. L., and T. Maniatis. 1991. Sex-specific splicing and polyadenyl-
ation of dsx pre-mRNA requires a sequence that binds specifically to tra-2
protein in vitro. Cell 65:579-586.

Heinrichs, V., and B. S. Baker. 1995. The Drosophila SR protein RBP1
contributes to the regulation of doublesex alternative splicing by recognizing
RBP1 RNA target sequences. EMBO J. 14:3987-4000.

Hodges, D., and S. L. Bernstein. 1994. Genetic and biochemical analysis of
alternative RNA splicing. Adv. Genet. 31:207-281.

Horabin, J. L., and P. Schedl. 1993. Sex-lethal autoregulation requires mul-
tiple cis-acting elements upstream and downstream of the male exon and
appears to depend largely on controlling the use of the male exon 5’ splice
site. Mol. Cell. Biol. 13:7734-7746.



VoL. 16, 1996

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Hoshijima, K., K. Inoue, I. Higuchi, H. Sakamoto, and Y. Shimura. 1991.
Control of doublesex alternative splicing by transformer and transformer-2
in Drosophila. Science 252:833-836.

Huh, G. S., and R. O. Hynes. 1994. Regulation of alternative pre-mRNA
splicing by a novel repeated hexanucleotide element. Genes Dev. 8:1561—
1574.

Inoue, K., K. Hoshijima, I. Higuchi, H. Sakamoto, and Y. Shimura. 1992.
Binding of the Drosophila transformer and transformer-2 proteins to the
regulatory elements of doublesex primary transcript for sex-specific RNA
processing. Proc. Natl. Acad. Sci. USA 89:8092-8096.

Jin, J. P,, Q. Q. Huang, H. L. Yeh, and J. J. Lin. 1992. Complete nucleotide
sequence and structural organization of rat cardiac troponin T gene. A single
gene generates embryonic and ad isoforms via developmentally regulated
alternative splicing. J. Mol. Biol. 227:1269-1276.

Jin, J. P., and J. J. Lin. 1989. Isolation and characterization of cDNA clones
encoding embryonic and adult isoforms of rat cardiac troponin T. J. Biol.
Chem. 264:14471-14477.

Krainer, A. R., G. C. Conway, and D. Kozak. 1990. The essential pre-mRNA
splicing factor SF2 influences 5’ splice site selection by activating proximal
sites. Cell 62:35-42.

Lou, H., Y. Yang, G. J. Cote, S. M. Berget, and R. F. Gagel. 1995. An intron
enhancer containing a 5 splice site sequence in the human calcitonin/calci-
tonin gene-related peptide gene. Mol. Cell. Biol. 15:7135-7142.

Lynch, K. W., and T. Maniatis. 1995. Synergistic interactions between two
distinct elements of a regulated splicing enhancer. Genes Dev. 9:284-293.
Maniatis, T. 1991. Mechanisms of alternative pre-mRNA splicing. Science
251:33-34.

Mayeda, A., D. M. Helfman, and A. R. Krainer. 1993. Modulation of exon
skipping and inclusion by heterogeneous nuclear ribonucleoprotein Al and
pre-mRNA splicing factor SF2/ASF. Mol. Cell. Biol. 13:2993-3001.
Mayeda, A., and A. R. Krainer. 1992. Regulation of alternative pre-mRNA
splicing by hnRNP A1 and splicing factor SF2. Cell 68:365-375.

McNally, M. T., and K. Beemon. 1992. Intronic sequences and 3’ splice sites
control Rous sarcoma virus RNA splicing. J. Virol. 66:6-11.

Min, H. S, R. C. Chan, and D. L. Black. 1995. The generally expressed
hnRNP F is involved in a neural-specific pre-mRNA splicing event. Genes
Dev. 9:2659-2671.

Mineo, I., and E. W. Holmes. 1991. Exon recognition and nucleocytoplasmic
partitioning determine AMPD]1 alternative transcript production. Mol. Cell.
Biol. 11:5356-5363.

Morgan, M. J., J. C. Earnshaw, and G. K. Dhoot. 1993. Novel developmen-
tally regulated exon identified in the rat fast skeletal muscle troponin-T gene.
J. Cell Sci. 106:903-908.

Nagoshi, R. N., and B. S. Baker. 1990. Regulation of sex-specific RNA
splicing at the Drosophila doublesex gene: cis-acting mutations in exon
sequences alter sex-specific RNA splicing patterns. Genes Dev. 4:89-97.
Nikovits, W., G. Kuncio, and C. P. Ordahl. 1986. The chicken fast skeletal
troponin I gene: exon organization and sequence. Nucleic Acids Res. 14:
3377-3390.

Norton, P. A. 1994. Alternative pre-mRNA splicing—factors involved in
splice site selection. J. Cell Sci. 107:1-7.

Olson, E. N, and W. H. Klein. 1994. bHLH factors in muscle development—

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

MUSCLE-SPECIFIC SPLICING ENHANCERS 4023

dead lines and commitments, what to leave in and what to leave out. Genes
Dev. 8:1-8.

Ramchatesingh, J., A. M. Zahler, K. M. Neugebauer, M. B. Roth, and T. A.
Cooper. 1995. A subset of SR proteins activates splicing of the cardiac
troponin T alternative exon by direct interactions with an exonic enhancer.
Mol. Cell. Biol. 15:4898-4907.

Robberson, B. L., G. J. Cote, and S. M. Berget. 1990. Exon definition may
facilitate splice site selection in RNAs with multiple exons. Mol. Cell. Biol.
10:84-94.

Ruskin, B., A. R. Krainer, T. Maniatis, and M. R. Green. 1984. Excision of
an intact intron as a novel lariat structure during pre-mRNA splicing in vitro.
Cell 38:317-331.

Sakamoto, H., K. Inoue, I. Higuchi, Y. Ono, and Y. Shimura. 1992. Control
of Drosophila Sex-Lethal pre-messenger RNA splicing by its own female-
specific product. Nucleic Acids Res. 20:5533-5540.

Sarkar, G., and S. S. Sommer. 1990. The “megaprimer” method of site-
directed mutagenesis. BioTechniques 8:404—407.

Screaton, G. R., J. F. Caceres, A. Mayeda, M. V. Bell, M. Plebanski, D. G.
Jackson, J. L. Bell, and A. R. Krainer. 1995. Identification and characteriza-
tion of three members of the human SR family of pre-mRNA splicing
factors. EMBO J. 14:4336-4349.

Sirand-Pugnet, P., P. Durosay, E. Brody, and J. Marie. 1995. An intronic
(A/U)GGG repeat enhances the splicing of an alternative intron of the
chicken B-tropomyosin pre-mRNA. Nucleic Acids Res. 23:3501-3507.
Strohman, R. C., E. Bayne, D. Spector, T. Obinata, J. Micou-Eastwood, and
A. Maniotis. 1990. Myogenesis and histogenesis of skeletal muscle on flexible
membranes in vitro. In Vitro Cell. Dev. Biol. 26:201-208.

Tacke, R., and C. Goridis. 1991. Alternative splicing in the neural cell
adhesion molecule pre-mRNA: regulation of exon 18 skipping depends on
the 5'-splice site. Genes Dev. 5:1416-1429.

Tian, M., and T. Maniatis. 1992. Positive control of pre-messenger-RNA
splicing in vitro. Science 256:237-240.

Tian, M., and T. Maniatis. 1993. A splicing enhancer complex controls
alternative splicing of doublesex pre-messenger RNA. Cell 74:105-114.
Tjian, R., and T. Maniatis. 1994. Transcriptional activation: a complex puz-
zle with few easy pieces. Cell 77:5-8.

Toshifumi, T., C. Casciato, and D. M. Helfman. 1994. Alternative splicing of
B-tropomyosin pre-mRNA: multiple cis-elements can contribute to the use
of the 5’ and 3’ splice sites of non-muscle/smooth muscle exon 6. Nucleic
Acids Res. 22:2318-2325.

Vellard, M., A. Sureau, J. Soret, C. Martinerie, and B. Perbal. 1992. A
potential splicing factor is encoded by the opposite strand of the trans-
spliced c-myb exon. Proc. Natl. Acad. Sci. USA 89:2511-2515.

Xu, R., J. Teng, and T. A. Cooper. 1993. The cardiac troponin T alternative
exon contains a novel purine-rich positive splicing element. Mol. Cell. Biol.
13:3660-3674.

Zahler, A. M., W. S. Lane, J. A. Stolk, and M. B. Roth. 1992. SR proteins—a
conserved family of pre-messenger-RNA splicing factors. Genes Dev. 6:837—
847.

Zahler, A. M., K. M. Neugebauer, W. S. Lane, and M. B. Roth. 1993. Distinct
functions of SR proteins in alternative pre-messenger RNA splicing. Science
260:219-222.



