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Pre-mRNA Splicing
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RNA splicing is an indispensable step for expression of many eukaryotic genes. Combinations of 5' and 
3' splice sites should be correctly selected in both constitutive and alternative splicing. Recent studies have 
revealed mechanisms of alternative splicing in some systems, in which specific regulators play vital roles in 
splice site selection. On the other hand, essential splicing factors such as SR proteins modulate splice site 
usage of general machinery. Specific regulators and splicing factors such as SR proteins have some 
common structural features. With these related components, a similar machinery of splice site selection is 
involved in constitutive and alternative splicing.

Pre-mRNA Splice site Splicing Alternative splicing SR protein

IN higher eukaryotes, alternative splicing of mes
senger RNA precursors (pre-mRNAs) plays an im
portant role in regulating gene expression; it can 
lead to the production of multiple mRNA species 
from a single gene during development and differ
entiation. The Drosophila sex-determination path
way is the most striking example, which involves 
a cascade of regulated alternative splicing events. 
Hence, one can easily imagine that studies on al
ternative splicing are indispensable for under
standing developmental phenomena. Moreover, 
how certain combinations of 5' and 3' splice sites 
are correctly selected is a fundamental question 
for elucidation of the mechanism of constitutive 
as well as alternative pre-mRNA splicing. In addi
tion to studies on the Drosophila genes, biochemi
cal approaches, especially those using mammalian 
systems, have revealed some important aspects of 
the machinery involved in splice site selection, in
cluding the finding that many protein splicing fac
tors have some common sequence motifs. One

such motif is the RNA binding domain (RBD), 
which encompasses 80-90 amino acids, also re
ferred to as the ribonucleoprotein consensus se
quence (RNP-CS) or the RNA recognition motif 
(RRM) (Bandiziulis et al., 1989; Query et al., 
1989; Rio, 1992; Birney et al., 1993; Mattaj,
1993). Another is the arginine-serine (RS)-rich se
quence motif (for reviews, see Birney et al., 1993; 
Moore et al., 1993). Drosophila splicing regulators 
and splicing factors such as SR proteins contain 
the RBD and/or RS domains.

In this review, we first describe two specific 
examples of splicing regulation, both from Dro
sophila, which, because of genetics, is where the 
most is currently known about regulation. These 
examples show the negative control by the block
age of splice site usage and the positive control by 
the activation of suboptimal splice site. We then 
focus on the current idea, mainly based on the 
biochemical studies with mammalian systems, that 
a similar mechanism of splice site selection is
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involved in both constitutive and alternative 
splicing.

NEGATIVE REGULATION IN 
ALTERNATIVE SPLICING

Expression of one of the Drosophila somatic 
sex-determination genes, transformer (tra), is con
trolled by sex-specific splicing that is achieved by 
the alternative usage of two 3' splice sites (Boggs 
et al., 1987). Choice of the upstream 3' splice site 
leads to the inclusion of the second exon that con
tains a translational stop codon, generating non
functional mRNA in both female and male flies. 
The second exon is excluded only in females by 
the use of the downstream 3' splice site, thereby 
producing mRNA that encodes functional Tra 
protein. Genetical studies revealed that Sex-lethal 
(Sxl), another member of the sex-determination 
genes, is necessary for the proper regulation of the 
sex-specific splicing of tra pre-mRNA (Nagoshi et 
al., 1988; Belote et al., 1989). The Sxl gene pro
duces the functional protein that contains two 
copies of the RNA binding domain (RBD) (Bell et 
al., 1988) only in females. Using transgenic flies 
(Sosnowski et al., 1989) and the transfection sys
tem (Inoue et al., 1990), Sxl has been shown to 
repress the usage of the upstream 3' splice site to 
induce the female-specific splicing of tra pre- 
mRNA. In the absence of functional Sxl gene 
product, the non-sex-specific splicing at the up
stream 3' splice site occurs exclusively in a default 
manner. Bacterially produced Sxl protein binds 
specifically to the uridine-rich sequence that lies in 
the pyrimidine cluster at the upstream 3' splice 
site of tra pre-mRNA (Inoue et al., 1990). It is 
known that the pyrimidine cluster is indispensable 
for the splicing reaction and is recognized by some 
splicing factors, such as U2AF (for review, see 
Green, 1991). Therefore, Sxl protein functions as 
a negative regulator to compete out the splicing 
factors at the upstream 3' splice site, resulting in 
the use of the downstream 3' splice site of tra 
pre-mRNA in female flies (Fig. 1A) (Sosnowski et 
al., 1989; Inoue et al., 1990; Zamore et al., 1992; 
Valcarcel et al., 1993).

Expression of the Sxl gene is maintained by au
toregulation of the sex-specific splicing (Bell et al.,
1991). Male-specific Sxl mRNAs include the third 
exon, which contains the translational stop codon, 
generating nonfunctional proteins, whereas fe
male-specific mRNAs exclude this exon and en
code the functional proteins (Bell et al., 1988). 
The functional Sxl protein promotes the synthesis

of its own female-specific mRNA by inhibiting the 
male-specific splicing, leading to constitutive pro
duction of Sxl protein only in female flies (Bell et 
al., 1991; Sakamoto et al., 1992). Because there 
exists the U-rich sequence at the male-specific 3' 
splice site of Sxl pre-mRNA, a simple mechanism 
for the repression of male-specific splicing, as was 
the case with tra pre-mRNA, was proposed (Sos
nowski et al., 1989). However, the mechanism 
seems to be more complicated than expected: mul
tiple Sxl binding sequences located both upstream 
and downstream of the male-specific third exon 
are involved in the splicing regulation (Sakamoto 
et al., 1992; Horabin and Schedle, 1993), although 
the mechanism is not yet fully understood.

In addition to the cases of the sex-determi
nation genes, other examples of negative regula
tion of alternative splicing are provided by Dro
sophila genes: the P-transposase gene (Laski et al., 
1986) and the suppressor of white apricot locus 
[sw(wa)] (Chou et al., 1987; Zachar et al., 1987). 
In the case of the P-transposase gene, the third 
intron containing the translational stop codon is 
removed in germ cells but not in somatic cells. 
Only the fully spliced mRNA encodes the func
tional transposase, and splicing of the third intron 
is inhibited in somatic cells. The intron is accu
rately spliced out in mammalian cell extracts, but 
the reaction is inhibited by the addition of Dro
sophila somatic cell extracts (Siebel and Rio, 
1990). A multiprotein complex, which associates 
with the 5' exon sequence, is involved in somatic 
inhibition (Siebel and Rio, 1990; Siebel et al.,
1994).

POSITIVE REGULATION IN 
ALTERNATIVE SPLICING

In the Drosophila sex-determination cascade, 
expression of the doublesex (dsx) gene is regulated 
by two genes, tra and tra-2, In somatic cells, the 
tra-2 gene produces the same protein in both sexes 
(Amrein et al., 1988; Gorarski et al., 1989), where
as tra produces the functional protein only in fe
males, as described above (Boggs et al., 1987). dsx 
pre-mRNA undergoes sex-specific RNA process
ing (splicing and polyadenylation reactions) (Bur- 
tis and Baker, 1989). In females, Tra and Tra-2 
promote the female-specific processing of dsx pre- 
mRNA; the third exon is spliced to the female- 
specific fourth exon and the cleavage/polyadenyl- 
ation reaction occurs immediately downstream of 
the fourth exon (Fig. IB) (Burtis and Baker, 1989; 
Hoshijima et al., 1991; Hedley and Maniatis,
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FIG. 1. Mechanisms of alternative pre-mRNA splicing. (A) Sex-specific splicing of tra pre-mRNA is regu
lated by Sxl protein in Drosophila somatic cells. In male flies, splicing occurs at the upstream 3' splice site; 
the first exon is spliced to the second exon (upper). In female flies, Sxl protein binds to the target sequence to 
prevent the binding of splicing factors such as U2AF at the upstream 3' splice site, leading to the female- 
specific splicing at the downstream 3' splice site (lower). (B) Sex-specific splicing of dsx pre-mRNA is con
trolled by Tra and Tra-2 proteins. In male flies, the third exon is spliced to the fifth exon in a default manner 
(upper). In females, Tra and Tra-2 bind specifically to the 13-nt repeat sequences in the fourth exon and 
recruit general splicing factors such as SR proteins, resulting in activation of the upstream 3' splice site 
(lower). Polyadenylation reaction (shown as AAAA) occurs immediately downstream of the fourth exon in 
females. Boxes and the lines between boxes represent the exon and the intron sequences, respectively.

1991) . In contrast, in males, splicing between the 
thi-H exon and the male-specific fifth exon occurs 
In a efault manner. Female-specific processing 
depen on activation of the female-specific splic
ing, be use neither the female-specific polyade
nylation taction nor the male-specific splicing is 
regulated v Tra and Tra-2 proteins (Hoshijima et 
al., 1991; „yner and Baker, 1991). The female- 
specific splicing cannot occur in the absence of the 
regulator proteins because the pyrimidine cluster 
at the 3' splice site is not long enough to be recog
nized by splicing factors (Hoshijima et al., 1991). 
For activation of the female-specific splicing, six 
tandemly interspersed repeats of 13-nucleotide 
(nt) sequences in the female-specific fourth exon 
are necessary (Nagoshi and Baker 1990; Hoshi
jima et al., 1991; Inoue et al., 1992; Tian and 
Maniatis, 1992). Both Tra (Inoue et al., 1992) and 
Tra-2 (Hedley and Maniatis, 1991; Inoue et al.,
1992) can bind directly to these 13-nt repeat se
quences, although specific binding of Tra may re
quire additional nuclear factors (Tian and Mania
tis, 1992). It was suggested that Tra and Tra-2 are 
associated with each other on the repeat sequences 
(Inoue et al., 1992). Furthermore, in vitro studies 
have clearly showed that Tra and Tra-2 function 
by recruiting general splicing factors, including 
the SR proteins, to the repeat sequences (Tian and 
Maniatis, 1992, 1993). The yeast two-hybrid sys
tem and the far-western experiments demon

strated that both Tra and Tra-2 specifically inter
act with themselves, with each other, and with 
some members of the SR protein family (Wu and 
Maniatis, 1993; Amrein et al., 1994). Tra-2 con
tains the RNA binding domain (RBD) and the two 
arginine-serine (RS)-rich domains, whereas Tra 
possesses only the RS domains (Amrein et al., 
1988; Gorarski et al., 1989). The RBD of Tra-2 
protein is necessary but not sufficient for specific 
RNA binding in vitro. One of the RS domains that 
lies in the C-terminal region of Tra-2 is essential 
for specific RNA binding (Amrein et al., 1994). 
Furthermore, the RS domain has been shown to 
be required for protein-protein interactions (Am
rein et al., 1994). Interestingly, Tra-2 functions as 
a negative regulator of alternative splicing of its 
own pre-mRNA in germ line cells (Mattox and 
Baker, 1991; Amrein et al., 1994).

SR PROTEINS AND 
SPLICE SITE SELECTION

It was previously reported that a HeLa cell 
SI00 cytoplasmic extract is not able to support 
pre-mRNA splicing in vitro because it lacks an 
essential splicing factor, termed SF2 (Krainer et 
al., 1990, 1991). Cloning of SF2 cDNA revealed 
that it is identical with a mammalian splicing fac
tor called ASF (alternative splicing factor), which
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had been identified on the basis of the activity to 
modulate the 5' splice site selection of SV40 T/t 
antigen pre-mRNA (Ge and Manley, 1990; Ge et 
al., 1991). SC-35, another essential splicing factor 
that has similar properties to ASF/SF2, was iden
tified by a monoclonal antibody raised against pu
rified spliceosomes (Fu and Maniatis, 1990, 1992), 
and was subsequently shown to activate splicing 
upon addition to the HeLa cell SI00 extract (Fu et 
al., 1992).

Subsequently, a group of proteins designated 
SR proteins has been identified in a variety of ani
mal cells and tissues by the cross-reaction of the 
monoclonal antibody mAbl04, which had been 
originally raised against Xenopus laevis oocyte nu
clear proteins (Roth et al., 1991; Zahler et al.,
1992). SR proteins include related polypeptides of 
approximately 20, 30, 40, 55, and 75 kDa, and 
addition of any of these SR proteins to the HeLa 
cell S100 extract is sufficient to activate splicing 
(Zahler et al., 1993a). Partial amino acid sequence 
analysis of the human 30 kDa protein revealed 
that it includes both ASF/SF2 and SC-35 polypep
tides (Zahler et al., 1992). These data indicate a 
high degree of functional redundancy between the 
members of the SR protein family. In fact, the SR 
proteins have similar structural features, contain
ing one or two RBDs and an RS domain (Zahler 
et al., 1993a).

The fact that ASF/SF2 was independently iden
tified as an alternative splicing factor and a gen
eral splicing factor has raised an intriguing possi
bility that alternative splicing events can be 
regulated by the activity of some general splicing 
factor that is required for the basic splicing mech
anism. Using pre-mRNAs with duplicated 5' 
splice sites and a single 3' splice site as in vitro 
splicing substrates, ASF/SF2 and SC-35 were 
shown to promote the utilization of the 5' splice 
site proximal to the 3' splice site (Fu et al., 1992). 
The mechanism by which ASF/SF2 and SF-35 ex
ert their activities on 5' splice site selection is not 
well understood. It has recently been suggested in 
the case of ASF/SF2 that the protein can specifi
cally recognize 5' splice sites and facilitates U1 
snRNP binding to the sites via protein-protein in
teraction between ASF/SF2 and a U1 snRNP- 
specific protein, U1-70K (Zuo and Manley, 1994; 
Kohtz et al., 1994).

The activity of ASF/SF2 and SC-35 in promot
ing proximal 5' splice site usage is antagonistically 
counteracted by the activity of the hnRNP Al pro
tein that promotes the usage of distal 5' splice 
site (Mayeda and Krainer, 1992). Moreover, each 
member of the SR protein family appears to have 
distinct activity on selecting 5' splice sites of dif

ferent pre-mRNAs (Fu, 1993; Zahler et al., 
1993b). In addition, it has been suggested that the 
SR proteins and hnRNP Al are differentially ex
pressed in a variety of tissues (Zahler et al., 1993b; 
Mayeda et al., 1993). These results are intriguing 
in light of the fact that many pre-mRNAs are al
ternatively spliced in a tissue-specific manner. The 
relative amounts of SR proteins and hnRNP Al 
protein expressed in each tissue might be one of 
the determinants of the alternative splicing pattern 
(Zahler et al., 1993b; Mayeda et al., 1993). ASF/ 
SF2 and SC-35 also have the activity to promote 
the utilization of the proximal 3' splice site in 
vitro, but this activity is not counteracted by hn
RNP Al (Fu et al., 1992). Activity to promote 
distal 3' splice site usage has also been identified 
in a HeLa nuclear extract, designated SF7 (May
eda et al., 1993), but the molecular basis of this 
activity remains to be clarified.

EXON RECOGNITION

Although introns are essentially defined by the 
presence of a conserved 5' splice site, a 3' splice 
site, its preceding pyrimidine cluster, and a branch 
point, these elements are not likely to be sufficient 
to specify all introns. In several genes, specific 
exon sequences have been shown to function as cis 
elements for regulation of alternative splicing, as 
is the case with the 13-nt repeat sequences in the 
dsx female-specific exon (for review, see Green,
1991). In addition, exon sequences can be involved 
in general splice site selection. The role of exon 
sequence for selection of 3' splice site was clearly 
demonstrated in the course of study on the splic
ing mechanism of the mouse immunoglobulin /* 
gene. The purine-rich sequence located within the 
last exon, M2, promotes splicing of distant up
stream introns regardless of cell types (Watakabe 
et al., 1991). Furthermore, if the 13-nt repeat se
quence region in dsx pre-mRNA is replaced by the 
purine-rich exon sequence, it can activate the us
age of the female-specific 3' splice site even in the 
absence of Tra and Tra-2 (Watakabe et al., 1993). 
Therefore, the purine-rich exon sequence of the 
immunoglobulin fi gene is thought to function as 
a general splicing enhancer. Similarly, purine-rich 
sequences from several other genes as well as some 
synthetic polypurine sequences have also been 
demonstrated to function as splicing enhancer in 
vitro (Tanaka et al., 1994). Because this finding is 
consistent with the exon recognition model, in 
which the definition of exon units is involved in 
specification of splice sites (Robberson et al., 
1990; Talerico and Berget, 1990), such exonic
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splicing enhancer was designated exon recognition 
sequence (ERS) (Watakabe et al., 1993; Tanaka et 
al., 1994). Xu et al. (1993) also reported that the 
purine-rich sequence of the cardiac troponin T 
(cTNT) exon facilitates splicing of a heterologous 
intron in vivo, thus naming such sequence as exon 
splicing element (ESE). In the case of the human 
fibronectin EDA exon, there are both positive and 
negative modulator elements of splicing (Caputi et 
al., 1994).

The splicing enhancer sequences are thought to 
be most important when the splice sites to be se
lected are suboptimal or weak. Because such splice 
sites themselves cannot be well recognized by 
splicing machinery, additional information is nec
essary. The purine-rich exon sequences are likely 
to contribute such information (Watakabe et al.,
1993). Presumably there exist variable purine-rich 
sequences in many exons, which modulate splice 
site selection. Similarly, it has been demonstrated 
that the downstream 5' splice site sequence can 
stimulate the use of the weak upstream 3' splice 
site across the exon (Robberson et al., 1990; Taler- 
ico and Berget, 1990; Kuo et al., 1991; Hoffman 
and Grabowski, 1992). The polyadenylation signal 
may play a similar role for 3' terminal exons 
(Niwa and Berget, 1991). In addition, the 5' cap 
structure stimulates splicing of 5' proximal intron 
(Ohno et al., 1987; Inoue et al., 1989).

Some lines of evidence suggest that the interac
tion of U1 snRNP with the downstream 5' splice 
site (Robberson et al., 1990; Talerico and Berget, 
1990; Kuo et al., 1991; Hoffman and Grabowski,
1992) and with ERS (Watakabe et al., 1993) facili
tates spliceosome formation. Recently, it was 
demonstrated that the interaction of SR proteins 
with the splicing enhancer (designated SE) se
quence in the human fibronectin EDI exon stimu
lates U2 snRNP binding (Lavigueur et al., 1993). 
Moreover, ASF/SF2, one of the SR proteins, 
binds in a sequence-specific manner to the purine- 
rich sequence, named exonic splicing enhancer 
(ESE), in the last exon of bovine growth hormone 
pre-mRNA, thereby stimulating splicing of the up
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stream intron (Sun et al., 1993). The stimulation is 
counteracted by the addition of hnRNP Al. Inter
estingly, SC-35, another SR protein, neither binds 
to the sequence nor stimulates splicing of the in
tron (Sun et al., 1993). These findings indicate 
that SR proteins can function as specific positive 
factors via binding to the exon sequences.

CONCLUSION

Studies on the Drosophila sex-determination 
genes led to the finding that specific regulators 
play important roles in alternative splicing. These 
factors interact with specific regulatory sequences 
of pre-mRNA. In negative regulation, specific reg
ulators prevent the association of splicing factors 
with pre-mRNA. On the other hand, the positive 
regulatory system in alternative splicing utilizes 
the general splicing machinery. Specific regulatory 
proteins such as Tra and Tra-2 recruit the essential 
splicing factors such as the SR proteins. The SR 
proteins are likely to play vital roles in splice site 
selection. They can interact with splice sites and 
the exon sequences (ERS/ESE), stimulating the 
usage of specific splice sites. Because SR proteins 
are differentially expressed in a variety of tissues 
and particular SR proteins have distinct functions 
in splice site selection, alternative splicing in many 
genes may be controlled directly by the SR pro
teins. In addition, other RNA binding proteins, 
such as hnRNP Al, may counteract or modify the 
effect of SR proteins.
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