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M Abstract Alternative pre-mRNA splicing is a central mode of genetic regula-
tion in higher eukaryotes. Variability in splicing patterns is a major source of protein
diversity from the genome. In this review, I describe what is currently known of the
molecular mechanisms that control changes in splice site choice. I start with the
best-characterized systems from the Drosophila sex determination path way, and then
describe the regulators of other systems about whose mechanisms there: is some data.
How these regulators are combined into complex systems of tissue-specific splicing
is discussed. In conclusion, very recent studies are presented that point to new
directions for understanding alternative splicing and its mechanisms.
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INTRODUCTION

The splicing reaction that assembles eukaryotic mRNAs from their much longer
precursors provides a uniquely versatile means of genetic regulation. Alterations
in splice site choice can have many different effects on the mRNA and protein
products of a gene. Commonly, alternative splicing patiems determine the
inclusion of a portion of coding sequence in the mRNA, giving rise to protein
isoforms that differ in their peptide sequence and hence chemical and biological
activity (1). Alternative splicing is a major contributor to protein diversity in
. metazoan organisms. Estimates of the minimum number of human gene products
that undergo alternative splicing are as high as 60% (2). Moreover, many gene
transcripts have multiple splicing patterns and some have thousands (3, 4). To
understand this complexity of gene expression, we must study how changes in
splice site choice come about.

In a typical multiexon mRINA, the splicing pattern can be altered in many
ways (Figure 1). Most exons are constitutive; they are always spliced or included
in the final mMRNA. A regulated exon that is sometimes included and sometimes
excluded from the mRNA is called a cassette exon. In certain cases, multiple
cassette exons are mutually exclusive—producing mRNAs that always include
one of several possible exon choices but no more. In these systems, special
mechanisms must enforce the exclusive choice (5, 6). Exons can also be
lengthened or shortened by altering the position of one of their splice sites. One
sees both alternative 5’ and alternative 3’ splice sites. The 5'-terminal exons of
an mRNA can be switched through the use of alternative promoters and
alternative splicing. Similarly, the 3’-terminal exons can be switched by com-
bining alternative splicing with alternative polyadenylation sites. Alternative
promoters are primarily an issue of transcriptional control. Control of polyade-
nylation appears mechanistically similar to control of splicing, although it is not
discussed here (7). Finally, some important regulatory events are controlled by
the failure to remove an intron, a splicing pattern called intron retention.
Particular pre-mRNAs often have multiple positions of alternative splicing,
giving rise to a family of related proteins from a single gene (Figure 1H).

Changes in splice site choice can have all manner of effects on the encoded
protein. Small changes in peptide sequence can alter ligand binding, enzymatic
activity, allosteric regulation, or protein localization. In other genes, the synthesis
of 2 whole polypeptide, or a large domain within it, can depend on a particular
splicing pattern. Genetic switches based on alternative splicing are important in
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Figure 1 Patterns of  alternative splicing. Constitutive sequences present in all final
mRNAs are gray boxes. Alternative RINA segments that may or may not be included in the
mRNA are hatched boxes. (A) A cassette exon can be either included in the mRNA or
excluded. (B) Mutually exclusive exons. occur when two or more adjacent cassetie exons are
spliced such that only one exon in the group is included at a time. (C, D) Alternative 5’ and
3’ splice sites allow the lengthening or shortening of a particular exon. (E, F) Alternative
promoters and alternative poly(A) sites switch the 5'- or 3'-most exons of a transcript. (G)
A retained intron can be excised from the pre-mRNA or can be retained in the transiated
mRNA. (H) A single pre-mRNA can exhibit multipie sites of altemative splicing using
different patterns of inclusion. These are often used in a combinatorial manner to produce
many different final mRNAs. '

many cellular and developmental processes, including sex determination, apo-
ptosis, axon guidance, cell excitation and contraction, and many others. Errors in
splicing regulation have been implicated in a number of different disease states.
The roles played by alternative splicing in particular cellular processes and in
disease have been reviewed extensively (1, 8-20). Here we focus on the common .
mechanistic features of a number of well-studied model systems.

The excision of the introns from a pre-mRNA and the joining of the exons is
directed by special sequences at the intron/exon junctions called splice sites (21).
The 5’ splice site marks the exon/intron junction at the 5° end of the intron
(Figure 2A). This includes a GU dinucleotide at the intron end encompassed
within a larger, less conserved consensus sequence (21). At the other end of the
intron, the 3’ splice site region has three conserved sequence elements: the
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Figure 24  Splicing takes place in two transesterification stebs..The first step results
in two reaction intermediates: the detached 5’ exon and an intron/3’-exon fragment

in a lariat structure. The second step ligates the two exons and releases the intron
lariat. See texf for details.

pranch point, followed by a polypyrimidine tract, followed by a terminal AG at
the extreme 3’ end of the intron. Splicing is carried out by the spliceosome, a
large macromolecular complex that assembles onto these sequences and cata-
lyzes the two transesterification steps of the splicing reaction (Figure 24, Figure
2B). In the first step, the 2'-hydroxyl group of a special A residue at the branch
point attacks the phosphate at the 5’ splice site. This leads to cleavage of the 5'
exon from the intron and the concerted ligation of the intron 5' end to the
branch-point 2'-hydroxyl. This step produces two reaction intermediates, a
detactied 5’ exon and an intron/3’-exon fragment in a lariat configuration
containing a branched A nucleotide at the branch point. The second transesteri-
fication step is the attack on the phosphate at the 3’ end of the intron by the
3’_hydroxyl of the detached exon. This ligates the two exons and releases the
intron, still in the form of a lariat.

The spliceosome assembles onto each intron from a set of five small nuclear
ribonucleoproteins (snRNPs) and numerous accessory proteins (Figure 2B)
(21-23, 23a). During assembly, the Ul snRNP binds to the 5 splice site via base
pairing between the splice site and the Ul snRNA. The 3" splice site elements are
bound by a special set of proteins. SF1 is a branch-point binding protein (also
called BBP in yeast). The 65-kDa subunit of the dimeric U2 auxiliary factor
(U2AF) binds to the polypyrimidine tract. In at least some cases, the 35-kDa
subunit of U2AF binds to the AG at the intron/exon junction. The earliest defined
complex in spliceosome assembly, called the E (early) or commitment complex,
contains Ul and U2AF bound at the two intron ends (24). The E complex is
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Figure 2B The spliceosore contains five small nuclear ribonucleoproteins that
assemble onto the intron. The Early (E) complex contains the Ul snRNP bound to the -
5' splice site. Each element of the 3’ splice site is bound by a specific protein, the
pranch point by SF1 (BBP), the polypyrimidine tract by U2AF 65, and the AG
dinucleotide by U2AF 35. This complex also apparently contains the U2 snRNP not
yet bound to the branch point (24). The A complex forms when U2 engages the
branch point via RNA/RNA base-pairing. This complex is joined by the U4/5/6
Tri-snRNP to form the B complex. The B complex is then extensively rearranged to
form the catalytic C complex. During this rearrangement the interactions of the Ul
and U4 suRNPs are lost and the U6 snRNP is brought irito contact with the 5’ splice
site. The spliceosome contains many additional proteins (359-363). Moreover, other
pathways of assembly may be possible (23a, 364, 365).

.joined by the U2 snRNP, whose snRNA base-pairs at the branch point, to form
the A complex. The A complex is joined by the U4/U5/U6 tri-snRNP to form the -
B complex. The B complex undergoes a complicated rearrangement to form the
C complex, in which the Ul snRNP interaction at the 5’ splice site is replaced
with the U6 snRNP and the U1 and U4 snRNPs are lost from the complex. It is
the C complex that catalyzes the two chemical steps of splicing (Figure 2B).
There is also a minor class of spliceosome that excises a small family of introns

that use different consensus sequences (25). Only the major class of spliceosome
is discussed here.
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Changes in splice site choice arise from changes in the assembly of the
spliceosomne. In most systems, splice site choice is thought to be regulated by
altering the binding of the initial factors to the pre-mRNA and the formation of
early spliceosome complexes. By the time the E complex is formed, it appears
that the splice sites are paired in a functional sense and the defined intron is
comimnitted to being spliced. However, this need not always be the case and there
is evidence in one system for the regulation of 3’ splice site choice after the first
catalytic step of splicing [i.e., after branch formation (see below) (26)].

The splice site consensus sequences are generally not sufficient information to
determine whether a site will assemble a spliceosome and functiom in splicing.
Other information and interactions are necessary to activate their use (27, 28).
Introns can range in size from less than 100 nucleotides to hundreds of thousands
of nucleotides. In contrast, exons are generally short and have a fairly narrow size
distribution of 50300 nucleotides. Commonly, spliceosomal components bind-
ing on opposite sides of an exon can interact to stimulate excision of the flanking
introns (29). This process is called exon definition and apparently occurs in most
internal exens (30). On top of this process, there are many non-splice site
regulatory sequences that strongly affect spliceosome assembly. RINA elements
that act positively to stimulate spliceosome assembly are called splicing enhanc-
ers. Exonic splicing enhancers are cornmonly found even in constitutive exons.
Intronic enhancers also occur and appear to differ from exonic enhancers.
Conversely, other RNA sequences act as splicing silencers or repressors to block
spliceosome assembly and certain splicing choices. Again, these silencers have
both exonic and intronic varieties. Some regulatory sequences create an RNA
secondafy structure that affects splice site recognition (31-33), but most seem to
be protein binding sites. This review focuses on the nonspliceosomal pre-mRNA
binding proteins that act through these splicing regulatory sequences. '

THE SEX DETERMINATION GENES OF DROSOPHILA
AS MODELS FOR SPLICING REGULATION

Sex Lethal Protein Is a Splicing Repressor

By far the best-understood systems of splicing regulation come from the pathway
of somatic sex determination in Drosophila melanogaster. A series of remarkable
genetic studies identified the key regulators of the sex determination pathway as
RNA binding proteins that alter the splicing of particular transcripts (8, 18, 34).
These studies provided an essemntial starting point for the biochemical analysis of
splicing regulation (Figure 3).

The master regulatory gene at the top of the sex determination pathway
encodes the RNA binding protein Sex lethal (SxI). Sxl protein is expressed
specifically in female flies, where it represses splicing patterns that would lead to
male development. In the presence of Sxl, female splicing patterns are expressed,
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leading to gene products needed for female development. Sex lethal contains two
RNA binding domains (RBD) of the RNP consensus type (RNP-cs, also called
an RRM) (Figure 4) (35, 36). In the crystal structure of the Sxl protein bound to
RNA, the RNA-interacting surfaces of these domains face each other to form a
cleft that specifically interacts with a nine-nucleotide U-rich element found in the
Sxl-target RNAs (37, 38). An additional N-terminal glycine-rich domain in SxI

“influences the cooperative assembly of the protein onto multiple binding sites
{39).

The downstream targets of the Sxl protein include transcripts from the
Transformer (Tra) and Male-specific lethal 2 (Msl2) genes (Figure 3A, Figure
3B). The Tra gene also encodes a splicing regulator. In the absence of Sxl, a
splicing pattern is used that produces a truncated and inactive Tra protein. In
female flies, where Sxl is present, it binds to its recognition element within the
3’ splice site of Tra exon 2, blocking recognition by U2AF (Figure 3A) (40-43).
This causes a shift in the 3’ splice site to a position downstream, thus deleting a
stop codon from the Tra mRNA and allowing translation of active Tra protein.
This appears to be the simplest mechanism for altering a splicing pattern: the Sxl
protein directly competes with an essential splicing factor (UZAF) for its RNA
binding site. However, Sxl regulation of Tra requires two other Drosophila
genes, virilizer and Female-specific lethal 2D, so it is likely that there is more to
this mechanism than is currently understood (44, 45).

A second target of Sxl is the gene Msl2, which regulates X chromosome
‘dosage compensation in male flies (Figure 3B) (46—48). In females, SxI binds to -
two sites in the first intron of Msl2 pre-mRNA: one in the polypyrimidine tract
and one adjacent to the 5’ splice site. Sx1 binding to the polypyrimidine tract
again blocks U2AF binding (49). Sxl binding near the 5’ splice site blocks a
regulatdry factor called TIA-1 (see below) and binding of the Ul snRNP to the
5" splice site (50, 51). Both Sx1 binding sites are needed for the ‘inhibition of
splicing and retention of the first Ms]2 intron in the final mRNA.. Interestingly,
the retained Msl2 intron is in the 5" UTR of the transcript and does not affect its
open reading frame. It has been shown that the Sxl bound within this region
blocks translation of the transcript in the cytoplasm (52-54). Thus, Sxl is
affecting both the splicing of the transcript in the nucleus and its translation in the
cytoplasm. There appear to be other examples in animal cells of predominantly
nuclear splicing regulators having additional cytoplasmic functions (55-38).

In addition to regulating transcripts downstream in the sex determination
pathway, Sxl also autoregulates its own splicing to maintain the female splicing
phenotype (8, 18, 34, 59) (Figure 3C). In male flies, the Sxl gene is transcribed
but the inclusion of Sxl exon 3 introduces a premature stop codon to produce a
truncated and inactive protein. In female flies, the same Sxl promoter is active,
producing the same RNA precursor. However, in the early female embryo an
additional Sx] promoter is briefly active, This early promoter produces a
transcript missing exon 3 that is translated into active Sx! protein {60, 61). This
embryonic Sx| protein initiates the whole splicing cascade by repressing the
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D. Doublesex

Figure 3 Continued.

Figure 3  Splicing regulation in the Drosophila sex determination cascade. (A) Sex lethal
represses a splicing pattern in the Transformer RNA. In male flies, the absence of Sxl
protein allows U2AF binding to an upstream 3’ splice site, producing the male spliced
product. In female flies, Sx] protein binds to the upstream 3 splice site, causing splicing in
the female-specific pattern and producing an mRNA encoding active Transformer protein.
(B) Sxl also binds to the Msl2 transcript. Here, Sxl binds both in the 3 splice site, blocking
UZAF binding; and near the 5’ splice site, blocking binding by the TIA-1 protein and the
U1 snRNP. This causes retention of the intron in the final Msl2 mRNA in female flies. In
male flies, the absence of $x1 allows the mRNA to be fully spliced. (C) In the Sx] transcript
itself, the 3’ splice site of the third exon contains two AG dinucleotides. In male flies, the
downstreamn AG is bound by U2AF and is required for activation of the exon for splicing.
The upstream AG is bound by the SPF435 protein and is the site of exon ligation. Thus, in
male flies, exon 3 is included in an mRINA that encodes an inactive Sx] protein. In female
flies, Sx} protein derived from the activation of an early embryonic promoter is present. Sx1
binds on both sides of the exon to induce exon skipping and the production of additional Sx1
protein from the constittive promoter. Under these conditions, it appears that lariat
formation may still occur at the exon 3’ splice site. [See (26, 67)] (D) The Tra protein
produced in female flies is a positive regulator of Doublesex splicing. Doublesex encodes
two different transcription factors. Exon 4 of dsx contains a poor polypyrimidine tract -
causing exon 4 skipping in male flies. Exon 4 also contains a Tra-dependent splicing
enhancer that binds Tra as well as the Tra2 protein and two different SR proteins, in
females. This enhancer complex stimulates UZAF binding and splicing of exon 4, producing
the female product of the dsx gene. (E) The Tra protein also regulates the splicing of
Fruitless mRNAs. In male flies, the upstream-most of a pair of alternative 3’ splice sites is
used, In female flies, Tra, Tra2, and the SR protein RBP1 bind to an exonic enhancer to
activate splicing of the downstream 5° splice site.
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Figure 4 Domain structures of splicing regulatory proteins. Splicing regulators
have common domains but combine them in various ways. Nearly “all have RNA
binding domains of either the RNP-cs (RRM) or KH type, repeated in different
numbers and combined with different auxiliary domains such as RS or RS-like
domains. Although structures of individual or pairs of domains have been solved,
little is known about the overall structure of these multidomain proteins. Shown here
are some of the proteins discussed in the text, normalized to equal length. The
positions and number of their known domains are indicated by color-coded boxes.

splicing of 8xI exon 3 from the constitutive promoter. The mechanism of Sxl
autoregulation is quite different from its activity on Tra and Msl2 (39, 62-64).
Multiple Sx] binding sites flank exon 3 and are required for its repression. Sxi
protein assembles cooperatively onto these sites and its glycine-rich amino
terminus is required for this cooperative binding. In this case, rather than
biocking the binding of a particular factor, Sx1 is creating an RNP structure that
encompasses the whole repressed exon. How this structure actually represses
splicing is the subject of some interest. The repression requires the Sans fille
protein, the Drosophila homolog of the UlA and U2 B” proteins, which may
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indicate interactions of Sxl with the snRINPs assembling on both sides of the exon
(65, 66).
" A recent study has given new insight into the mechanism of SxI autoregulation
"(26, 67). Sxl exon 3 has an unusual 3’ splice site containing two AG dinucle-
otides that flank the polypyrimidine tract (Figure 3C). The branch point is
upstream from both of these AG dinucleotides. In the absence of Sxl, the
polypyrimidine tract is bound by U2AF65, and the downstream AG by U2AF35.
Interestingly, this downstream AG is required for the splicing of the exon but is
not the site of exon ligation, which occurs at the upstream AG (63). The upstream
AG 1is bound by a factor called SPF45, and in the absence of SPF45, splicing
occurs at the downstream AG (26). Thus, for this exon the role of U2AF in
promoting spliceosome assembly at the 3’ splice site has been separated from a
role in defining the AG for exon ligation. Both in vivo and in vitro, the repression
of the excn by Sxl requires SPF45. Most interestingly, in a model pre-mRNA
carrying the Sxl 3’ splice site, the first step of splicing (5" exon cleavage and
lariat formation} occurs in vitro in the presence of Sxl, but the second step (3’
splice site cleavage and exon ligation) is blocked. Thus, at least in this in vitro
systern, Sx! inhibits the second step of splicing but not the first step. Although it
needs to be confirmed in vivo on a standard Sx1 RNA, this result seems to imply
that a spliceosome can be drastically rearranged after the first step of splicing and
redirected to a distant 3’ splice site. It will be interesting to find out if 3’ splice
site choice can commonly occur so late in the spliceosome assembly pathway,
and if such late choice always requires SPF435 and a similar arrangement of AG
dinucleotides.

Transformer Is a Splicing Activator

Sex lethal regulates the splicing of the Transformer transcript to produce the
female-specific Tra protein that in turn regulates the splicing of the Doublesex
(dsx) and Fruitless (frd) mRNAs in the sex determination pathway (8, 18, 34).
Unlike Sxl, Tra is a positive regulator of splicing that activates femnale-specific
splicing patterns in its targets (Figure 3D, Figure 3E).

Tra contains an extended RS domain, rich in arginine/serine dipeptides
(Figure 4). These domains are a common feature of splicing regulatory proteins
(see below). The Tra protein does not have an RNA binding domain and must
cooperatively assemble with other proteins onto its target RINA sequences
(68—70). In male flies, Tra is absent and mRNAs of the dsx gene are spliced from
exon 3 to exon 5 to encode a transcription factor that determines male differen- -
tiation (71, 72). Conversely, the presence of Tra in females activates the splicing
of exon 3 to exon 4 and results in an mRNA that encodes a transcriptional
regulator leading to female differentiation. Exon 4 of dsx carries an unusually
weak 3’ splice site that is not normally recognized by the U2AF protein. Within
this exon is a splicing enhancer sequence whose activity is controlled by the
presence of Tra protein (73—77). This enhancer has a series of six 13-nucleotide
repeat elements and an additional purine-rich element. The repeat element is
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bound by a trio of proteins including Tra, an SR protein RBP1, and an SR-related
protein called Tra2 (76). SR proteins compose an important family of splicing
regulators discussed in detail below. Tra2 is not sex specific but is required for

-Tra-dependent splicing regulation. Unlike Tra, both RBP1 and Tra2 contain

RNA binding domains and directly interact with the repeat sequence. Tra is
required for Tra2 binding to the repeat and the cooperative assembly of the
complex. Interestingly, the purine-rich element also binds Tra and Tra2, but in

this case they cooperate withh a different SR protein: dSRp30 (76). Via its
“interactions with Tra and two different SR proteins, Tra2 is induced to bind to

two different regulatory sequences. The assembly of these complexes onto the
dsx splicing enhancer is thought to stabilize U2AF binding to the upstream 3’
splice site, leading to spliceosome assembly and splicing at exon 4 [(78); also see
below and (79, 80) for discussion]. Tra and its assembly with SR proteins and
Tra2 is the major paradigm for how exonic splicing enhancers work, However,
the nature of the interactions that lead to U2AF binding is not completely clear
and there is much to be learned about how splicing enhancement actually takes

' place.

Tra also positively regulates the splicing of the Fruitless gene transcript’
(Figure 3E) (81— 83). An internal exon of fru has a pair of alternative 5’ splice
sites. In male flies, the upstream 5’ splice site is used. This gene product,
encoding a BTB-ZF transcription factor, goes on to regulate male courtship
behavior and other aspects of male sexual development. In females, Tra and Tra2
activate the use of a downstreain 5' splice site, leading to a different mRNA. Like
dsx, this activation of the female 5’ splice site also appears to involve RBP! and
requires several copies of the same repeated elemenit found in the dsx enhancer.
However, here the repeats are just upstream of the activated 5’ splice site. Thus,
Tra and its cofactors Tra2 and RBPFI can act through exonic splicing enhancers
to stimulate splicing at either a 3’ splice site or a 5’ splice site.

COMPLEX SYSTEMS OF TISSUE-SPECIFIC SPLICING

The Drosophila sex determination pathway has provided the central examples of
how a choice between two possible splicing patterns is regulated. In addition to
alterations by sex, metazoan organisms regulate the splicing of thousands of
other transcripts depending on cell type, developmental state, or external stim-
ulus. The analysis of these systems, mostly in mammalian cells, has identified
many of the same kinds of proteins seen in the fly sex determination pathway (34,
69, 70). However, these proteins are often combined in complex ways into
maultiple layers of regulation. Many of these proteins can act either positively or
negatively depending on their binding context. We discuss individual proteins
and regulatory elements according to their location in introns or exons and then
describe the challenges to understanding how they are combined to give a precise
pattern of regulation.
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Exonic Regulatory Elements and Proteins That Bind
to Them

- POSITIVE REGULATION FROM EXONS  Exons often contain enhancer or silencer
elements that affect their ability to be spliced. There are many exonic splicing
enhancers (ESEs), similar to the dsx enhancer. These RNA regulatory elements
are diverse in sequence and oftenn embedded within nucleotides that also code for
protein. Such enhancers have been identified through exon mutations that block
splicing, through computational comparisons of exon sequences, and through the
selection of sequences that activate splicing or that bind to splicing regulatory
proteins—most notably the SR proteins (12, 20, 68, 84, 85).

The SR proteins constitute the best-studied family of splicing regulators (80,
86, 87). The SR proteins have a common domain structure of one or two RNP-cs
RNA binding domains followed by what is called an RS domain containing
repeated arginine/serine dipeptides (Figure 4). The serines in an RS domain can
be highly phosphorylated. The family includes the proteins SRp20, SRp30c,
9G8, SRp40, SRp55, SRp70, and the best-studied members ASE/ST2 and 8C35
(80, 88). The SR family is also defined by particular properties in splicing (87).
Additional proteins in the splicing reaction have RS domains but serve different
roles. These include UZAF, Ul 70K, SRm160/300, Tra2, and numerous others.
Some of these SR-related proteins are general splicing factors and some are
apparently specific inhibitors of splicing (89-92).

The true SR proteins have a wide range of activities in the splicing réaction
(80). Splicing in cellular extracts requires the presence of at least one member of
the family, and the different members are generally interchangeable in their
ability to fulfill this requirement. However, the proteins are not always inter-
changeable in vivo (93-96). A separate activity of these proteins that we focus
on here is the activation of splicing through exonic splicing enhancers. This
activity was first seen in the dsx enhancer as described above. 1t has become clear
that many if not ail exons, constitutive or regulated, contain ESE elements that
bind to specific members of the SR family (12). The presence of these elements
seems to be a general mechanism for defining exons.

Most naturally occurring ESEs have been shown to bind specific SR proteins
(12, 20). The most commonly studied are purine-rich sequences, sometimes
given the consensus sequence (GAR),, that are bound by the proteins ASF/SF2
and Tra2 (97, 98). In addition to naturally occurring enhancers, in vitro selection
has identified many optimal binding sequences for different SR family members.
The binding sites for a given family member can be fairly degenerate. For
example, only some of the selected sequences for ASF/SF2 are purine rich and
show similarity to the GAR element (97). When these optimal sites are intro-
duced into model splicing substrates, they act as SR protein—~dependent splicing
enhancers. The families of SR protein recognition sequences generated through
in vitro selection experiments have proven to be an effective means of predicting
the location of ESEs in natural exons (12, 97, 99).



34

" BLACK

It is not clear whether the activity of all ESEs is SR protein dependent. A
recent computational analysis identified a number of elements with ESE activity

{85). Similarly, functionai selection of sequences that activate splicing has

identified additional elements (84, 100-103), Some are known to be SR protein
dependent; it will be interesting to see if any are mot. An AC-rich enhancer

element is apparently mediated by two non-SR proteins, YB-1 and p72. p72is a '
~member of the DEAD Box RINA helicase family, raising interesting questions

about the mechanisms of splicing activation (104, 105). :

The two domains of a SR protein are modular in function. The RBD targets
the protein to a particular exonic element, with the different RBDs targeting
different sequences {106-109). This RNP-cs domain can be replaced with the
RNA binding MS2 coat protein from the MS2 bacteriophage. When the MS2
coat protein binding site was placed in an enhancer-dependent exon, an MS2/RS
domain fusion protein activated splicing in vitro (110). Thus, just tethering the
RS domain to the exon can activate splicing. The RS domains themselves are
largely interchangeable (106, 1 11). One can switch the RS domains of different
proteins and they will maintain their activity, both in vitro and in vivo. Moreover,
a natural RS domain can be replaced with a synthetic sequence of 10 RS
dipeptides and the protein will maintain its activity in at least some assays (112).
RS domains have several proposed functions (80). The unphosphorylated domain
is highly positively charged and may act as a counter ion to enhance protein
affinity for RNA or RNA/RINA hybridization. However, phosphorylation is

required for activity in splicing (113-118), and there is clear evidence for

phosphorylated RS domains engaging in proteinfprotein interactions (119). In
biochemical experiments, ASE/SF2 was shown to interact with the RS domain
containing Ul snRNP proteinn, Ul 70K (120). Yeast two-hybrid experiments
showed that the RS domain could act as a protein/protein interaction domain for
binding to other SR proteins (121). It was further shown that this interaction in
yeast required the presence of the SR protein kinase and presumably phosphor-
ylation (122). Since RS domains are largely interchangeable in these assays, it
may be that any RS domain can bind to any other. However, it has not been
shown that two RS domains directly contact each other in these interactions
rather than contacting other protein domains. Indeed, other tests of SR protein
function both in vivo and in vitro indicate that there is specificity to these
protein/protein interactions that may be determined by contacts outside of the RS
domain (111, 123, 124). '

There are many questions about the mechanisms of SR protein action. As
described above, an exonic enhancer can stimulate U2AF or U2 binding to weak
3’ splice sites, and Ul snRNP binding to 5' splice sites (78, 79, 120, 125-129)
{Figure 5). However, in naturally occurring enhancers, SR proteins apparently
bind as a component of a large, multiprotein complex, as seen with dsx. The
components of these exon complexes are not all identified but can include such
known splicing factors as the large RS domain proteins SRmi60/300, the
mammalian homolog of Tra2, the Ul snRNP, and the heterogeneous nuclear (hn)
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‘Figure 5 Mechanisms of splicing activation. Splicing activators are generally thought
to interact with components of the spliceosome to stabilize their binding to adjacent splice
sites. SR proteins bind to exonic splicing enhancer elements (green boxes) to stimulate
U2AF binding to the upstream 3’ splice site, or U1 snRNP binding to the clownstream 5'
splice site. SR proteins often need other factors to function, such as the . SRm160/300
proteins or Tra2. Proteins that bind to intronic splicing enhancers include "TIA-1 and the
CELF proteins. T1A-1 binds immediately downstream from the 5' splice site to stimulate
U1 binding, CELF protein binding sites can be more distant from the regul ated exon and

. it is not known how they might interact with the spliceosome.

RNPs Al and H (see below). Thus, the particular interactions of thie SR protein
that activate splicing are not entirely clear. Splicing activation by the dsx
enhancer in vitro requires the RS domain on U2AF 35 (78). However, this
domain is not required for splicing regulation in vivo, indicating that additional
interactions take place between U2AF and the enhancer complex (79, 130).
Splicing enhancement by at least some ESEs requires SRm160 and 300, two
large splicing factors that also contain RS domains (131-133). "T"he enhancer
compiex thus contains multiple RS domains, and which factors directly interact
is mot fully known. Careful kinetic analyses of the rate of splicing activated by
repeated ESEs indicate that only one SR protein complex at a time can interact
with the spliceosome at the 3’ splice site (134). More structural data 1-egarding the
protein/protein interactions in these complexes is needed to develop 1nore precise
models of ESE function. Finally, in some systems, enhancer-bound SR proteins
may stimulate splicing by counteracting repressor molecules rather than enhanc-
ing U2AF binding (135, 136).

One of the most interesting aspects of SR protein function is thesir phosphor-
ylation. Both hyper- and hypophosphorylation of SR proteins seexrms to inhibit
their activity in vitro (113-115). In several biological contexts, the phosphory-
lation of SR proteins correlates with their activity (137, 138). Several kinases
have been identified that phosphorylate SR proteins, The SR prostein kinases
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(SRPK) 1 and 2 are conserved from humans to yeast, and the activity of these
kinases alters SR protein localization and protein/protein interactions (122,
140—145). The Clk/Sty group of kinases also phosphorylate SR proteins. They

-show a different pattern of preferred phosphorylation sites than the SRPKs and

affect in vitro splicing activity, protein localization, and Ul 70K binding by
ASF/SF2 (113, 119, 146, 147). Genetic studies of a Drosophila homolog of
Clk/Sty called Doa clearly implicate the kinase in splicing regulation (148). Doa
phosphorylates the Drosophila SR protein RBP1 as well as Tra and Tra2. Doa
mutations block enhancer-dependent splicing of dsx exon 4. Interestingly, the
splicing of Fruitless is not affected by Doa mutations. Thus, splicing events that
use commen reguiators have different phosphorylation dependence for those
regulators. As with other respomnses to signaling pathways, a widely expressed
protein like RBP1 ‘or Tra2 might control very precisely regulated splicing
through its own precise modifications.

Negatwe Regulation in Exons

In opposition to the positive effects of exonic enhancers exonic silencer or
repressor elements have been identified. The best characterized of these are
bound by particular hnRNP proteins. The hnRNP proteins are a large group of
molecules identified by their association with unspliced mRNA precursors
(hnRNA), and are not a single family of related proteins (149).

The most studied of these proteins, hnRNP Al, has been implicated in several
processes including splicing and, oddly, the maintenance of telomere length
(150 —152). haRNP Al contains two RNP-cs RNA binding domains and a
glycine-rich auxiliary domain (Figure 4). It belongs to a family of related proteins
arising from both muitiple genes and alternative splicing (153-155). A crystal
structure of the two RBDs of Al bound to the telomeric repeat DNA
d(TTAGGG), shows thatan A1 protein dimer forms a four-RNP-domain surface,
which binds two DNAs or four copies of the element (156). The topology of each
DNA strand extends from the N-terminal RBD of one dimer subunit to the
C-terminal RBD of the other subunit. If similar interactions occur with RNA
elements in the pre-mRNA, this structure would allow cooperative binding to
multiple splicing silencer elements and looping of the RNA between binding
elements. This Al structure is also remarkably different from the double-RNP

" domain structures of Sx] and nucleolin (38, 157). It seems that the many

multi-RNP domain proteins vary considerably in their RNA binding, oligomer-
ization, and orientation of RNP-¢s domains.

Al was originally implicated in splicing as a factor that counteracted SR
proteins in an in vitro assay of splice site shifting (158, 159). Several transcripts

“have splicing patterns that are sensitive to the relative ratio of A1 to ASF/SF2,

which changes between different tissues (160, 161). Al has since been shown to
bind to exonic splicing silencers (ESSs) in the HIV, FGFR2, and other transcripts
(162, 163). The protein is required for the silencing effects of these sequences in
vitro. The silencing can be recapitulated by tethering just the glycine-rich domain
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Figure 6 Models for splicing repression by hnRNP Al. (A) In HIV Tat exon 3, specific
Al binding to an ESS is thought to mucleate the assembly of additional Al molecules along
the RNA, creating a zone of RNA where spliceosome assembly is repressed. The Al
repression can be blocked by the strong binding of SR proteins to ESEs, which presumably
also stimulates spliceosome assembly at the upstream 3’ splice site, and allows exon
inclusion. (B) There is an additional A1 binding site adjacent to the branch point for Tat
exon 3 that blocks splicing in conjunction with the exonic Al sites. Al binding to this
intronic element does not block U2AF binding to the 3' splice site but does block U2 snRNP
binding to the branch point. (C) hnRINP Al also represses an exon in its own transcript
using intronic binding sites. Al bound to these sites can multimerize, thus looping out the
exon and causing exon skipping.

to the exon via an MS2 fusion (163). Several mechanisms have been proposed for
Al-mediated splicing repression, and its mechanism may differ between different
transcripts (Figure 6). Al could interfere directly with the assembly of spliceo-
somal components, it could block the exon bridging interactions that occur
during exon definition, or it could block splicing activation by SR proteins
binding to adjacent ESEs. There is evidence for all of these activities. Al-de-
pendent silencer elements have also been found in introns (see below),
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Several groups have studied the role of Al in repressing exons in the HIV
precursor RNA. The mechanistic analysis is most advanced for Tat exon 3. This
exomn contains several enhancer elements that bind the SR proteins SF2/ASFE and
SC35 (136, 164-167). There are also Al binding sites both within the exon and

adjacent to a site of branch formation upstream. In studies of this exon, the
~ Krainer lab focused on the exonic elements that bind Al, SC35, and SF2/ASF

{136). They used an $100 extract that is depleted for all the SR proteins and

further depleted it for Al. In the absence of Al, either SC35 or SF2/ASF can

activate Tat exon 3 splicing. The addition of Al specifically inhibited SC35- but
not SF2/ASF-activated splicing. It was found that in addition to binding the ESS,
Al crosslinked to exonic RNA distal to the ESS in the region of the SR protein
binding sites. This crosslinking occurred only if the ESS was present. It was

~ proposed that specific Al binding at the ESS nucleates the cooperative nonspe-

cific binding of Al upstream. This higher order complex of multiple Als would
create a zone of inhibition along the RNA. SF2/ASF is proposed to block the
propagation of this complex, whereas SC35 does not bind tightly encugh to do
this (Figure 64) (136). This model is appealing because it provides a rationale for

“two long-known modes of RNA binding by Al: specific binding to particular

short RNA elements and non-sequence-specific binding to longer RNAs. On the
other hand, this crosslinking experiment could also be interpreted to support
cooperative binding to separated specific sites, as has been proposed for Al
autoregulation (see below). There are additional effects of Al in inhibiting HIV
Tat splicing through blocking U2 assembly [(168); see below]. Additional
experiments are needed to create a model that incorporates exonic Al effects on
SR protein activity and effects from other binding sites.

In addition to Al, other exonic splicing silencers have been shown to bind
hnRINP H and its close relative hnRINP F (169, 170). H and F are a different
structural family from Al and contain three RNP-cs-type RNA binding domains
that recognize G-rich elements (171, 172). Interestingly, hnRNP H acis as a
splicing repressor when bound to an ESS in B-tropomyosin, but as an activator
when bound to a similar element in HIV Tat exon 2 (170, 173). It also binds to
splicing regulatory elements in introns.

Intronic Regulatory Elements

Many splicing regulatory sequences are present in introns rather than exons.
Binding sites for regulators are often found within the polypyrimidine tract or
immediately adjacent to the branch. point or 5’ splice site. However, splicing
regulatory elements can also act from a distance, being found hundreds.of
nucleotides away from the regulated exon. As in exonic regulation, positive- and

" pegative-acting sequences compose intronic splicing enhancers and silencers

respectively (ISEs and 1SSs). Also like the exonic elements, groups of elements
are often found clustered to make composite regulatory sequences that mediate
both positive and negative regulation. These regulatory regions can be highly
conserved between species, and are often identified by sequence alignments.
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Positive Regulation from Introns

Several elements are known to. act as ISEs, but the proteins that 1mediate their
effects are less well characterized than for ESEs. Some ISEs do apprear to be SR
protein dependent (174, 175). In other cases, SR proteins do mot appear to
directly bind to the regulatory element, and at least some ISEs appear o be
mechanistically different from ESE sequences.

Some 5’ splice sites are activated for splicing by a uridine-rich sequence
immediately downstream. The regulated intron of Drosophila Msl2 requires this
efement for splicing in heterologous HelLa cell extracts (50). Similarly, the
K-SAM exon in the FGFR 2 transcript is activated by a U-rich element, called
1AS 1, immediately adjacent to the K-SAM 5’ splice site (176). In bOth cases, this
element was found to bind the protein TIA-1 (Figure 4, Figure 5). Extracts
depleted for TIA-1 are inhibited for Msl2 splicing. Overexpression of TIA-1
induces K-SAM splicing in transfected celis. Significantty, TIA-1 stimulates Ul
snRINP binding to 5' splice sites that are dependent on the U-rich element for
function (50). So far, this is the only intronic enhancer protein showwn to directly
affect spliceosome assembly. TIA-1 and its relative TIAR contain three RNP-cs
domains and a C-terminal prion-like aggregation domain (Figure 4). Interest-
ingly, the yeast homolog of TIA-1, NAMS, is required for the function of certain
regulated 5’ splice sites (177, 178). However, yeast NAMS is a component
protein of the Ul snRNP, whereas in animal cells TIA-1 appears to mainly exist
as a separate factor. TIA-1 and TIAR were discovered as regulators of apoptosis,
and as components of the cytoplasmic mRNA granules formed in response to
cellular stress (179). It would be interesting to find a relationship between these
various functions.

The CUGBP and ETR-like factors (CELF) are a large family of proteins
generated from both multiple genes and alternative splicing (180, 181}, These
proteins have been implicated in many different aspects of RNA metabolism and
given many different names, including the Bruno-like factors in D resophila and
the Drosophila splicing factor Elav (182-185) (Figure 4). At least some members
of this family activate splicing through intronic enhancer elements. One target of
these proteins is chicken cardiac troponin T (TnT) (180, 186). TnT exon 5 is
spliced in embryonic muscle but excluded from the TaT mRNA in the adult. This
exon has been extensively analyzed and is contfrolled by a complex set of
regulatory elements in both the exon and the flanking introns. Some of the
positive intronic elements, calted muscle-specific enhancers (MSEs), contain UG
elements that bind to CELF family members, including ETR3 (180) (Figure 5).
The overexpression of ETR3 in transfected cells, or the addition of ETR3 to in
vitro splicing extracts, increases TnT exon 5 splicing in an MISE-dependent
manner. Interestingly, the loss of exon 5 inclusion during muscle development
coincides with a change in the expressed isoforms of ETR3, which may be a key
factor in determining exon 5 splicing during development (180).
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There are a large number of CELF family proteins, and their effects are not

.limited to muscle cells. The NAPOR] protein is a splice variant of ETR3 that is

enriched in portions of the nervous system (187, 188). Overexpression of
NAPOR in cells has divergent effects on two N-methyl-p-aspartate (NMDA)
receptor 1 (NR1) exons (188). NR1 exon 5 splicing is decreased by NAPOR,
whereas exon 21 splicing is increased. This effect also requires particular intronic

‘elements. Interestingly, the relative inclusion of exons 5 and 21 strongly corre-

lates in vivo with expression of NAPOR. In the forebrain, where NAPOR is

“highly expressed, NR1 exon 5 is mostly excluded from the mRNA and exon 21

is included. The reverse occurs in the cerebellum, where NAPOR expression is
low, exon 5 is included, and exon 21 is excluded. Thus, whether this protein is
a positive-acting factor or a negative one depends on the exon and cellular
context. The CELF proteins as a family are widely expressed and apparently take

“part in a wide variety of cellular activities. Models for the function of these

proteins in splicing and their effects on spliceosome assembly will await better
biochemical assays. '

Another common ISE element is the hexanucleotide UGCAUG. This element,

' particularly when duplicated, strongly enhances splicing (189-191). The element

is known to enhance the splicing of exons in the ¢-src, fibronectin, nonmuscle
myosin heavy chain (NMHC), and calcitonin transcripts (189, 190, 192-195).
For several enhancers, mutagenesis analyses indicate this to be the key element
in their activity. It is usually found repeated several times downstream of the
activated exon with some elemnents being found at some distance from the exon
(=500 nt) (191). UGCAUG was also shown to be the most common hexanucle-
otide downstream of a set of neuronally regulated exons (196). Although
associated with tissue-specific exons, the enhancement effect of the element is
not necessarily tissue specific (189, 190). The protein that mediates the effects of
the UGCAUG hexanucleotide has not been identified definitively.

Intronic enhancers are often made up of intricate combinations of positive and
negative elements that assemble into large RNP complexes. The enhancer
downstream of the neural-specific exon N1 in the c-sr¢ transcript is an example
of such a structure (Figure 7) (190, 192, 197). The most conserved portion of the
enhancer, called the downstream control sequence (DCS), contains a GGGGG
element needed for full enhancer activity, a CUCUCU element required for
splicing repression, and the UGCAUG essential for enhancer activity (190, 198).
In ifs native comtext, the IDCS needs additional surrounding elements for
enhancer activity. Alternatively, two copies of the DCS by itself, or three copies
of the UGCAUG hexanucleotide, are sufficient for strong splicing enhancement.
The DCS assembles a large RINP complex that has been analyzed in some detail
(172, 199-202). The GGGGG element binds to hnRNPs H and F. The CUCUCU
element binds to the polypyrimidine tract binding protein or its neuronal
homolog (PTB/MPTB; see below), The UGCAUG binds to the KH-type splicing
regulatory protein (KSRP) and at least one unidentified factor. RINA competition
and immunodepletion or inhibition experiments indicate positive roles for
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Neurons

Non-neuronal Ceils

Figure 7 Combinatorial control of splicing in the ¢-src N1 exon. Tissue-specific exons use
a combination of positive and negative inputs to maintain their regulation. The N1 exon of
the c-src gene is repressed by the PTB protein in non-neuronal cells where it binds to
silencer elements on both sides of the exon and is thought to form an RNA looping
complex. PTB binds in the downstream intron within a large complex, containing the KSRP
and hnRNP F/H proteins. In neurons, the PTB is replaced with the related nPTB protein,
and PTB binding to the upstream silencer elements is destabilized by an ATP-dependent
activity. Under these conditions, the downstream regulatory region can act as a splicing
enhancer. The stimulatory proteins for this enhancer are not yet known, but require the
UGCAUG element. The N1 exon itself also contains regulatory elements that bind to the
ASF/SF2 and hnRNP Al proteins. Similar models have been developed for most other
tissue-specific exons that have been examined.
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hnRINPs F/H and KSRP in N1 exon splicing. However, it is not clear that these
proteins are responsible for the strong enhancing effect of the UGCAUG.

Negative Regulation from Introns

There are also intronic silencer elements. Some are bound by proteins that we
have already discussed. SR proteins have been shown to bind to an intronic
sequence near a branch point in the adenovirus L1 mRNA (203). 'The binding of
SR proteins to this sequence early in infection blocks the use of this 3’ splice site
and shifts splicing to an adjacent site. Late in infection, the cellular SR proteins
becorne dephosphorylated and inactive in splicing repression, thus allowing the
site to be used (114). Similarly, an intronic binding site for SRp30c is inhibitory
for the splicing of an hnRNP A1 exon (204). It appears that SR proteins can be
either splicing activators or repressors, depending on where in the pre-mRNA
they bind. :

hnRNP Al also binds to intronic elements as well as exonic (Figure 6B, C).
All of the Al binding sites are inhibitory for splicing, unlike those for SR
proteins. The Kjems group examined an Al binding site adjacent to the branch
point for HIV Tat exon 3, the same HIV exon analyzed for its Al-binding exonic
silencer (see above) (168). As in the studies of the exonic elements, it was found
that Al is required for splicing repression. However, in this system, full
repression required both the exonic and the branch-point elements. Interestingly,
U2AF still binds to the polypyrimidine tract in an Al-repressed transcript, but
splicing is blocked at the assembly of U2 snRNP at the branch point. This may
imply, at least for transcripts containing the branch-point Al binding site, that Al
is also acting at a later step than SR protein—mediated splicing enhancement.

A1 also autoregulates the splicing of its own transcript, but this appears to
involve a different mechanism than that for HIV Tat (205) (Figure 6C). A
cassette exon, 7b, is skipped in the production of Al, but included in the mRNA
for A1b. This exon is regulated through Al binding sites in the introns surround-
ing it. Using a truncated RNA to model the splicing shift in vitro, it was shown
that competing away Al protein would activate 7b splicing, and that addition of
recombinant Al could reinhibit 7b splicing. Al binding sites on both sides of the
repressed exon are needed for full inhibition. This led to a model in which Al
uses its dimerization ability to interact with the two elements simultaneously and
loop out the region containing the repressed exon (Figure 6C). It was shown that
Al immobilized on an RNA affinity column could indeed interact with two RNA
binding sites simultaneously. This simultaneous binding of two sites required the
glycine-rich C-terminal domain of the protein. In the crystal structure, a dimeric
Al protein is missing the Gly domain (206). Thus the Gly domain may do more
than form the dimerization interface, and the stoichiometry of the A1 in the RNA
looping complex is not clear. This looping model is interesting for several
reasons. First, other splicing regulators may also use a looping-out mechanism to
sequester exons or splice sites away from the splicing apparatus. Second, such a
loop provides an appealing model for the splicing of long introns. Introns can be
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extremmely-long and it is difficult to understand how the ends will firad each other
during spliceosome assembly. The presence of intronic Al sites would allow
large portions of intron to be looped out and kept away from the decision of
“where to splice. It will be interesting to develop other assays for this intron
bridging effect, and to examine its role in the splicing of other transcripts.

Besides Al, the other splicing repressor commonly found associated with
regulated exons is the polypyrimidine tract binding protein, PTB (also discovered
as hnRNP T) (207-210). PTB contains four RNP-cs domains, as well as
conserved N-terminal and linker peptides (Figure 4). PTB has been extensively
studied for its roles in splicing regulation and in other processes such as viral
translation (211, 212). In vitro selection experiments indicate that P'TB optimally
binds UUCU elements placed within a larger pyrimidine-rich region, aithough
other combinations of cytosines and uridines also bind well (213, 214). PTB
forms a.dimer in solution containing eight RBDs (215, 216). It is not clear how
many CU-rich elements are engaged by a protein monomer. How these many
domains combine to interact with the RNA is an interesting unanswered question
(215218}, _ Z .

P1B has been implicaied in the repression of a wide range of vertebrate
tissue-specific exons (69, 211, 212). The depletion of PTB from in vitro splicing
extracts can activate the splicing of such exons (202, 219). Added-back PTB
re-represses splicing, and this repression is dependent on the presence of PTB
binding sites in the pre-mRNA_ Depletion of PTB in vivo by RN A interference
{(RNAi) also leads to increased exon inclusion for several exons (219a). PTB
binding sites are often found in the polypyrimidine tract of regulated 3’ splice
sites, but essential PTB repressor sites are also present elsewhere. The location
of these binding sites has given rise to models for PTB-mediated splicing
repression that are reminiscent of those for Sex lethal and haRNFP Al (1, 212). .
In some transcripis, the high affinity of PTB for the polypyrimidine tracts is
thought to allow PTB to outcompete U2AF for binding and thus inahibit splicing.
Other transcripts have additional required PTB binding sites that are often in the
intron downstream of the regulated exon. These additional PTB elements are
frequently clustered with other, sometimes positive-acting, splicing regulatory
elements (212). For these transcripts, PTB is thought to assemble into a higher
order complex that bridges the two sets of sites (Figure 7) (212). Similar to the
Al model above, this will loop out the repressed exon and presumably sequester
it from the splicing machinery. However, the simultaneous binding of two sites
by a PTB monomer or dimer, as seen with Al, has not been demonsirated with
PTB. Thus, the actual contacts that form the bridge are not clear and additional
proteins could be involved. Moreover, the clustering of PTB sites with enhancer
elements indicates that the PTB may also prevent enhancer activity.

Though not ubiquitous, PTB is a widely expressed protein. Interestingly, PTB
is most often implicated in the repression of a highly tissue-specific exon in ali
cells outside of one particular tissue (69, 211, 212). For example, the rat
B-tropomyosin exon 7 is apparently repressed by PTB in all. tissues except
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skeletal muscle (220). A smooth muscle—specific exon in o-actinin is repressed |
by PTB outside of smooth muscle cells (219). The neuron-specific N1 exon of
c-src is apparently repressed by PTB everywhere except newroms (221). An

- exception to this is the third exon of rat a-tropomyosin, which is repressed by

PTB specifically in smocth muscie, and active elsewhere (222, 223). Thus, PTB
most often appears to be a general repressor whose effects are specifically

“blocked for particular transcripts in particular tissues.

Mechanisms that allow release of PTB repression are likely to play an

"important role in the tissue specificity of splicing. Several mechanisms for the

release of PIB repression are proposed. PTB concentration could simply be
reduced in specific tissues; for example, PTB levels in neurons are low (224,
225). Alternatively, splicing activators such as CELF proteins that compete with
PTB could be specifically expressed (186). This is similar to splicing regulation
by the ratic of SF2/ASF to hnRINP Al that affects a number of transcripts (161).
Finally, proteins that block PTB action can be expressed. These could include
inactive or dominant-negative splice variants of PTB or tissue-specific PTB
homologs that bind similar RNA elements (172, 186, 224, 226, 228, 229). These
mechanisms are not mutually exclusive and all may occur in different systems.
In the case of the ¢-src N1 exon, the loss of PTB binding to repressor elements
seems to be an active process that requires ATP. There are at least four PTB
binding elements, two in the N1 3’ splice site and two within a splicing enhancer
downstream (Figure 7). In neural extracts, the neural-specific homolog of PTB
{called nPTB or brPTR) replaces the standard PTB in binding to the downstream
repressor sites (172, 224, 228). Interestingly, in these extracts nP'TB/PTB still
crosslinks to the upstream sites within the active 3’ splice site (202). However,
when ATP is added to the extract to initiate splicing, this PTB is stripped off. It
is thought that the nPTB changes the PTB interaction with the repressor sites,
allowing some general ATP-requiring activity to tnediate its remowval.

A better mechanistic understanding of PTB-mediated splicing repression will
require better structural information about the nature of the repressed compiex,
better biochemical assays for splicing repression, and genetic data on the loss of
PTB activity in specific tissues.

Multlfactorlal Systems of Splicing Control

One feature of the Drosophila sex determination transcripts appears to differ
from tissue-specific splicing systems. For Sxl, Tra, and dsx splicing, an appar- .
ently default splicing pattern (male) is chosen in the absence of a regulatory
protein. The splicing pattern can be shifted to the female pattern by the
introduction of a single specific factor, Tra or Sxl. In contrast, many systems of
tissue-specific splicing appear to be without a true default choice, or single
determinative factor, but instead are under a combination of positive and negative
control by factors that are fairly widely expressed (69). This combinatorial
control is apparent for both mammalian and Drosophila transcripts, and may
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reflect a condition in which the ratio of splicing patterns must be ad justed under
many different conditions or in multiple cell types.

 To exemplify the many factors that contribute to a single splicing choice, we
describe just two systems, but similar results have been obtained in several others
(69, 176, 219, 230, 232, 233). Both chicken cardiac troponin T and mouse c-src
mRNAs contain exons whose inclusion is limited to a specific tissue. Chicken
c¢TnT exon 5 is spliced in embryonic muscte but skipped in adult mxuscle (234).
¢c-src exon N1 is spliced in neurons but skipped in non-neurcnal cells (Figure 7)
{235, 236). Both exons are short (30 and 18 nucleotides respectively), which can
lead 1o exon skipping, perhaps resulting from a loss of exon definition interac-
tions between the flanking splice sites (237, 238). Improving the splice sites to
better match the consensus, or increasing the exon length, can increase the
unregulated inclusion of a short exon (237-240). Thus, both exons have features

that limit their recognition by constitutive splicing factors. Both cTa'T exon 5 and
* ¢-src N1 have ESEs that bind to SR proteins, including SF2/ASF, SR p40, SRp55,
and SRp75 for TnT exon 5 and SF2/ASF for N1, and that stimulate the splicing
of these exons (239, 241, 241a). The N1 exonic enhancer also binds hnRNPs Al
and H (241a). Both cTnT exon 5 and c-src N1 coatain numercus positive and
negative regulatory elements in their flanking introns (Figure 7) (190, 192, 197,
242-244). For both exons, a limited combination of these elements is sufficient
to determine proper tissue specific splicing of a heterologous exon. FFor TnT exon
5, members of the CELF protein family bind to some of the intromic enhancer
elements and activate splicing of the exon (180, 186). For c-src N1, CELF family
members do not seem to activate splicing and the enhancer activity is dependent
on a UGCAUG element, whose mediating factor is unknown (190). In both
exons, PTB binding sites in the flanking introns repress splicing, and PTB is
proposed to be a general repressor that turns off splicing in most tissues (186,
202, 221).

In the face of all these general positive and negative influennces, how the
precise tissue specificity of these exons is produced is an interesting question. For
¢TnT exon 5, an embryonic muscle variant of ETR3 is thought to counteract PTB
and activate splicing specifically in embryonic muscle (180, 186). An ETR3
isoform is seen in immunoblot experiments whose developmental expression
correlates beautifully with splicing of the exon. However, the identity of this
isoform is not known and it is not clear why other CELF proteins, which activate '
the exon in transfection assays, do not show activity on the endogenous
transcript. The enhancer for the N1 exon is active in more than just nieuronal cells
and is thus not the only source of tissue specificity (197). Instead, part of the
specificity of splicing is thought to derive from the specific loss of P"TB-mediated
repression in neurons (Figure 7) (202). This may be due to the substitution of
PTB with its neuronal homolog nPTB, which does not repress IN 1 splicing in
vitro {172). However, nPTB has not yet been shown to affect NI splicing in vivo.
Thus, for both ¢I'nT exon 5 and src N1, the decision to splice. results from a
balance of multiple positive and negative inputs. Protein overexpression exper-
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iments with wild-type and dominant-negative mutant proteins indicate that exon
inclusion can be increased by the loss of repression activity, the gain of
enhancement activity, or both (1 86). Moreover, splicing activation may occur for
different reasons in different cells. '

Highly Tissue-Specific Regulatory Proteins

.Although a single critical factor has not been shown to determine the tissue

specificity of splicing in any systemn, the expression of some splicing regulatory
proteins is restricted to certain cells. The neurcnal PTB protein and the. variants
of ETR3, such as NAPOR, are examples of such factors (172, 180, 186, 188,
228). The best-studied splicing regulators that show precise tissue-specific
expression are probably the neuronal proteins Nova-1 and Nova-2 (245, 246).
These two related proteins were first identified as autoantigens in parancoplastic
disorders. They each contain three RINA binding domains of the KH type, similar
to hnRNP K (Figure 4). The Nova proteins are expressed almost exclusively in
neurons of the central nervous system. In vitro selection experiments identified
preferred RNA binding sites for the two proteins (246, 247). A Nova-1 binding
site was found adjacent to the regulated 3A exon in the glycine receptor o2
{(GlyRa2) and cotransfection experiments showed that Nova-1 overexpression
did increase the inclusion of this exon. Nova-1 was also found to interact with
neuronal PTB in yeast two-hybrid assays [called brain (br) PTB in this case]
(228). A brPTB binding site upstream of the Nova-1 site for GlyRea?2 exon 3A
also affected exon 3A splicing. Most significantly, Nova-1 knockout mice were
generated (248). These mice die postnatally from a loss of spinal cord and brain
stem neurons. The Nova-1 null mice show a twofold decrease in GiyRa2 exon
3A inciusion and a threefold decrease in -y-aminobutyric acid A (GABA,) ¥2
alternative exon splicing. Fromn the partial effect of the knockout, Nova-1 is
likely not the single controlling factor for these exons. However, the lethality
makes clear that the protein is controlling some essential function in the neurons
where it is expressed. It will be interesting to find out whether the lethal
phenotype is due to multiple partial changes in splicing, as seen for GlyRa2 and
GABA , ¥2, or instead is the result of a drastic change in one or a few transcripts.

Other cell-type-specific regulators of splicing are found in other species. The
Elav protein is expressed in all Drosophila neurons and has been shown to
regulate transcripts from the Neuroglian, Erectwing, and Armadillo genes (182—
184). Also in Drosophila, the Halfpint protein controls ovary-specific splicing.of
transcripts from the Ovarian Tumor gene (249). In Caenorhabditis elegans, the
protein Mec8 controls Unc52 splicing in body wall muscle (250). The availability
of genetic analysis in these systems makes them ripe for more detailed mecha--
nistic studies.
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Genetic Dissection of Complex Systems of Regulation

It seems clear that the ratio of one splicing pattern to another for a typical
alternatively spliced transcript is determined by the combination of factors. Most
experiments using protein overexpression or mutation of specific protein binding
sites show only partial effects on the use of a particular splicing pattern. It is thus
difficuit to assess the relative importance of one factor over another,

The biological roles of putative splicing regulatory proteins and their many
targets are perhaps best approached through genetic studies. Genetic: analysis and
RNA interference methods in Drosophila and C. elegans have already provided
important information on the function of U2AF, SR proteins, and other factors in
particular splicing events (93, 94,130, 251). In mammals, this kind of data will
come from genetic knockouts (such as for Nova-1 protein), from RINA interfer-
ence experiments, or from soratic cell knockout methods. These have only
begun to be generated for the many known splicing regulatory proteins.

The in vivo role of ASF/SF2 was examined in the chicken lymphocyte cell
line D140, which exhibits high levels of homologous recombination (96).
Transfection of insertion mutant alleles and selection of homologous recombi-
nants allowed the recovery of heterozygous but not homozygous ASF/SF2
knockout cells. That the homozygous knockout was lethal was demonstrated by
complementation with a transgene under tetracycline regulation. This gene when

~active allowed the recovery of cells in which both endogenous genes were
* mutant. The repression of the transgene by tetracycline in the homozygous
knockout cells was again lethal, demonstrating that ASF/SF2 was indeed essen-
tial in these cells. Through complementation experiments with various mutant
transgenes, it was demonstrated that the RNP domains of the protein were
essential, while the RS domain could be replaced with the RS domain of several
other SR proteins without the loss of viability (111). This demonstrated that the
ASF/SF2 RS domain is a generic interaction domain that is mnot targeted
differently in different SR proteins. These DT40 studies are a potentially fruitful
approach to analyzing the function of many other splicing regulatory proteins
expressed in these cells. : '

The DT40 studies indicate that ASF/SF2 is an essential gene, at least in this
cell line, This could pose a problem for generating traditional mouse knockouts

" of SR proteins. However, the potential embryonic lethal phenotype of the double
knockout can be circumvented using the Cre/LoxP method for generating
knockouts in specific cell lineages. This has been used very effectively for the SR
protein SC35 (95). For SC35, the homozygous null mutation did indeed have an
embryonic lethal phenotype in mice. However, by generating the ““floxed” allele
with flanking LoxP sites and breeding these mice with mice expressing Cre
recombinase specifically in the thymus, the Fn group was able examine SC35
function specifically in the T cell lineage. The SC35 mutant shows a specific T
cell defect and changes in the splicing of CD45 transcripts. This method shows
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great promise for determining the roles of SC35 and other factors in any
particular splicing event in vivo.

MECHANISMS OF INTRON RETENTION

Most alternative splicing patterns involve a choice of one set of splice sites
competing against another. Because the change involves two competing splicing
pathways, any mechanism that alters the relative rates of spliccosome assembly
for the two splicing patterns is a potential means of regulation. One alternative
splicing pattern in which this may not be the case is-intron retention. Here, the
choice is between splicing with intron excision and no splicing with the retention
of an intron in the final mRNA. This partially spliced RNA product must then be
exported to the cytoplasm. Thus for intron retention, the competition may be
between splicing and mRNA transport rather than between two splicing patterns.
Stndying these systems may yield important information about how the cell
determines when an mRNA is complete and ready for movement to the cytc-
plasm.

In fact, many factors that affect intron retention are the same as those affecting
-other alternative splicing patterns. For the Drosophila Msl2 transcript, an intron
is retained in the final mMRNA in female flies (54). This intron retention requires
Sx! protein binding to both the 5’ and 3’ splice sites. The blockage of both sites
may be necessary to prevent any recognition of the intron as a substrate for the
splicing reaction, thus allowing its transport. In this regard, it may be significant
that the SxI protein accompanies the transcript to the cytoplasm.

: Drosophila P Element Splicing

Another well-characterized sy stem of intron retention is the P element transcript
in Drosophila (252) (Figure 8). The P element is a transposon whose movement
in the genome is restricted to the Drosophila germ line. The transposase enzyme
is encoded on the fully spliced P element mRNA. In germ celis, all of the P
element inirons are excised and transposase is expressed. In somatic cells, the P
elernent third intron is retained in the mRNA, preventing translation of the
transposase enzyme and hence blocking somatic transposition. A series of
genetic and biochemical analyses by the Rio lab have identified components of
this regulatory system. The exon upstream from the third intron contains a
regulatory sequence that inhibits its splicing in somatic cells. Interestingly, this
sequence contains elements called pseudo 5 splice sites that are similar to 5’
splice sites and bind the Ul snRNP, but which are not used for splicing (253}.
The regulatory region also contains binding sites for proteins, including the P
element Somatic Inhibitor (PSI) and hrp48 (254-256). hrp48 is a Drosophila
homotog of hnRNP A and B. PSI has an interesting domain structure with four
central KH-type RNA binding domains, flanked by large N- and C-terminal
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Soma

Germ line

Figare 8 Regulation of Droscphila P element splicing. In the germ line the P element
transcript is fully spliced to make an mRNA encoding the transposase. In somatic cells,
the third intron of the P element transcript is retained in the mRNA. This intron is -
repressed by the P element Somatic Inhibitor (PSI). PSI binds in the exon upstream from
intron 3 in conjunction with Ul snRNP binding to two psendo 5' splice sites. The protein
hrp48 is also in this complex. The binding of U} to the pseudo 5’ splice sites is thought
to prevent its binding to the cotrect site downstream and somehow block splicing. In the
germ line, the absence of PSI allows normal splicing of the intron.

regions (Figure 4). The C-terminal domain contains a novel repeated motif. PSI
is homologous to several vertebrate proteins, including the KSRP that binds to
_the intronic enhancer for c-src N1 exon (200). In addition to splicing, these
vertebrate proteins have been implicated in a variety of processes, including
transcription, RNA localization, and RNA degradation (57, 257, 258). How all of
these functions are reconciled with each other is not yet clear. The conserved
C-terminal repeats in PSI bind to the Ul 70K protein (259). PSI expression is
excluded from the female germ line, and both biochemistry and genetics
experiments indicate that this restriction to somatic cells is an important deter-
minant of the splicing inhibition (255, 256, 260). PSI nuli mutations are lethal.
However, hypomorphic alieles that lack the Ul 70K interaction sequence show
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misregulation of both P element splicing and the splicing of Squid gene
transcripts (260). It is thought that in somatic cells, PSI binds to the repressor
element and through its interaction with the Ul 70K protein induces the binding
of the Ul snRNP to the psendo 5’ splice sites (Figure 8). This assembly in some
way prevents use of the normal 5’ splice site in the splicing reaction. Perhaps the

~ purpose of the pseudo 5’ splice sites is to interact with the 3" splice site in a

nonfunctional manner and thus prevent its use with either the natural 5' splice
site or any possible cryptic sites nearby. If such a nonfunctional spliceosome does
assemble, it will be interesting to determine what allows its disassembly and
hence the transport of the mRINA retaining the intron to the cytoplasm.

Retroviral Splicing and the Balance of Sphcmg and
Transport

The most familiar systéms of intron retention are the retroviruses. In the simplest
retroviruses the viral envelope protein is encoded on a spliced mRIN A (261-265).
When this intron is retained, the unspliced transcript serves both as mRNA for
the Gag and polymerase proteins and as genomic RNA for packaging into
virions. More complex retroviruses such as HIV create additional transcripts

using alternative splice sites and cassette exons to produce mRNAs for additional

viral proteins, most notably the regulatory proteins Tat and Rev.

Retroviruses make use of many of the same splicing regulatory elements and
factors described above. In addition to splicing enhancers and repressors, there
are also RNA sequence elements that allow transport of unspliced RNAs to the
cytoplasm (261-265). Some of these transport elements are constitutive, inter-
acting directly with cellular factors (266-271). Other elements interact with viral
proteins, such as HIV Rev, to allow viral control of the nuclear export process
(264). It is thought that partially spliced RNAs are retained in the nucleus by the
binding of particular spliceosomal components. The viral transport elements are
abie to override this retention and allow transport of any RNA that bears them.
Retroviruses ensure that some unspliced RNA is available for export by making
the viral introns relatively inefficient. The rate of viral splicing is carefully
balanced to produce enough of both spliced mRNA and transportable unspliced
RNA (272-274). Many features make retroviral splicing inefficient, including
poorly recognized splice sites, and ESS elements as discussed above [for
example, see (275)]. More unusual features are also seen. Rous sarcoma virus
{RSV) has an interesting negative regulator of splicing (NRS) downstream from
the viral 5’ splice site (276, 277). This multipartite element has binding sites for
numerous factors, including SR proteins, the Ul snRNP, and the minor class
snRNP Ul1. The sequence assembles into a large complex in celluiar extracts
(278-282). Both the SR proteins and U1 are important for the splicing inhibition.
Tt is thought that this complex interacts with the downstream viral 3 splice sites
to inhibit splicing. This is similar to the inhibition of P element splicing and again
it will be interesting to examine how and when this complex is removed from the
transported RNA. '
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Table 1 lists features of the splicing regulatory proteins described above as
well as several others,

' LONG-STANDING QUESTIONS AND EMERGING
ISSUES |

Many of the most interesting questions regarding the mechanisms of alternative
splicing are still unanswered. Recent results have identified important links
between splicing and the events that precede and follow it in the gene expression
pathway. Moreover, the biological roles played by alternative splicing in cellular
differentiation and adaptation, as well as in genetic variation between spemes are
only beginning to be examined.

How Does Pre mRNP Structure Determine Sphceosome
-Assembly?

Of the identified splicing regulators, relatively few are known to interact directly
with spliceosomal components such as the Ul snRNP (TIA-1, PSI, SR proteins)
or the U2AF protein (SR proteins, Tra2). These proteins ali assemble into large.
pre-mRNP complexes, and splicing commitment assays make clear that some
pre-mRNP complexes determine subsequent spliceosome assembly. However, in
nuclear extracts, a heterogeneous H complex containing many of these proteins
forms on almost any RNA, and a majority of this material does not proceed
through the splicing reaction (283). Because of their size and complexity, these
complexes are difficult to define and isolate as homogenous assemblies. Thus, the
actual structure of what is called the hnRNP or pre-mRNP complex is very -
unclear. At a more local level, how a multiple RBD protein interacts with RNA
and cooperates with other proteins in assembling into a large pre-mRNP is also
not understood. If we are to understand how proteins such as ASF/SF2 or PTB
actually promote or block spliceosome assembly, the structures of complete
multidomain proteins complexed with RNA will be essential.

There are also surely many splicing regulatory molecules yet to be discovered.
Most known splicing regulators directly contact their target RNA. As in tran-
scription, there are likely to be other splicing regulators that interact with other
proteins but do not contact nucleic acid. Moreover, the regulators need not be
proteins. Some of the recently discovered noncoding micro-RNAs are appealing
candidates for regulators of the splicing reaction (284-287), although there is
little evidence for this yet.

Coupling Splicing to Upstream and Downstream Processes

Although studied in vitro using presynthesized RNAs, spliceosomes are thought
to assemble in vive onto the pre-mRNA as it is being synthesized (288, 289).
Despite assembly concurrent with transcription, the kinetics of intron removal is
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variable and the actual excision of some introns may be completed after the
polymerase reaches the end of the transcription unit (290). The cotranscriptional
assembly of the spliceosome has profound implications for the regulation of
splice site choice. Recent studies have made clear the intimate relationship
between pre-mRNA synthesis and processing (291--295). Simply changing the
promoter on a gene can have a large effect on the rate of inclusion of a regulated -
exon (296). This is thought to result partially from changes in the transcription
elongation rate through the gene (297, 298). Given equal rates of spliceosome
assembly at each of two competing splice sites, by slowing the rate of the
synthesis of the downstream choice (through a transcriptional pause site, for
example), the upstream site can be made to predominate. Although not proven to
occur in an endogenous gene, such transcriptional regulation seems likely to be
an important component of many splicing choices [see for example (299-301)].
Genes where splicing seems particularly likely to occur during transcription
" are those with very long introns. It is a long-standing puzzle how a 5’ splice site
at the beginning of a 100-kb intron can be accurately joined to the correct 3’
splice site so far downstream, rather than to an intervening cryptic site. This
correct site not only is far away in the sequence, but is synthesized more than an
hour after the 5’ splice site (302). This problem is neatly resolved by the idea of
recursive splice sites (303). The initial 5’ splice site may splice to intermediate
3’ splice sites along the intron as they are syathesized. These recursive interme-
diate sites are special in that they regenerate a 5’ splice site as they are joined to
" the original site. Thus, the 5’ eXon may hop along the long intron, being respliced
several times at these ratcheting points, before being joined to the final correct
site at the end of the long intron. This last site would presumably not regenerate
a 5’ splice site and thus terminate the resplicing process. There is evidence for the
use of recursive splice sites in several long introms (303). Interestingly, a
resplicing mechanism offers another point of control for altering splice site
choice. In the Ubx gene of Drosophila, a cassette exon conaining a recursive
splice site can be removed from the RNA even after joining to the upstream exon
(303). _

Besides indirect effects of the transcription reaction on splicing,. there is also
evidence for a more active role. This has given rise to the mRNA factory idea:
that transcription and processing all take place in the same very large coordinated
complex. Such mRNA factories have many appealing features for controlling
gene expression. For example, they would ensure that the order in which introns
assemble into spliceosomes 1s the order in which they are transcribed.

The C-terminal domain (CTD) of RNA polymerase II has been shown to
directly interact with a number of RNA processing factors (304—306). The CTD
consists of a long series of heptapeptide repeats and is thus capable of interacting
with muitiple factors simultaneously. Deletion of the CTD disrupts the consti-
tutive splicing reaction (307). The CTD is phosphorylated and this phosphory-
lation is altered as the polymerase progresses through a gene, presumably altering
jits interactions with processing factors (308, 309). Phosphorylated CTD can



324

BLLACK

stimulate splicing in vitro (310, 311). Conversely, splicing factors directly affect'
elongation in vitro (312). Only with further study will a real picture emerge of

~ _how spliceosomes might be loaded onto the polymerase, and how they are

deposited onto the nascent RN A,
It seems likely that some factors bind directly onto the pre-mRNA rather than
getting there via the CTD, and that some introns are removed after transcription

- is complete (290). However, proteins with RS domains have also been shown to

interact with transcription factors that bind at promoters (313; 314), The WT1

* protein seems to have a dual function, one splice variant acting on transcription

and a very similar variant interacting with spliceosomes (315-317). The devel-
opment of coupled in vitro transcription/splicing systems may enable us to Jook
at the activity of such dual function proteins.

As discussed for retroviruses, splicing must also be controlled relative to
downstream processes, most notably nuclear export (295, 318). How does the
cell determine when the mRN A is finished and ready for export? In addition to
the viral signals that allow export of unspliced RNA, there are also proteins that
get deposited on the RNA during the splicing process (319-322). The exon
junction complex (EJC) is a non-sequence-specific assembly that is deposited
upstream from an exon/exon junction after splicing has occurred. The EJC
contains a number of proteins that interact with the nuclear export pathway and
the nonsense-mediated RNA decay (NMD) pathway (295, 318). Interestingly,
one of its components, TAP56, has also been implicated in the splicing reaction,

“providing a link with the process that is apparently required for its deposition .

{323). The connection created by the EIC between splicing and the downstream
fate of the mRNA allows for interesting speculation about additional roles for
alternative splicing patterns. It is possible that multiple kinds of EJCs differen-
tially affect the later export, translation, localization, or stability -of the mRNA
[see for example (324)]. If altering the splicing pattern could alter the compo-
nents of the EJC, the significance of a particular change in splicing could go well
beyond a change in its sequence,

Splicing Regulation and Cell Physiology

For practical reasons, most systems of alternative splicing analyzed at the
molecular level exhibit stabie differences in splicing between two different cell
types. However, splicing can also be reguiated within a given cell by external
stimuli and growth conditions {(325-332); for a review see (333)1. Very little is
known about how signal transduction pathways impinge on the splicing reaction.

. To observe a change in the expressed ratio of two spliced forms, the RNA must

turn over. Thus, it is often difficult to separate changes in splicing from changes
in mRNA stability. In a few systems, results reflecting clear differences in
splicing have been obtained. The cell surface molecule CD44 exhibits a large
number of splice variants owing to the differential inclusion of 10 variable exons
(334). Several of these variable exons are heavily studied because their inclusion
has been associated with the progression of certain tumors to .an invasive
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phenotype (335). The inclusion of variable exon 5 is induced by activation of the
PKC/Ras pathway and involves the downstream effector ERK (336, 337).
Transcripts for the protein tyrosine phosphatase CD45, an important lymphocyte

“ marker, contain several exons that are included in B cells but variably excluded
in T cells [(338) and references therein]. During T cell activation by antigen, the
splicing of CD45 is altered such that these alternative exons are repressed. This
splicing switch also involves the PKC/Ras pathway. In both these systems,
exonic elements have been identified that are required for the inducible change
in splicing. For CD44 exon 5, this element binds hnRNP A1 (339).

In the nervous system, a number of gene transcripts are known to alter their
splicing in response to cell activity (333, 340-342). Some of these RINAs contain
exons that are repressed in response to cell depolarization and to activation of
calmodulin dependent kinase IV (CaM K 1V). In the stress inducible exon
(STREX) of BK potassium channels and in exon 5 of NMDA receptor 1, the

' CaM kinase—dependent repression requires a special sequence in the 3’ splice
site called a calcium-responsive RNA element (CaRRE) (343). This element is
transferable and can confér CaM kinase repression on an otherwise constitutive
exon. The CaRRE is thus thought to be the actual target of the repressive effect,
although the factors that bind to it are not known. The CaRRE element and those
in CD44 and CD45 provide an essential starting point for following the splicing
response back to the signaling system. It is not clear in these examples whether
the signaling pathway is directly altering splicing regulatory proteins or inducing
the expression of a splicing regulator. The time course of the effect (or our ability
to measure it) is certainly long enough to allow for the latter possibility. On the
other hand, the CD44 switch is not blocked by protein synthesis inhibitors (336).

Besides the direct modification or the induced expression of splicing factors,
splicing may also be regulated by alterations in the nucleo/cytoplasmic distribu-
tion of certain proteins. Changes in SR protein phosphorylation and localization
are known to occur during early nematode development (138). hnRNP Al is
partially shifted to the cytoplasm in response to MKK/p38 signaling (344). In
primary neuronal culture, Tra2 31 shows cytoplasmic accumulation in response
to increasing the intracellular calcium concentration with the drug thapsigargin
(345). A similar shift in the localization of both Tra281 and SR proteins was
induced in response to ischemia in mice. For both Al and Tra2@1, shifting of the
proteins to the cytoplasm was accompanied by moderate changes in the spliced
isoform ratio of particular transcripts (344, 345). It is not clear that these splicing
changes are the direct result of splicing factor relocalization. However, such
relocalization is an appealing rnechanism for inducible reguiation and is common
in systems of transcriptional regulation (346, 347). ‘

Splicing is also likely to be regulated in response to cell proliferation. During
mitosis, the nuclear envelope breaks down and the nuclear contents mix with the
cytoplasm. Very little is known about what happens to the splicing reaction
during this pericd, but most other features of gene expression are shut down, A
recent study shed the first light on this process (347a). Splicing extracts derived
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from mitotic cells were shown to have a specific inhibitor of splicing. This
inhibitor was identified as the dephosphorylated form of SRp38, an SR-related
protein. Thus, an attractive model is that a mitosis-specific phosphatase dephos-

- phorylates p38 to inhibit splicing during this phase of the cell cycle. Several

important cell cycle regulators are alternatively spliced (348, 349). It will be
interesting to test the dependence of these splicing patterns on SR p38.

Alternative Splicing and the Genome

The prevalence of alternative splicing and our limited understénding of its
mechanisms present a challenge for identifying all the proteins awailable to an

organism {3, 4). It is currently difficult to use genomic sequenice to predict

splicing patterns. Nevertheless, new genomic approaches will have a broad
impact on our understanding of both the mechanisms and the biolo gical roles of
alternative splicing (350, 350a).

The most studied systems of alternative splicing were chosen in part because
of their conservation between species. This conservation provides some assur-

" ance of the physiological importance of the alternative transcripts. However, not

all splicing patterns are conserved between different mammals or between
different Dipteran insects. Even within a given species, there appears to be
significant variation in the relative use of particular splice variants (351-353).
One explanation for this is that alternative splicing provides an advantageous
mechanism for testing new protein sequences during evolution. A single point
mutation can extend an exon or create a new exon. Such a transcript, encoding
a new protein, may comprise only a few percent of the product TmaRNA. Thus,
mutations that alter splicing can ailow production of new proteins without
significant Joss of the wild-type protein. Although this might be ad vantageous for

. protein evolution, the high degree of variability in splicing makes it difficult to

prove the significance of a splice variant that is not conserved across species.

The large number of splice variants also makes it difficult to study splicing
regulation across the whole genome. One would like to examine whether a
particular exon is coregulated with others, and to test how a whole ensemble of
splice variants is altered by a particular condition. There is consequently a great
deal of interest in the use of DNA microarrays to study splicing regulation (350,
350a).

Several microarray approaches to splicing have been described, although all
have technical limitations. The most straightforward system examined splicing
across the yeast genome, using an array of deposited oligonucleotides that
hybridized in exons, introns, or across splice junctions (354). This system was
able to.clearly categorize intron groups based on their different splicing factor
dependence. In another approach, high-density oligonucleotide arrays were
generated where probes were tiled across the entire human genome or more
densely across chromosome 22 (355). Such probes do not give exon junction
information; they only indicate the presence of a particular exon region in the
mRNA population. This approach will not yield sufficient information to
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describe complicated splicing patterns and identify small exons. Nevertheless, it
will give a clear first identification of many new exons and their tissue specificity.

Oligonucleotide arrays depend on the hybridization properties of the
probes being well matched across the array for denaturation temperature (7,)
and other features. Some exons may have complementary oligonucleotides
that will not work in parallel with others on the same array. In a novel
fiber-optic-array system, the differences in hybridization properties were
minimized by using the ligation of two oligos to measure each spliced
junction {356, 357). It is not clear whether this system can be scaled up to
measure thousands of splice variants simultaneously, as needed for a whole-
genome analysis. However, it has potential advantages for the simultaneous
measurement of particular exon groups.

Even if it is not possible to put all exons on a single array, these methods hold
promise for analyzing the cornbinatorial mechanisms controlling splicing. The
covariation of exon groups can be related to studies of splicing factor expression
throughout an organism. This can be combined with genetic knockouts of
individual splicing regulators and with the immunoprecipitation of specific
transcripts with antibodies to regulatory proteins (260, 358). Microarays prom-
Jise to take studies of splicing regulation to the level of the whole genome. By
studying alternative splicing at both the genomic and mechanistic levels, our

understanding of splicing regulation can be integrated into the biclogy of cells
and organisms.
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