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Introduction

Analysis of the splicing of several different genes has
led to the discovery of RNA-processing events that are
specific for certain developmental stages. Although
some alternative splicing events are clearly regulated by
very specific mechanisms, the fact that exogenous
(viral) as well as endogenous genes display stage-
specific splicing patterns makes it likely that the basic
splicing machinery itself differs in composition or ac-
tivity at different times in development. U snRNPs
(small nuclear ribonucleoproteins) are essential com-
ponents of the complexes in which intron removal takes
place. Evidence has been accumulating for several
years that U snRNPs, in particular their RNA com-
ponents the U snRNAs, are expressed in some species
in a developmentally regulated manner. In this review,
we will discuss this work and its possible significance for
stage-specific RNA processing. In addition, we discuss
several of the best-understood cases of alternative
splicing which are regulated by mechanisms that appear
to be more transcript-specific.

The splicing process

A model of the steps and factors involved in intron
removal in nuclear extracts of mammalian culture cells
is presented in Fig. 1. Since detailed treatment of this
topic is not within the scope of this review, readers are
referred to Dreyfuss et al. (1988) as a source of
references to several recent reviews and the original
literature. For our purposes, a few aspects of the
process are important. The reaction takes place in two
steps which are distinguishable in vitro but probably
concerted in vivo. In the first step, the upstream
exon-5' splice site junction is cleaved and the G at the
5' splice site joined through a 2'-5' phosphodiester
linkage to the A at the branch point to form a lariat-
shaped intermediate. In the second step, the 3' splice
site-downstream exon junction is cleaved and the two
exons are joined. The intron is released as a lariat
product. As indicated in Fig. 1, several frarcs-acting
factors takes, part in these reactions. These can be
divided into two broad classes: the U snRNPs, evolutio-
narily highly conserved nuclear RNP particles, and
protein factors. In higher eukaryotes, the major U

snRNPs, most of which are essential for splicing, are
highly abundant. They consist of one (Ul, U2, U5) or
two (U4/U6) RNA molecules, a group of common
proteins and, in most cases, proteins unique to indi-
vidual U snRNPs (Reddy & Busch, 1988; Liihrmann,
1988). The protein factors are less well characterized
and, at least in some cases, they may even represent U
snRNP proteins that have been dissociated from the
RNP particle during purification. The snRNPs whose
functions in splicing are best understood are Ul and
U2. These snRNPs interact directly with the 5' splice
site and the branch point, respectively, in a process
which is at least partly dependent on RNA-RNA base
pairing. They are thus presumed to be involved in the
identification or choice of these two sites. Although U5
snRNP probably interacts with the 3' end of the intron
(Chabot et al. 1985), this interaction and the exact
function of the U4/U6 snRNP are not well understood.

Alternative splicing

As soon as a primary transcript has an intron, the
possibility of producing alternative mature transcripts
exists. If an RNA has a single intron, mature mRNAs
either with or without the intron can be generated. This
could lead to the production of two different protein
products from the same primary transcript. Complex
transcripts containing multiple introns have the poten-
tial for producing many alternative transcripts. This can
occur in several ways (Fig. 2). There are many
examples of genes whose expression is modified by the
choice of alternative splicing pathways. (Again, this
topic is outside our scope, see Leff & Rosenfeld, 1986
for a recent review.) In the majority of cases examined,
the production of a particular mRNA species from such
complex genes is regulated either tissue-specifically or
developmentally. In one very well studied case, that of
the SV40 T antigen (see below), the production of
alternatively spliced products correlates with the utiliz-
ation of different branch points in a single intron (Noble
et al. 1987). Unfortunately, the study of other genes has
not progressed to the stage where it is possible to say
whether or not this is part of a common mechanism
utilized in the production of alternatively spliced tran-
scripts.
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Fig. 1. The splicing pathway of pre-mRNA in mammalian
cells. IVS, intervening sequence (intron); IVS*, intervening
sequence in lariat form; poly py, polypyrimidine stretch;
E, exons; IBP, intron-binding protein(s); U2AF, U2 snRNP
auxiliary factor; SF1, SF3, splicing factors 1 and 3. The
question mark at the exit point of Ul snRNP indicates the
uncertainty as to the stage at which Ul snRNP dissociates.
(Reproduced with permission from Dreyfuss et al. 1988.)

Developmentally regulated (alternative) splicing

We will now briefly review a few particular cases of
regulated alternative splicing and then describe some
developmentally interesting examples. These examples
were chosen since their occurrence correlates tem-
porally with the appearance of stage-specific U snRNPs
which will be described later in the review.

Sex determination in Drosophila is mediated by a

Fig. 2. Some possible ways to produce alternative
transcripts from a precursor containing two introns. Boxes
numbered 1, 2, 3 are exon sequences and dashed lines
intron sequences in example A. Solid lines join splice
junctions. (A) Both introns spliced. (B) An alternatve 5'
splice site is used in the first intron. (C) An alternative 3'
splice site is used in the first intron. (D) The first intron is
not removed. (E) The 5' splice site of the first intron is
joined directly to the 3' splice site of the second intron
deleting exon 2 (Exon skipping). Depending on the
disposition of open reading frames and translational stop
codons some or all of the transcripts produced can give rise
to different protein products.

hierarchy of regulatory genes whose expression is
dependent on the X chromosome: autosome ratio (1:1
in females, 1:2 in males) and whose action brings about
terminal sex differentiation (Baker & Belote, 1983;
Cline, 1985). The recent molecular cloning of many of
the genes involved (Maine etal. 1985; Butler etal. 1986;
Baker & Wolfner, 1988) has led to the discovery that
they produce sex-specific transcripts. This was not
entirely expected since several of the genes in the
hierarchy are not required for male development.
Analysis of these sex-specific transcripts is proceeding;
currently best studied are the RNA products of a gene
called transformer {tra) whose expression is required for
female differentiation. Two transcripts are produced
from the tra locus, one found in both sexes, the other
female specific. Only the female-specific transcript
contains a long open reading frame (Boggs et al. 1987).
In the ubiquitous transcript, the open reading frame is
destroyed by the choice of an alternative 3' splice site in
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the first intron. Thus, only the female-specific mRNA is
proposed to be capable of giving rise to the tra protein
product (Boggs et al. 1987). The tra protein is then
proposed to modify, in females, the expression of other
genes in the pathway that results in sexual differen-
tiation. The ability to make the female-specific splicing
choice in tra depends on the expression of the Sex lethal
(sxl) gene, which is situated above transformer in the
regulatory hierarchy (Nagoshi et al. 1988), i.e. tra
splicing is regulated directly or indirectly by sex lethal
gene products.

Two other related examples are the regulated splicing
of transcripts of the Drosophila gene encoding suppres-
sor of white apricot, su(wa) and of the Xenopus LI
ribosomal protein gene. In both cases, accumulation of
the protein products results in a block of RNA process-
ing steps, possibly by a feedback mechanism.

The Xenopus LI gene has nine introns (Bozzoni et al.
1984). In circumstances when excess LI protein is
produced, such as after microinjection of the gene into
Xenopus oocytes, the accumulated free LI causes the
removal of two of these introns to be inhibited (Bozzoni
et al. 1984). The resulting, partially processed, precur-
sor RNAs are destabilized by a specific endonuclease
which recognizes the unspliced introns (Caffarelli et al.
1987).

Three su(wa) transcripts accumulate at specific devel-
opmental stages (Chou et al. 1987). The two longer
transcripts retain one or two of the seven introns found
in this gene. The presence of these introns results in the
closure of the functional su(wa) open reading frame
(Zachar et al. 1987). From genetic evidence it appears
that the su(wa) protein product is required for the block
to splicing. This suggests that, as in the case of protein
LI, intron retention is part of an autoregulatory mech-
anism that controls the level of the su(wa) protein.
Although the mechanism of splicing regulation is not
understood in any of the above examples, it is perhaps
suggestive that the putative su(wa) protein sequence
displays similarity to part of the Ul snRNP specific 70K
protein (Bingham et al. 1988; Theissen et al. 1986).

The three cases of alternative splicing mentioned so
far all appear to utilize specific regulatory mechanisms.
We will now discuss two cases of germ cell and early
embryo-specific processing reactions. The examples
chosen are the splicing of transcripts of the viral SV40 T
antigen and of the Drosophila P element transposon. In
the former case, splicing is cell-type- and perhaps also
differentiation state-specific and in the latter it is germ-
line-specific. These examples are particularly interest-
ing since both transcripts are required for an essentially
parasitic lifestyle. This increases the likelihood that the
alternative RNA processing observed occurs as a result
of differences in the basic splicing machinery of the host
cell rather than by transcript-specific regulatory mech-
anisms.

P elements are a family of transposable elements
found in Drosophila, which vary in size. Transposition
of P elements is frequent in the germ line, but has not
been detected in somatic cells (Engels, 1983). Auton-
omous P elements, capable of transcription in the

absence of other P elements, are 2-9 kb long and encode
transposase, an activity required for transposition
(O'Hare & Rubin, 1983; Engels, 1984). Due to the
scarcity of germ cell P element transcripts, it is not
feasible to study them directly. However, in an elegant
series of experiments Laski et al. (1986) provided strong
evidence for the fact that transposase production
required a germline-specific splicing event. Two introns
are removed from P elements in all tissues but Laski et
al. showed that the removal of a third intron was
required before a functional transposase product could
be produced. This intron is not normally removed in
somatic tissues. However, when mutant P elements
were constructed from which the putative third intron
was removed these elements transposed actively in
somatic cells. Conversely, mutations introduced into
the putative splice junctions of the third intron pre-
vented transposition from occurring even in germ cells.
These data provided strong circumstantial evidence that
this intron must be excised specifically in the germ line
to allow the expression of a functional transposase and
subsequent P element transposition. The mechanism of
regulation of splicing of the third intron is not known,
but could either result from specific inhibition of
splicing in somatic cells or specific activation in germ
cells.

The other example of a stage-specific alternatively
processed precursor mRNA, the mRNA encoding the
SV40 T-antigen, has been analysed in great detail at the
molecular level. Processing of the T-antigen precursor
mRNA can result in small t mRNA or large T mRNA.
In large T mRNA about 300 nt of exon sequence
present in small t mRNA is missing because of the
joining of alternative 5' splice sites to the same 3' splice
site (Tooze, 1981). The resulting t mRNA has much less
protein-coding capacity than T mRNA because a trans-
lational stop codon is generated (Fig. 3). The ratio of
T/t mRNA observed is dependent on the cell type in
which the splicing takes place. In HeLa cells, the ratio
of large T to small t is about 5 to 1 whereas in oocytes or
in 293 cells (an Adenovirus transformed human cell
line) the ratio is the inverse (Fu & Manley, 1987). When
processing is analysed in HeLa nuclear extracts, the
large T splice site is used almost exclusively (Noble et al.
1986). The results of studies addressing the reasons for
the observed ratios suggest that trans-acting factors are
involved.

First, different branchpoints are used with different
efficiencies for large T splicing in different cell types. In
HeLa cells the major branchpoint is located at position
-19, relative to the 3' splice site, and minor branch-
points at -22, -28 and -31/32 are also used. In contrast,
in oocytes or in 293 cells, the branch site at -31/32 is
predominantly used in the production of large T
mRNA. For the splicing of small t mRNA, a single
branch point at position -18 is utilized (Fig. 3B; Noble et
al. 1987). Since U2 snRNP is likely to interact with the
branch site (Black et al. 1985; Parker et al. 1987), it is
possible that U2 snRNP structure or factors required
for the binding of U2 snRNPs to the branch site
(reviewed in Dreyfuss et al. 1988) might vary in differ-
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Fig. 3. (A) A diagrammatic representation of the splicing
events that generate large T and small t antigen transcripts.
The small t open reading frame termination codon (STOP)
is indicated. (B) A more detailed diagram of the large
T/small t intron. The 5' and 3' splice sites are shown as are
the major branch points (B.P.) used in the production of t
or T mRNAs in various cell types (see text). The numbers
at the bottom indicate the positions of the splice sites in the
SV40 genome (Tooze, 1981).

ent cell types.
Second, small t intron size (66 nt) is below the

minimum length found to be necessary for efficient
splicing (75-80 nt) (Wieringa et al. 1984). This mini-
mum intron size is thought to reflect the spatial require-
ments of factors that bind to the intron. Consistent with
this model is the fact that the utilization of the small 15'
splice site is greatly increased (~15 fold) in all cell types
by expanding the small t intron to 77 or more nucleo-
tides (Fu & Manley, 1987). It is therefore possible that
splicing of the very short small intron requires a trans-
acting factor that is more abundant in oocytes and 293
cells than in HeLa cells. The observation that only very
little small t mRNA is generated in in vitro splicing
reactions independently of whether HeLa or 293 nu-
clear extracts are used (Noble et al. 1987) could be
explained by the loss of the required factor during
extract preparation.

Third, the small t 5' splice site has a better match to
the consensus 5' splice site sequence than the large T 5'
splice site (8/9 and 6/9, respectively). As a conse-
quence, binding of Ul snRNPs to the small t splice site
is favoured. When small and large T splice sites were
inserted at identical positions into precursor RNAs the
small t 5' splice sites was chosen three times more
frequently than large T (Fu & Manley, 1987). Gradually
increasing the match of the large T splice site to the
consensus sequence reduced this difference (Zhuang et
al. 1987). Differential affinity for Ul snRNP is perhaps

also the cause of the relative insensitivity of small t
compared to large T splicing to inhibition by anti-Ul
snRNP antibodies (Fradin et al. 1984). Differences in
the concentration or composition of Ul snRNPs in
different cell types could therefore affect which 5' splice
site is chosen. More generally, all the molecular differ-
ences that correlate with changes in the alternative
splicing of SV40 T-antigen precursor mRNA in differ-
ent cell types might be explained by parallel changes in
the quantity or quality of frans-acting factors. As
described above, the U snRNPs are predominant
among those trans-acting factors. We will now discuss
the production of developmental variants of U snRNAs
and U snRNPs.

Biosynthesis of U snRNPs during oogenesis and
embryogenesis in Xenopus

Since the bulk of the experimentation relating to stage-
specific variation in U snRNP composition has been
carried out with Xenopus, we will begin with some
background information on U snRNP biogenesis during
the early development of this organism. This subject
has previously been reviewed more extensively (Mattaj
et al. 1985). U snRNPs are composed of one or two
RNAs and up to ten different proteins. In somatic cells,
roughly equivalent amounts of protein and RNA com-
ponents appear to accumulate resulting in the presence
in the nucleus of between 2x 105 and 106 copies of each
of the major U snRNPs. In different somatic cells
examined, Ul is always the most abundant U snRNP
and the other major U snRNPs are present in different
cell types at similar relative ratios (see Reddy & Busch,
1988 and Liihrmann, 1988 for recent reviews of U
snRNAs and U snRNP proteins). During early Xeno-
pus development, U snRNP biosynthesis is different. U
snRNAs and U snRNP proteins accumulate non-coor-
dinately in oogenesis, resulting in the accumulation of a
relatively low concentration of nuclear U snRNPs and a
large pool of excess, free, U snRNP protein (De
Robertis et al. 1982; Zeller et al. 1983; Forbes et al.
1983; Fritz et al. 1984). Free U snRNP proteins are
cytoplasmic, and can only enter the nucleus after
binding U snRNA to form a U snRNP (De Robertis et
al. 1982; Zeller et al. 1983; Mattaj & De Robertis,
1985). Following the midblastula transition, at the 4000-
to 8000-cell stage, very active U snRNA gene transcrip-
tion takes place (Newport & Kirschner, 1982; Forbes et
al. 1983; Fritz et al. 1984). Within a matter of a few
hours sufficient U snRNA is synthesized to combine
with the maternal store of U snRNP proteins. The
complete U snRNPs then translocate to the nucleus
(Zeller et al. 1983) where they are required for the
processing of zygotic transcripts. For the purposes of
later discussion, it should be noted that the low concen-
tration of U snRNPs in the oocyte nucleus (5-10% of
somatic levels being a maximal estimate; Forbes et al.
1983; Fritz etal. 1984) is perfectly capable of supporting
normal (somatic-type) splicing of some exogenous tran-
scripts (e.g. Green et al. 1983) but not of others (see
above).
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This pattern of developmental regulation is not
universal. For example, in several sea urchin species
maternal U snRNPs do not appear to be reutilized in
the embryo, since they remain in the cytoplasm during
early development (Nash et al. 1987). The nuclei of
gastrula stages contain U snRNAs, but they are the
products of zygotic, not maternal, transcription, indi-
cating that embryonic nuclei contain only U snRNPs
assembled on newly synthesized U snRNAs.

In Xenopus, as in most other eukaryotes studied, U
snRNA genes are encoded by multigene families (Mat-
taj et al. 1985). These families include members with
minor variations in sequence. Using these variations as
markers, it has been possible to show that different Ul
and U4 genes are expressed at different times in
oogenesis and embryogenesis (Forbes et al. 1984; Lund
& Dahlberg, 1987). Different Ul and U4 variants
expressed during adult life, during early embryogen-
esis, or during tadpole stages have been identified and
sequenced. Interestingly, although no variation in the
sequence of U2 has been found, the modification state
of U2 RNA changes during embryonic life (Lund &
Dahlberg, 1987). Of several adult tissues tested only
ovary and testis contained detectable levels of embry-
onic Ul and U4 variants. The presence of embryonic U
snRNAs may therefore be related to the identification
(Fritz et al. 1984) of two proteins recognized by anti-Sm
antisera which were found in ovary and testes, but not
in a variety of other Xenopus tissues. Anti-Sm antisera
recognize several U snRNP proteins (Lerner & Steitz,
1979). The germline-specific proteins described by Fritz
et al. have not, however, yet been shown to be U
snRNP-associated. A more detailed study of this point
might well be rewarding since McAllister et al. (1988)
have recently identified a tissue-specific U snRNP
protein in another context. They demonstrated the
existence in rat culture cell lines and tissues of a neural
cell-specific U snRNP protein, designated N, which is
recognized by some anti-Sm antisera, and which they
speculate may have a role in neural-specific splicing
pathways. It is not clear whether N is an additional U
snRNP polypeptide or whether it substitutes for one of
the polypeptides found in other tissues.

A preliminary analysis of U snRNPs in various
Xenopus tissues has been made and it has been found
that there are indeed differences between the U
snRNPs found in germ cells and in somatic cells. Both
the relative abundance and apparently also the compo-
sition of the major U snRNPs is distinctly different in
germline and somatic cells (our unpublished data).
Thus the changes in U snRNAs (described below) may
reflect more general alterations in the splicing machin-
ery which are stage- or tissue-specific.

Differential expression of variant U snRNAs
during mammalian development

The expression of embryonic Ul and U4 variants in
Xenopus occurs after midblastula and in previtellogenic
oocytes, times when an unusually large amount of U

snRNA synthesis is required. It is therefore possible to
argue that embryonic U snRNA genes, which are
present in many more copies than the adult genes, are
expressed in response to heavy demand for U snRNA.
A more interesting possibility is that the variants might
make functionally different U snRNPs which are
specifically required at certain times in development. In
order to probe further the significance of variant Ul
snRNAs Lund, Dahlberg and their colleagues analysed
Ul snRNA expression in different mammalian species,
mainly mouse and human. The differences between
mammalian and amphibian oogenesis and embryogen-
esis are such that no periods equivalent to those during
which there is a high U snRNA synthetic requirement in
frogs are discernable in mammals. Nevertheless, stage-
specific Ul variants were also found when Ul synthesis
in the mouse was examined (Lund et al. 1985). This
supports the suggestion that Ul variants might have
functional significance related to their particular se-
quences. In the mouse, two major classes of Ul snRNA
were found. The first class was expressed ubiquitously
while the second, analogous to Xenopus embryonic Ul,
was only found during early embryonic stages, in germ
cells and in a few tissues (e.g. spleen, thymus) in which
a significant number of stem cells capable of further
differentiation were present. When Ul expression was
examined in various cultured mouse cell lines (Lund et
al. 1985), it was found that the type of Ul snRNA
accumulated reflected the source of the cells. Cell lines
of embryonal origin and transformed cell lines ex-
pressed high levels of embryonic Ul, while untrans-
formed lines and highly differentiated teratocarcinoma
cells expressed little, if any, embryonic Ul. These data
would support the idea of a significant role for variant
Ul snRNAs. However, data obtained from the examin-
ation of Ul expression in human cell lines (Lund, 1988)
have indicated that there is no obligatory association
between embryonic development and particular U
snRNA variants. Although human cell lines contain
several Ul variants, there is not a class whose pattern of
expression corresponds to the mouse or Xenopus em-
bryonic Ul snRNAs (Lund, 1988). Intriguingly, in all
three species examined a single Ul residue, A70, is
found to be ribose-methylated in adult tissues or
differentiated cells but not in embryonal tissues or cells.
None of the Ul variants so far sequenced, with the
possible exception of the human a-2 variant in which
G37 is changed to U (Lund, 1988) are altered in
positions required for the assembly of Ul snRNP
(Hamm et al. 1987, 88). This indicates that all the
different Uls are capable of associating with the stan-
dard complement of Ul snRNP proteins, but does not
rule out the possibility that some variant Uls are
associated with additional, specific, proteins.

The pattern of expression of Xenopus embryonic Ul
snRNAs has been shown to be accurately reproduced
when cloned genes are microinjected into oocytes or
eggs (Lund et al. 1987). Also, a mouse embryonic Ul
gene has been shown to be accurately expressed in a
transgenic mouse line (E. Lund, personal communi-
cation). These results indicate that all the information
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required for correct developmental expression of Ul
variants is encoded in short DNA segments surrounding
the genes and does not require the tandem or clustered
arrangement of genes observed in most species.

Prospects

If it is true that some examples of alternative splicing in
different cell types are due to the composition and/or
concentration of U snRNPs in these cell types, exper-
imental alteration of U snRNP composition might
result in a consequent alteration in splicing patterns.
The Xenopus oocyte or embryo seem to be ideal
experimental systems for testing this hypothesis. Puri-
fied U snRNPs from, for example, HeLa cells can be
introduced into the oocyte by microinjection. Their
effect on splicing of a suitable precursor, like the SV40
T antigen, can then be tested. Of particular interest for
such experiments is the recent demonstration (Pan &
Prives, 1988) that the endogenous oocyte Ul and U2
snRNPs can be destroyed by injection of a DNA
oligonucleotide complementary to Ul or U2 snRNA.
The resulting DNA-RNA hybrids are substrates for the
oocyte RNase H. After a short time, endogenous
deoxyribonucleases destroy the remaining, excess, oli-
gonucleotide. Later, the U snRNA can be reintroduced
into the oocyte by microinjection of purified Ul or U2
snRNA. The RNA assembles with the stored snRNP
proteins (see above) and splicing is restored. If these
results can be generalized to other snRNAs then a
chosen endogenous U snRNA can be replaced by other
sequence variants or be reduced or augmented in
concentration. What is now required are a series of
suitable substrate transcripts on which the effect of
these alterations in the U snRNPs can be tested. A very
similar approach was pioneered in the work of Birnstiel
and his collaborators with U7 snRNA (Birnstiel &
Schaufele, 1988). This RNA was discovered due to its
ability to complement the incapacity of Xenopus
oocytes to process correctly the 3' ends of sea urchin
histone H3 mRNA. In principle any cell-type-specific
component of the splicing machinery might be ident-
ified in this way.

Conclusions

Several examples of regulated alternative splicing have
been discussed, indicating that specific mechanisms for
controlling alternative RNA processing exist. We have
also described some cases of differential splicing that
are germ-cell- or differentiation-state-specific. In Xeno-
pus and mouse, the differential production of specific
variant U snRNAs and U snRNPs correlates with these
differential splicing events. This correlation suggests
that some examples of alternative RNA processing may
result from the presence of tissue- or stage-specific
components of the splicing machinery rather than from
transcript-specific mechanisms. Direct experimental
evidence for or against this hypothesis is lacking at

present. The circumstantial evidence should, however,
be sufficiently interesting to encourage further research
in this area.

We thank Graham Tebb, Huw Parry, Daniel Scherly,
Angus Lamond, David Tollervey, Elsebet Lund and James
Dahlberg for their comments on the manuscript.
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