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Abstract

The major species of mammalian Sm proteins associate with
snRNA molecules to form small nuclear ribonucleoprotein particles
(snRNPs) which are essential for pre-mRNA splicing. A series of
immunoblots were probed with an anti-Sm monoclonal antibody. These
experiments led to the identification of a cell-specific 28kDa protein
called Sm N. The expression of the Sm N protein is restricted to cell lines
and tissues which have the ability to utilise the alternative splicing
pathway of the calcitonin/CGRP gene. This correlation suggests that the
Sm N protein may play a role in determining the use of this alternative
splicing pathway.

A Sm N cDNA clone was isolated by immunoscreening a HeLa
Agtll expression library. Characterisation of the cDNA clone showed that
the Sm N protein consists of 240 amino acids. It has a proline-rich
carboxyl terminus and it is closely related to the Sm B and B' proteins.
Northern blot analysis revealed that the Sm N protein is encoded by a
1.6kb mRNA transcript. RNA analysis showed that the Sm N gene is
differentially expressed in HeLa cell lines.

The levels of the Sm N protein and mRNA were shown to
decline during the differentiation of embryonal carcinoma stem cells to
parietal endoderm-like cells. Furthermore, the levels of the Sm N
protein decline during the differentiation of embryonal stem cells
suggesting that this effect may occur in vivo.

The sera of some patients with the autoimmune disease systemic
lupus erythematosus (SLE) contain anti-Sm autoantibodies. The anti-Sm
monoclonal antibody which was used to identify Sm N recognises a
disease autoepitope. In order to localise this epitope on the Sm N
protein, a short, 135 nucleotide Sm N clone was obtained by
immunoscreening a Agtll expression library. A lysogen of this clone
was used to detect the presence of anti-Sm antibodies in SLE sera. It was
found that both anti-Sm and anti-RNP autoantibodies reacted with the
fusion protein. This effect was due to amino acid sequence similarities
between Sm N and the Ul snRNP-specific C protein.

Immunoblotting analysis was used to show that the highly
immunoreactive Sm B, B', and D proteins increase in abundance in
Vero cells infected with herpes simplex virus type 2. This effect may
increase the antigenicity of these Sm proteins.



Abbreviations

The abbreviations which are used in this thesis are those described in the
'Policy of the Journal and Instructions to Authors' of the Biochemistry
Journal (Biochem. J. (1989) 257 1-21). In addition, the following
abbreviations have been used:

bp base pairs

BSA - bovine serum albumin

cAMP cyclic adenosine monophosphate

CGRP calcitonin gene related peptide

DTT dithiolthreitol

EC embryonal carcinoma

EDTA ethylenediaminetetra-acetic acid

ES embryonal stem

HSV herpes simplex virus

IPTG isopropyl B-D-thiogalactopyranoside

kb kilobase

kDa. kilodalton

MTCD Mixed connective tissue disease

NEPHGE Nonequilibrium pH gradient electrophoresis
PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

pi post infection

RA retinoic acid

RNP ribonucleoprotein particle

SDS sodium dodecyl sulphate

SLE Systemic lupus erythematosius

snRNA small nuclear RNA

snRNP small nuclear ribonucleoprotein particle
TEMED N,N,N',N' - tetramethylethylenediamine
UCL University College London

UCMSM University College and Middlesex School of Medicine
X-gal 5-bromo-4-chloro-3-indolyl-f-galactopyranoside
VNIMR National Institute for Medical Research

ICRF Imperial Cancer Research Fund
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: In ion

Ribonucleoprotein particles (RNPs) are discrete subcellular RNA -
protein complexes. A wide variety of eukaryotic RNPs have been
discovered which reflects the large number of cellular processes in which
they are involved (Dreyfuss et al., 1988). Most species of eukaryotic RNPs
are located in the nucleus where they are involved in the maturation of
nascent RNA transcripts (Dreyfuss et al, 1988). The set of nuclear RNPs
which have been most extensively characterised are the major species of
small nuclear RNPs (snRNPs). These snRNPs function in the process of
pre-mRNA splicing (Maniatis & Reed, 1987). This is the mechanism by
which intervening sequences (introns) are removed from nascent RNA
transcripts (Padgett et al., 1986).

The major species of snRNPs are targets for autoantibodies
associated with the autoimmune disease systemic lupus erythematoﬁus
(SLE) (Tan, 1989). The anti-Sm and anti-RNP autoantibody specificities
recognise the polypeptides components of the snRNPs.

There are several aspects of the snRNP-associated proteins which
can be studied: their structure; how they associate with snRNAs; their
function in pre-mRNA splicing; what features make them targets for
autoantibodies and whether they play a role in the production of these
autoantibodies

The Structure of shRNPs

In mammalian cells, there are four major species of snRNPs.
These consist of one or more small nuclear uridine-rich RNA (snRNA)
molecule together with up to ten polypeptides (Bringmann &
Luhrmann, 1986). The individual snRNPs are named according to the
particular snRNA transcript which they contain. Thus, the U1, U2 and
U5 snRNA each define a separate species of snRNP (Lerner & Steitz,
1979) whilst the U4 and U6 snRNA molecules associate with each other
to form the U4/U6 snRNP (Hashimoto & Steitz, 1984; Bringmann et al.,
1984; Bindereif et al., 1990). The five species of U snRINAs which are
involved in snRNPs form secondary structures which consist of
extensive stem-loop configurations (reviewed in Lelay-Taha et al., 1986).
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As will be described below, these structures play a important role in the
assembly of the snRNP-specific proteins.

The elucidation of the protein composition of the major species of
snRNPs has been accomplished largely by immunoprecipitation
experiments using human autoantibodies in association with
biochemical fractionation techniques (Lerner & Steitz, 1979; Dovas et al.,
1979; Conner et al., 1982; Kinlaw et al., 1983; Fisher et al., 1983; Billings &
Hoch, 1984; Hinterberger et al., 1983; Pettersson et al., 1984; Mimori et al.,
1984; Habets et al.,1985; Bringmann & Luhrmann, 1986).

In human cells, each major species of snRNP contains a common
set of at least six proteins which are all targets for anti-Sm autoantibodies
(Tan, 1989; Reuter et al., 1990). The six common proteins are known as
Sm B' (28kD), Sm B (27kD), Sm D (16kD), Sm E (12kD), Sm F (11kD) and
Sm G (9kD) (Dovas et al., 1979; Conner et al., 1982; Kinlaw et al., 1983;
Fisher et al. , 1983; Billings & Hoch, 1984; Hinterberger et al., 1983;
Pettersson et al., 1984). An additional common protein called D' (15.5kD)
has been observed in some preparations (Bringmann & Luhrmann,
1986). Similar studies using autoimmune sera with anti-RNP specificity
have determined that the Ul snRNP contains three additional specific
proteins, 70K (56kD), A (34kD) and C (22kD) whilst the U2 snRNP
contains two unique proteins, A' (33kD) and B" (28.5kD) (Dovas et al.,
1979; Conner et al., 1982; Kinlaw et al., 1983; Fisher et al., 1983; Billings &
Hoch, 1984; Hinterberger et al., 1983; Pettersson et al., 1984; Mimori-et al.,
1984; Habets et al., 1985; Bringmann & Luhrmann, 1986). The human U5
snRNP has a complex protein composition; in addition to the common
proteins, at least six unique proteins are associated with the U5 snRNA
which together constitute a 20S particle (Bach et al., 1989). As yet, no
unique U4/U6 snRNP proteins have been identified.

The U snRNP protein composition described above may be
specific to humans. This is suggested by several studies which have
investigated the composition of snRNP-associated proteins in rodent
cells. They consistently fail to detect the presence of the Sm B’ protein
although the other snRNP proteins are detectable (Hinterberger et al.,
1983; Guldner et al. 1983; Williams et al., 1986; Woopman et al., 1990).

The mechanisms by which the Sm proteins assemble to form
snRNPs involve both direct binding to the U snRNA and protein-
protein interactions. The initial stage of assembly of mammalian
snRNPs occurs in the cytoplasm and is subsequently completed in the
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nucleus (Feeney et al., 1989). Four of the six common proteins, D, E, F
and G form a 6S complex in the cytoplasm (Fisher et al., 1985). In mouse
cells, this complex has been shown to be composed of 4 Sm D proteins,
and one of each of the Sm E, F and G proteins (Feeny et al., 1989; Sauterer
et al., 1990). This 'core' complex binds to the snRNA at a single stranded
region, the Sm binding site, which is located between two hairpin loops
(Liautard et al., 1982). The conservation of the binding site sequence,
PuA(U)4-6GPu, between the U1, U2, U4 and U5 snRNA molecules
explains why these distinct snRNA molecules can interact with a
common set of snRNP proteins. The direct binding of the core complex
to the RNA is mediated by the Sm F protein (Woppmann et al., 1988)
and possibly others. The Sm B and B’ proteins do not appear to bind
directly to the snRNA molecule but they probably assemble onto the
snRNP by protein-protein interactions with the bound 6S core complex
(Fisher et al., 1985; Lelay-Taha et al., 1986). The location of the D' protein
is not known.

The U1l and U2 snRNP-specific proteins, excepting B", associate
with the partially assembled snRNPs in the nucleus whilst B" assembles
in the cytoplasm (Feeney & Zieve, 1990).The binding of the Ul-specific
proteins 70k and A appears to be largely determined by specific and
independent protein-RNA interactions with the 5' Ul RNA stem-loop
structures (Hamm et al., 1987, 1988, 1990; Patton & Pederson, 1988; Lutz-
Freyermuth & Keene, 1989; Patton et al., 1989; Bach et al., 1990; Scherly et
al., 1989, 1990). The 70k protein also appears to participate in protein-
protein interactions with the Sm core complex (Hamm et al., 1987, 1990;
Patton & Pederson, 1988). There is also evidence that the binding of the
U1 A protein is stabilised by interacting with the other U1 specific
proteins (Scherly et al., 1989; Hamm et al., 1990). The mechanism by
which the third unique U1 snRNP protein, C, interacts with the Ul
snRNP is not yet clear but there is indirect evidence that it associates
with the 5' stem-loop structures of the Ul snRNA (Patton et al., 1989;
Hamm et al., 1990). The U2-specific protein B" appears to bind directly to
a 5' stem-loop of the U2 RNA but only in association with the other U2
unique protein, A' (Scherly et al., 1990). However, the A' protein alone
does not bind directly to the U2 snRNA. A model of the structure of the
U1 snRNP is shown in figure 1.1.

The interactions of the U5 specific proteinghavenot been
characterised largely because of the lack of U5 specific antibodies with
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Figure 1.1. A model of the Ul snRNP structure.

The protein components (clouds) are drawn on the Ul RNA.
Continuous lines represent regions involved in RNA-protein
interactions which are essential for RNP assembly. Broken lines and
crosses represent regions involved in non-essential RN A-protein or
protein-protein interactions.

(Adapted from Parry et al., 1989).
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which the structure of the particle can be probed. Similarly, the structure
of U4/U6 particle has not yet been elucidated.

Pre-mRNA Splicing

The development of cell-free systems capable of accurately and
efficiently splicing exogenous pre-mRNA substrates has allowed
dissection of the splicing reaction in both mammals and yeast (Krainer et
al., 1984; Lin et al., 1985). The description of this process outlined below
refers mainly to the results of studies into mammalian pre-mRNA
splicing.

The splicing reaction proceeds in two steps via a lariat
intermediate and involves two consecutive trans-esterification reactions
(Padgett et al., 1984; Ruskin et al., 1984). In the first stage of the reaction
(see fig. 1.2), the phosphodiester bond at the 5' exon-intron boundary is
cleaved and the 5' end of the intron is joined to a specific adenosine
residue (the branchpoint) near to the 3' exon by a 2'-5' phosphodiester
bond. In the second step of the reaction, the 3' splice site is cleaved,
releasing the branched lariat form of the intron, and the 5' and 3' exons
are ligated together. The intron lariats have been identified as products
of splicing in vivo (Zeitlin & Efstratiadis, 1984).

The specificity of the splicing reaction is crucial to ensure that the
resultant RNA molecule contains an open-reading frame which encodes
the correct protein. This accuracy is partly mediated by conserved
sequences at the 5' and 3' splice sites which define the intron-exon
boundaries. The 5' splice site consensus sequence is (C/A) AG: GURAGU
(where the colon denotes the exon-intron boundary) and the 3' splice site
consensus sequence is YAG: G (Mount, 1982; see fig. 1.2). Of these bases,
the two most highly conserved are the first and last two bases of the
intron. There are other conserved intron sequences which are important
for efficient and correct splicing. In higher eukaryotes there is a loosely
conserved branch site consensus sequence which is centered around the
adenosine branch nucleotide (YNYURAY) (Smith et al., 1990). Associated
with the branch site is a conserved polypyrimidine tract which is located
3' to the branch sequence (Mount, 1982; Smith et al., 1989). The location
of the 3' splice site is determined as the first AG dinucleotide
downstream of the branch site (Smith et al., 1989). Such a simple
requirement can occur at a high frequency in a length of DNA, therefore
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the 3’ splice site is usually a short distance downstream of the branch site,
typically 18-40 nucleotides (Green, 1986).

Role of snRNPs in Pre-mRNA Splicing

The first experimental evidence that snRNPs were involved in
pre-mRNA splicing came from antibody inhibition studies. Anti-Sm
antibodies were able to inhibit in vitro splicing in both yeast and
mammalian extracts (Yang et al., 1981; Padgett et al., 1983). This evidence
was supported by other studies which showed that the addition of
partially purified snRNPs to nuclease-inhibited splicing extracts resulted
in the restoration of splicing activity (Krainer & Maniatis, 1985). The
specific requirement of the Ul, U2 and U4/6 snRNPs for splicing activity
was demonstrated by inhibition of splicing through targeted nuclease
digestion of individual snRNAs (Kramer et al, 1984; Krainer & Maniatis,
1985; Black et al., 1985; Berget & Robberson, 1986; Black & Steitz, 1986).
Nuclease protection and immunoprecipitation experiments suggested
that the U1 snRNP bound to the 5' splice-site, U2 snRNP with the
branchpoint sequence and that an additional snRNP, which was probably
the U5 snRNP, interacted with the 3' splice site (Mount et al., 1983; Black
et al., 1985; Chabot et al., 1985).

' The specific interactions of the Ul snRNP and the U2 snRNP with
the pre-mRNA have been determined. The initial evidence that the Ul
snRNP could be involved in splice-site selection came from the
observation that the 5' end of the U1 snRNA displayed sequence
complementarity to the consensus 5' splice-site sequence (Lerner et al.,
1980; Rogers & Wall, 1980). Direct evidence that the Ul snRNA does
base-pair with this site was confirmed by genetic analysis where the
correct splicing of a mutated 5' splice site was restored by a
complementary mutation in the sequence at the 5' end of the Ul snRNA
(Zhuang & Weiner, 1986). The base-pair interaction is potentiated by the
U1 snRNP specific C protein (Heinrichs et al., 1990) possibly in
association with other factor(s) (Zapp & Berget, 1989).

Suppression of mutation experiments analogous to those which
demonstrated Ul snRNA/pre-mRNA base pairing have recently shown
that the the mammalian U2 snRNP interacts with the branch site
sequence by direct base pairing (Zhaung & Weiner, 1989; Wu & Manley,
1989). A similar interaction has been demonstrated in yeast where the
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branch point consensus sequence is highly conserved (Parker et al., 1987).
By contrast, the branch point consensus sequence is only weakly
conserved in mammals (Keller & Noon, 1984). The reduced
conservation of the mammalian branch point may be compensated by
the action of the U2AF protein splicing factor, (also called the
polypyrimidine tract binding protein, pPTB), which is required for U2
snRNP binding (Ruskin et al., 1988; Garcia-Blanco et al., 1989). This factor
binds specifically to the polypyrimidine tract situated 3' of the branch site
and appears to facilitate the subsequent binding of the U2 snRNP to the
branch site (Garcia-Blanco et al., 1989; Zamore & Green, 1989).

In contrast to the action of the Ul and U2 snRNAs, the U5 and
the U4 and U6 snRNAs do not appear to bind directly to the pre-mRNA
(Bindereif & Green, 1987). The interaction of the U5 snRNP with the 3'
splice site may be mediated by an associated Sm protein called the intron
binding protein (IBP) which binds specifically to the 3' splice site (Tazi et
al., 1986; Gerke & Steitz, 1986).

In addition to the U2AF and IBP proteins which are mentioned
above, a number of other protein factors associate with the pre-mRNA
during splicing. Two groups have fractionated splicing extracts from
HelLa cells to identify up to four activities which appear to be mediated by
proteins (Krainer & Maniatis, 1985; Kramer et al., 1987). The SF 3 factor
isolated by Kramer et al. (1987) probably represents U2AF whilst the SF1
factor may represent the IBP protein (Kramer, 1988). Krainer et al. (1990a)
have recently shown that their SF2 activity is conferred by two related
polypeptides of approximately 33kDa. These proteins may be the same as
an essential 35KDa. protein independently identified by Fu and Maniatis
(1990). In addition, the hnRNP (heterogenous nuclear RNP) proteins,
Al, C and D have been shown to bind to the polypyrimidine tract region
of introns (Swanson & Dreyfuss, 1988). The binding of the A1 protein
appears to require the conserved 3' splice site AG dinuceotide (Swanson
& Dreyfuss, 1988). The hnRNP C protein has been shown to be required
for pre-mRNA splicing (Choi et al., 1986) but it is not known if this is the
case for the other hnRNP proteins.

The Involvement of snRNPs in The Spliceosome

During the process of pre-mRNA splicing, the snRNPs associate
both with each other and with other protein factors to form a large
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Figure 1.2. The mechanism of pre-mRNA splicing.

The cis elements are as follows:- black boxes-exons, black line-intron,
hatched box-polypyrimidine tract. The splice sites and the branch point
consensus sequences are shown where Y is a pyrimidine and R is a
purine. The branch point A is marked with a dot. The snRNPs are
shown as circles.

Adapted from Smith et al. (1989).
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multi-component complex called the spliceosome (Grabowski et al.,
1985). This is a dynamic complex which probably assembles on the pre-
mRNA during transcription (Beyer & Oshiem, 1988). Spliceosomes have
been detected and characterised by using in vitro splicing extracts in
combination with several methods including native gel electrophoresis
(Konarska & Sharp, 1986, 1987) gradient fractionation (Frendewey &
Keller, 1985; Grabowski et al., 1985; Bindereif & Green, 1986) and affinity
purification (Bindereif & Green, 1987; Lamond et al., 1988; Blencowe et
al., 1989).

Several different pathways of spliccosome assembly have been
proposed from different laboratories. The precise order of assembly and
the interactions which occur within the spliceosome have not yet been
fully elucidated. Therefore, the following scheme represents a synthesis
of the different findings of several laboratories (see fig 1.2).

Spliceosome complex assembly proceeds in an ordered, step-wise
manner (Frendewey & Keller, 1985; Konarska & Sharp, 1986; Bindereif &
Green, 1987; Lamond et al., 1987). The pre-mRNA transcript upon which
the spliceosome assembles is decorated with hnRNP proteins which are
probably incorporated into the splicing complex (Beyer & Oshiem, 1988).
The initial series of events result in the formation of a 20-25S pre-
splicing complex (Frendeway & Keller, 1985; Konarska & Sharp, 1986)
which requires the involvement of the SF2 proteins (Krainer et al.,
1990a). First, the Ul snRNP binds to the 5' splice site (Bindereif & Green,
1987) and the U2AF factor binds to the polypyrimidine tract (Ruskin et
al., 1988). Both of these interactions are ATP independent (Black et al.,
1985; Zamore & Green, 1989); the IBP protein also displays this
characteristic (Chabot et al., 1985) and may therefore bind to the 3' splice
site at this stage.

The next, ATP-dependent step, involves the binding of the U2
snRNP complex to the branch site (Konarska & Sharp, 1986). This
interaction results in the formation of an intermediate 40S complex
(Bindereif & Green, 1987). Since this step is the first energy dependant
step, it is considered to represent the stage which commits the pre-
mRNA to the splicing pathway (Bindereif & Green, 1987). Immediately
after the binding of the U2 snRNP, the U4/6 and U5 snRNPs associate
with the complex to form the 60S spliceosome (Grabowski & Sharp,
1986). The U1l snRNP is present at this stage, having been retained from
the pre-splicing complex (Chabot & Steitz, 1987; Bindereif & Green, 1987).

24



The 60S complex represents the functional spliceosome in which
splicing intermediates and the lariat intron product have been detected
(Grabowski et al., 1985; Frendeway & Keller, 1985). After the splicing
reaction, the intron is released in association with the U5 and U6
snRNPs and possibly the U2 snRNP (Konarska & Sharp, 1987). This step
represents the disassembly of the spliceosome.

Several interactions between snRINPs have been identified during
the formation and function of the spliceosome. The most striking of
these is the association of U4/6 snRNP with U5 snRNP to form a 255
complex prior to assembly into the spliceosome (Konarska & Sharp,
1987). The formation of this complex probably involves protein-protein
interactions because specific U5 snRNA sequences do not appear to be
required for the assembly of the complex (Black & Pinto, 1989). After the
formation of the functional spliceosome, the U4 snRNP may exit from
the complex (Konarska & Sharp, 1987; Lamond et al., 1988). However,
this loss could represent an in vitro artifact which reflects a structural
change in the U4/U6 snRNP as splicing proceeds (Blencowe et al., 1989).

The entry of the U4/6/5 complex into the spliceosome appears to
primarily involve interactions with the U2 snRNP which has bound to
the branch site (Bindereif & Green, 1987). This formation is then
stabilised by interacting with the Ul snRNP which is bound to the 5'
splice site (Bindereif & Green, 1987). In addition, interactions between Ul
and U2 snRNPs have been detected both outside and within the
spliceosome (Mattaj et al., 1986; Bindereif & Green, 1987).

Alternative Pre-mRNA Splicing

The discovery that pre-mRNA trancripts contained multiple
introns raised the possibility that these introns could be differentially
removed to generate different mRNA molcules which are derived from
the same gene. Indeed, an increasing number of examples of this process
of alternative pre-mRNA splicing have been discovered in eukaryotic
organisms (Breitbart et al., 1987). It represents a post-transcriptional
mechanism of gene regulation which has so far been most commonly
found to generate tissue-specific or stage-specific mRNA transcripts. In
this manner alternative splicing can play an important role in
determining the phenotype of a particular cell (Leff et al., 1986). In the
majority of cases examined, the alternative splicing decision results in
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the generation of protein isoforms (e.g. Breitbart et al., 1985). However,
in a smaller number of cases alternative splicing results in the
production of distinctly different protein products (e.g. Amara et al.,
1982).

Cis-Regulation of Alternative Splice Site Selection

The mechanism by which specific splice sites are differentially
selected during the process of alternative splicing is presently unknown.
Indeed, the mechanism of how correct splicing occurs with pre-mRNA
transcripts where every intron is removed (constitutive splicing) has not
yet been elucidated. However, there is increasing data from in vitro
studies that cis-acting sequences can influence the selection of a splice
site.

In vitro experiments have shown that mutagenesis of authentic
splice sites can lead to the use of nearby related (cryptic) splice sites (Reed
& Maniatis, 1985; Abei et al., 1986). Mutations of authentic 5' splice sites
so that they more closely resemble the consensus sequence tended to
improve the efficiency of their use in duplicated splice-site competition
assays (Eperon et al., 1986; Zhaung & Weiner, 1986). Thus, it appears that
consensus splice site sequences confer a stronger affinity for the
appropriate trans-acting factor(s) of the spliceosome than variant splice
site sequences (Lear et al., 1990). However, other in vitro experiments
have shown that the selection of the splice site which most closely
resembles the consensus sequence is not an invariable rule (Nelson &

Green, 1988). Similar experiments carried out with the branch site
|

sequence have shown that the sites which have most similarity’ to the
consensus sequence are used most often (Reed & Maniatis, 1988; Zhaung
et al., 1989). Comparison of the sequences of splice sites which are
alternatively spliced with those which are [constitutively spliced have
failed to find any significant difference between them (Lear et al., 1990).
Thus, alternative selection of splice sites cannot be explained solely by
differences in the splice site sequences. A difference has been noticed,
however, between the polypyrimidine tracts of some introns which are
alternatively excised and those which are constitutively excised.
Unusually rich polypyrimidine tracts are present in the introns located
between the alternatively spliced exons of the SV40 early region (Fu et

al., 1988) and the rat tropomyosin 1 gene (Helfman & Ricci, 1989). This
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difference may serve to alter the affinity of U2AF and/or other factors for
the branch site and the 3’ splice site.

The sequence context of the splice site has been shown to affect the
efficiency of splice site selection. Both the proximity of splice sites and
the nature and extent of exon sequences adjacent to these sites can affect
competitive splice site selection (Reed & Maniatis, 1985; Eperon et al.
1986). Furthermore, the context of the splice site can be more important
than the splice site sequence for determining splice site selection (Nelson
& Green, 1988). The authentic splice site location tends to represent the
optimum location for selection. However, when a 5' splice site is located
in its authentic context then the match of the sequence to the consensus
becomes the critical determinant of splice site choice (Nelson & Green,
1988).

Various studies have shown that RNA secondary structures
which are the direct result of the primary nucleotide sequence can lead to
alternative splicing. Where splice sites and exons can be sequestered into
stem-loop structures, the splice sites become inaccessible for splicing
resulting in the use of alternative sites (Solnick, 1985; Solnick & Lee,
1987; Eperon et al., 1986, 1988).

It has been found that exon sequences which are located some
distance from splice sites can influence splice site selection. The human
leukocyte common antigen gene contains sequence elements within one
of its alternatively spliced exons which leads to its exclusion in certain
cell types (Streuli & Saito, 1989). Similarly, the human fibronectin gene
contains a regulatory exon sequence which, in this case, promotes
inclusion of the exon into the mRNA transcript (Mardon et al., 1987).
The alternative splicing of both of these genes has been extensively
studied, the results of which suggest that the regulation of their splicing
is controlled by tissue-specific trans-acting factors (Streuli & Saito, 1989;
Barone et al., 1989). Thus, it is possible that these sequences mediate
alternative splicing by interacting with the trans-acting splicing factors.
In the case of the alternatively spliced calcitonin/CGRP gene such
putative cis-acting sequences have been identified in detail ((Emeson et
al., 1989). These sequences are described below. If trans-acting splicing
factors are shown to represent a general strategy for the regulation of
alternative splicing, then it is likely that other alternatively spliced genes
will contain cis—active sequences at locations remote from the conserved
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splicing sequences. These locations would represent sites for interactions
with the trans-acting splicing factors.

The information presented above on the influence of cis-acting
sequences in splice site selection suggests that both sequence differences
and the sequence context of splice sites can play an important role in
determining specific splice site selection. It is presently not known
whether these sequences are sufficient to determine alternative splice
site selection in vivo .

Trans-Regulation of Alternative Splicing

The observation that an identical pre-mRNA transcript is spliced
in an alternative manner in different cell types demonstrates that there
must be differences in the splicing environments of the different cell
types.

One mechanism by which cell-specific alternative splice site
selection may be regulated in higher eukaryotes is by cell-specific
differences in the concentrations of the splicing factors which are
involved in constitutive splicing. In vitro studies have shown that the
relative use of duplicated splice sites can be altered by diluting splicing
extracts (Reed & Maniatis, 1986). More detailed in vitro experiments
have shown that changes in the concentration of the purified
constitutive splicing factor, SF2, influences the selection of competing 5
splice sites (Krainer et al., 1990b). It was shown that different 5" splice sites
had different requirements for SF2 in order to be spliced. Furthermore,
the change in efficiency of splicing of each 5 splice site varied with
respect to the concentration of SF2. This differential response to SF2
activity suggests that alternative splice site selection could occur by the
regulation of the levels of SF2. Evidence that these results were not an
artifact of splicing extracts has been presented by Ge and Manley (1990).
They have shown that a factor, which is probably the same as SF2, is
present in 293 cells where it causes an increase in the use of the small t 5
splice site of the SV40 early region pre-mRNA together with a
simultaneous repression of the competing large T 5 splice site. In
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contrast, in HeLa cells, where the SF2-like activity is expressed at a lower
level relative to 293 cells, the large T 5 splice site is preferred to the small
t 5’ splice site.

Another proposed mechanism by which cell-specific alternative
splicing can be regulated is by the presence of cell-specific trans-acting
factors. The most convincing evidence that such factors exist was
obtained by expressing artificial contructs of genes which display
alternative splicing patterns in a variety of cell types and monitoring
their patterns of splicing. In many of these experiments, the correct
pattern of tissue-specific splicing was obtained, with different cell types
splicing the identical pre-mRNA in different ways. The three genes
which have been most thoroughly investigated in this manner are the
human fibronectin gene, the rat troponin T (TnT) gene and the rat
calcitonin/CGRP gene.

The human fibronectin gene contains three exons which can be
alternatively spliced (Kornblihtt et al., 1984;Schwarzbaueret al., 1987).
Two of these, the ED-A and the ED-B exons are included in the mRNA
transcripts produced in fibroblasts but are excluded from the liver form
of the mRNA (Kornblihtt et al., 1984;Schwarzbaueret al., 1987; Gutman
& Kornblihtt, 1987). Liver and fibroblast cell lines were transfected with a
mini-gene contruct containing the facultative ED-B exon and the
resulting splicing pattern was assessed (Barone et al., 1989). The tissue-
specific pattern of splicing was reproduced in these experiments
indicating that the minigene contructs contained all the information
necessary to allow the appropriate splicing decisions to be made in both
cell types. Therefore, the use of these different splicing pathways must be
due to the differential expression of trans -acting splicing factors. The
possibility that mutations or rearrangements of the structural gene in the
different cell types act to control the alternative splicing of the pre-
mRNA was eliminated because identical minigene contructs were
transfected.

Similar experiments to those carried out with the fibronectin gene
were conducted with the rat troponin T (TnT) gene (Breitbart & Nadal-
Ginard, 1987). This gene is expressed specifically in differentiated
myotubes and displays different patterns of splicing within these muscle
cells (Breitbart et al., 1987). Minigene contructs of this gene were
expressed in variety of non-muscle and muscle cell types and the
resulting patterns of splicing were found to differ according to the cell
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type. However, only the differentiated myotubes spliced the minigene
transcripts correctly, whilst the splicing ability of the other cell types was
limited to a restricted number of constitutive exons. This suggested that
the alternative splicing of the TnT gene is determined by a myotube-
specific trans-acting factor.

The calcitonin/CGRP gene is a neuroendocrine gene which is
expressed in thyroid C cells and neurons of the central and peripheral
nervous system (Amara et al., 1980; Rosenfeld et al., 1983). Calcitonin
mRNA is produced in thyroid C cells (Sabate et al., 1985) whilst specific
neurons generate CGRP mRNA transcripts (Rosenfeld et al., 1983).

The creation of a transgenic mouse which widely expressed a rat
calcitonin/CGRP transgene demonstrated that most tissues could
generate calcitonin mRNA, whilst only neurons and heart tissue could
produce CGRP mRNA (Crenshaw et al., 1987). These results suggested
that the CGRP mRNA splicing choice was determined by a regulatory
mechanism present in most neurons, while calcitonin mRNA
represented the unregulated or default choice of RNA processing. Cell
lines were identified that could express a transfected rat calcitonin/ CGRP
gene and mimic the in vivo processing pathways (Leff et al., 1987).
Analysis of mutated calcitonin/CGRP gene constructs which were
expressed in these cell lines led to the proposal that a cell-specific trans-
acting factor promotes the use of CGRP splice sites by altering the pre-
mRNA secondary structure (Leff et al., 1987). A model of how the
calcitonin/CGRP pre-mRNA is spliced which is based on the data
described above is presented in figure 1.3. Further mutational
experiments have suggested that the cell-specific production of CGRP
mRNA is dependent upon the suppression of the usage of the
calcitonin-specific 3' splice site (in intron 3) (Emeson et al., 1989). This
activity prevents the common upstream exon (exon 3) from being ligated
to the calcitonin-specific exon (exon 4) and favours the ligation of exon 3
to the CGRP-specifc exon (exon 5). This process is mediated by a cis-active
region of approximately 30 base pairs immediately upstream of the
calcitonin-specific 3' splice site ( Emeson et al., 1989). The observation
that this sequence does not serve a suppressive role in calcitonin-
producing cells, but allows the production of calcitonin mRNA, suggests
that it interacts with a factor(s) present specifically in CGRP-producing
cells.
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Figure 1.3. A model for the tissue-specific RNA splicing of the
calcitonin/CGRP gene.

The first three exons of the calcitonin/CGRP gene are common to
both the calcitonin and CGRP mRNA transcripts and consist of non-
coding sequences. Exon 4 contains the calcitonin peptide coding sequence
whilst exons 5 and 6 contain the CGRP peptide coding region.

A trans-acting factor which is expressed specifically in cells which
can splice for CGRP mRNA has been proposed to alter the secondary
structure of the calcitonin/CGRP pre-mRNA so that exon 3 can be ligated
to exon 5 (Leff et al., 1987). This effect is mediated by an intronic cis-
acting sequence located 5' to the calcitonin-specific splice site (circled in
red) and acts to prevent the use of this splice site resulting in the
skipping of exon 4 (Emeson |et al., 1989)

Diagram adapted from Leff et al. (1987).
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Two other mechanisms which do not require trans-acting factors have
been proposed to explain how alternative splicing could occur. In vitro
experiments have demonstrated that changes in the ionic conditions of
pre-mRNA splicing extracts can alter alternative splice site selection
(Schmitt et al., 1987; Helfman et al., 1988). However, it is unlikely that
this represents a general in vivo mechanism for regulating alternative
splicing. |

Alternatively, the rate of transcription of a gene may influence
splice site selection. It has been proposed that a pre-mRNA has a

‘window’ of opportunity to form sequence-specific secondary structures

immediately after transcription but prior to the binding of hnRNPs and
splicing complexes (Eperon et al., 1988). If the rate of transcription is
such that a secondary structure can form which sequesters a specific
splice site, then the use of alternative splice sites may be favoured
(Eperon et al., 1988). '

The Possible Nature of Cell Specific Trans-acting Alternative Splicing
Factors

The only specific alternative splicing factors which have so far
been identified are the products of a number of Drosophila genes. A
hierarchy of alternatively spliced genes control the sex determination
pathway in Drosophila. Several of these genes have been shown to
encode proteins which regulate the splicing of both the downstream
genes in the hierarchy and their own sex-specific splicing patterns (Baker,
1989). These genes were identified through genetic approaches which are
possible in Drosophila because it is genetically well-characterised.

As yet no novel mammalian cell-specific splicing factors which
regulate alternative splicing have been discovered. This situation reflects
the fact that mammalian genes which are alternatively spliced have only
recently been well-characterised at the level of the cis-acting sequences
(see above). Such analysis is necessary before investigations can
commence to identify trans-acting regulatory factors.

The complex structure of snRNPs makes them particularly strong
candidates for having tissue-specific variants. Such variants could alter
the affinity of the splicing apparatus for specific splice sites. An
indication of the potential for different forms of snRNPs has recently
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been demonstrated by Woppman et al. (1990) who have observed 13
isoelectric variants of the Ul-specific 70K protein. Interestingly, variants
of the Xenopus Ul and U4 snRNAs are specifically expressed in the early
embryo (Lund & Dahlberg, 1987). Furthermore, an embryonic form of
the mouse U1 snRNA has been reported which is also present in adult
tissues that retain a stem cell population (Lund et al., 1985). In addition,
both tissue-specific and developmentally regulated Sm-antigenic
proteins have been found in Xenopus (Fritz et al., 1984), although it has
not been shown whether these proteins associate with snRNPs.
However, in none of these cases has the expression of a specific snRNP
variant been correlated with a particular pattern of alternative pre-
mRNA splicing.

Chapters 3 and 4 of this thesis describe the identification and
characterisation of a cell-specific variant of the constitutive Sm B
protein. The expression pattern of this protein which is called Sm N,
correlates precisely with the alternative splicing pathway of the
calcitonin/CGRP gene. This correlation suggests that Sm N could be a
trans-acting regulatory factor which plays a role in determining the
selection of CGRP-specific splice sites during the alternative splicing of
the calcitonin/CGRP pre-mRNA transcript.

Anti-snRNP Antibodies and Systemic Lupus Erythematosus.

A characteristic of systemic autoimmune diseases is the presence
of circulating serum antibodies to nuclear antigens (Tan, 1989). The
‘prototype’ systemic autoimmune disease is systemic lupus
erythematosus (SLE) in which many organ systems are susceptible to
disease involvement including the skin, kidney, joints, central nervous
system, serous membranes, lungs, heart and skeletal muscle
(Cruickshank, 1987). The nuclear antigens most frequently targeted by
autoantibodies in SLE are native and denatured DNA, histones and
various species of RNPs,. including snRNPs and the La RNP (Tan, 1989).
Several autoimmune syndromes have been identified which share some
of the clinical features and autoantibody specificities of SLE including
mixed connective tissue disease (MCTD) and Sjogren’s syndrome (Tan,
1989).

34



The observation made by Tan and Kunkel (1966) that
autoantibodies in the sera of SLE patients recognised a nuclear
ribonucleoprotein represented the first report that snRNPs were targets
for human autoantibodies. The RNP was called the Sm antigen and the
antigenic determinants were shown to reside on the protein components
of the complex (Tan & Kunkel, 1966). Subsequently, Mattioli and
Reichlin (1973) reported that anti-RNP antibodies from a SLE sera
recognised a protein-RNA determinant which was physically associated
with the Sm antigen. The identity of both of these antigens was
elucidated by Lerner and Steitz (1979) who showed that proteins
common to all the U series of snRNPs carried the Sm antigenic
determinant and that the RNP antigen consisted of the Ul snRNP. It has
subsequently been determined that all the common proteins of the
major snRNPs bear Sm epitopes whilst the RNP epitopes reside on each
of the specific U1 proteins (Conner et al., 1982; Petterson et al., 1984;
Billings & Hoch, 1984; Reuter et al, 1990).

Numerous clinical studies since the discovery of the Sm antibody
specificity have determined that anti-Sm antibodies are restricted to SLE
(Tan, 1989). In contrast, anti-RNP antibodies are not restricted to SLE but
are more commonly present in MCTD, and actually contribute to the

definition of this disease as a distinct autoimmune syndrome (Sharp et
al., 1969).

The Aetiology of SLE

The aetiology of SLE and the related systemic autoimmune
diseases is presently unknown. The accumulated clinical and
experimental evidence strongly suggests that a combination of several
factors are responsible for causing SLE. These include abnormal
regulation of the immune system, the genetic background of the
individual, their levels of estrogen hormone, their emotional
disposition and the effects of environmental agents such as infections,
stress and UV light (Wallace & Dubois, 1987; Talal, 1987). The
autoimmune reaction is regarded as an essential process in the
pathogenesis of SLE. Immune complexes have been detected in many of
the affected organs and tissues including the kidney, skin and joints
(Cruickshank, 1987). Several studies have observed a good correlation
between high levels of circulating DNA/anti-DNA immune complexes
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and disease activity (Davis et al., 1977; Cano et al., 1977; Morimoto et al.,
1982) although these findings are not universal (Isenberg et al., 1984; ter
Borg et al., 1990). These observations suggest that in order to understand
the aetiology of SLE, it is necessary to understand how autoantibodies
arise and how the autoimmune response is maintained.

The Aetiology of Autoantibodies in SLE

The immunological mechanisms which underlie the origin of
autoantibodies remain unknown. Evidence from both clinical and
experimental studies have led to the proposal that autoantibodies arise
either by polyclonal B cell activation or by antigen drive or through a
combination of these mechanisms. The mechanism of antigen drive
could occur either through the presentation of self antigens or cross-
reactive foreign antigens.

There is increasing evidence that the dominant autoantibody
specificities of SLE arise by the process of antigen drive. Inmunization of
genetically non-autoimmune mice with purified Ul snRNP particles
resulted in the production of anti-Sm and anti-RNP antibodies with the
same specificities as those found in SLE patients (Reuter & Luhrmann,
1986). A similar study, but using the SLE-prone MRL mouse strain,
showed that the characteristics of the induced anti-Sm antibodies are the
same as those produced at a later age in these mice when several other
SLE disease symptoms are present (Shores et al., 1986). These studies,
taken together, suggest that anti-Sm and anti-RNP autoantibodies can
arise by the presentation of unmodified, endogenous snRNPs to the
immune system.

Further evidence that the SLE immune response is antigen
driven comes from the observation that although there are many targets
for SLE autoantibodies, individual patients tend to possess only a limited
range of high titre autoantibody specificities (Hardin, 1986). Significantly,
these antibodies appear to occur in related sets, recognising multiple
epitopes on physically associated structures. For example, anti-Sm
antibodies are almost invariably associated with anti-RNP antibodies
(Pettersson et al. 1986; Chapter 5). Furthermore, autoantibodies to
different histone proteins are frequently co-expressed (Hardin &
Thomas, 1983) as are the antibodies to the Ro and La antigens (Wasicek
& Reichlin, 1982) which transiently associate together in the cytoplasm
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