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Résumé

L'exclusion ou l'inclusion de l'exon 7B dans l'ARN pré-messager de hnRNP Al
permet de produire deux ARN messagers encodant respectivement les protéines hnRNP
Al et hnRNP Al 8 • Des études comparant les séquences du gène de hnRNP Al entre la
souris et l'humain, ont montré que les introns adjacents à l'exon alternatif 7B contiennent
des régions homologues. Pour déterminer si ces régions conservées sont impliquées dans
la régulation de l'épissage alternatif de l'exon 7B, nous avons divisé ces régions en dix
éléments conservés nommés CE 1 à CE 10. Les études présentées dans ces travaux
concernent les deux éléments CE3 et CE-D. CE3 est constitué d'une séquence de 60
nucléotides en amont du site d'épissage 3' de J'exon 7B. Cette région est la plus
conservée de tous les éléments. Des études initiales ont montré que Je site de
branchement se retrouve entre les positions 16 et 25 nucléotides en amont du site
d'épissage 3' et que ce positionnement est sous-optimal. L'observation qu'une région de
40 nucléotides en amont du site de branchement soit très conservée soulève une question
intéressante: est-ce que ces séquences sont impliquées dans la régulation de l'utilisation
du site d'épissage 3' de l'exon 7B? L'épissage in vitro d'un ARN pré-messager contenant
deux sites d'épissage 3' en compétition pour un seul site d'épissage 5', en présence d'un
excès d' ARN compétiteur composé de séquences retrouvées en amont du site de
branchement, a montré une augmentation de l'utilisation du site d'épissage 3' de l'exon
7B. Ce résultat suggère que les séquences en amont du site de branchement peuvent
moduler l'utilisation du site d'épissage 3' et que cette modulation implique un ou des
facteurs nucléaires. Des études de réticulation aux ultraviolets en présence d'un excès du
même compétiteur, suggèrent qu'une protéine de 60-kDa interagit de façon spécifique

avec cette région. Une chromatographie d'affinité utilisant l' AR.N" de CE3 a permis de
lier un facteur de 60-kDa ainsi que d'autres facteurs cellulaires. L'utilisation d'un extrait
nucléaire passé sur la colonne CE3 a permis de détecter une légère augmentation de
l'utilisation du site d'épissage 3' de l'exon 7B. Ces résultats suggèrent que les facteurs
interagissant avec les séquences en amont du site de branchement répriment le site
d'épissage 3' de l'exon 7B.
Des études précédentes de notre laboratoire ont permis de mettre en évidence un
site de haute affinité pour la protéine hnRNP Al appelé CEia. Cet élément promouvoit
l'exclusion de l'exon 7B in vivo et l'utilisation d'un site d'épissage 5' in vitro. Par contre,
l'activité de cette région de 17 nucléotides n'est pas aussi importante que laction de la
région complète (appelé CE l ). Afin de déterminer les autres régions de CE l qui lui
contèrent sa pleine activité. nous avons entrepris l'étude des régions conservées autres
que CE la. Nous avons identifié une région appelée CE-D, située en aval de CEia, qui
possède une activité similaire à CEia quant à son effet dans la sélection des sites
d'épissage 5'. Plusieurs évidences nous permettent de croire que l'activité de CE-D peut
être médiée par hnRNP Al: l) CE-D interagit avec les membres de la famille de
protéines hnRNP Al/A2 et 2) l'épissage d'un ARN pré-messager contenant CE-D est
sensible à l'ajout de hnRNP Al recombinante. De plus, la présence à la fois de CEia et
CE-D dans un même ARN pré-messager permet de reproduire l'activité de CEl. Tous ces
résultats permettent de conclure que CE 1 est composé de deux sites de liaison pour
hnRNP Al qui modulent la sélection des sites d'épissage 5'.

Abstract
Alternative splicing of the pre-mRNA of hnRNP Al leads to the production of
two protein isoforms, hnRNP Al or hnRNP A 18 • Previous studies cornparing the human
and rnouse hnRNP A 1 genes revealed several highly conserved intronic sequences
flanking the alternative exon 7B. These conserved regions were divided into ten
conserved elements (CE 1 to CE 10) allowing for individual study. The studies presented
here concern two conserved sequence elernents: CE3 and CE-D. CE3 is a large conserved
region located directly upstream of the 3' splice site of exon 78 and extends for 60
nucleotides. We rnapped the branch site of intron 7 A within a region 16 to 25 nucleotides
upstrearn of the 3'splice site. However, the positioning of this branch site appears sub
optimal. We focused on the sequences of CE3 extending 40 nucleotides upstrearn of the
branch site. Using an in vitro splicing assay with a pre-rnRNA carrying two 3' splice sites
in competition for a single 5' splice site, we found that an excess of cornpetitor RNA
containing the sequences upstream of the branch site promoted an increase in the use of
the 3' splice site of exon 78. These results suggest that the sequences rnodulate the use of
the 3' splice site and that a nuclear factor is involved in its activity. The use of the sarne
cornpetitor RNA in a UV cross-linking assay showed that the RNA could specifically
compete for the binding of a 60-kDa protein. An attempt to identify this factor using
RNA affinity chrornatography performed on a HeLa nuclear extract revealed that several
nuclear factors interacted with this 40 nucleotide sequence. ln vitro splicing assays
performed in the depleted HeLa nuclear extract resulted in a srnall increase in splicing to
the proximal 3' splice site. These results suggest that nuclear factors interact with

sequences upstream of the branch site within the CE3 sequences and that their binding
can suppress the use of the 3' splice site of exon 7B.
Previous studies of a conserved element (CE 1) within the intron separating exon 7
from 7B had identified a high-affinity Al binding site (CE la) which promoted exon
skipping in vivo and distal 5' splice site activation in vitro. The effects of the 17
nucleotide long CEia element was not as dramatic as the effects observed with the
complete elernent (CE 1). My study aimed at deterrnining the contribution of other
sequences within CE 1 led to the identification of a region (CE-0) flanking CE 1a that has
a sirnilar activity on 5' splice site selection. The interaction of CE-D with members of the
hnRNP Al/A2 family of proteins and the observation that a transcript containing the CED element is more sensitive to the presence of hnRNP A 1 suggests that the activity of the
CE-D elernent is mediated by hnRNP Al. The presence of both CE la and CE-D elements
allows for the full restoration of CE 1 activity. The se results suggest that the CE 1 element
is composed of two Al binding sites which modulate the selection of 5' splice sites.

Introduction
The Splicing Machinery

Generic splicing is a process used by eukaryotic cells to remove intron sequences
from pre-mRNAs produced by RNA polymerase IL The resulting mature messenger
RNAs (mRNAs) are then transported to the cytoplasm and translated into proteins by the
ribosomes. The splicing reaction involves two trans-esterification steps that take place
within a large multi-component complex known as the spliceosome (Figure 1, and
reviewed in Padgett et al., 1986). The first reaction includes a nucleophilic attack at the 5'
splice site by an adenosine residue located within the branch site sequence, to forma 2' 5' -phosphodiester bond between the attacking adenosine and a guanosine residue at the
5' end of the intron. The second reaction is an attack of the 3' splice site by the hydroxyl
group of the free exon to produce the final products: the ligated exons (mRNA) and the
intron in the form of a lariat. Components of the spliceosome are then recycled and used
for subsequent splicing reactions.

5' exon Intron 3' exon
-GU-A-AG-

Studies of the intron sequences of many
genes

allowed

the

identification of some

common features that are needed for the splicing
reaction to take place. Four important regions

/

5' splice site

Lariat

structure

lev

have been identified (Figure 2). These regions
consist of (i) the 5' and 3' splice site sequences
which are at the junction of exons and introns,
(ii) the branch site sequence usually located

1

Intron

GAG

i

-

Spliced mRNA

Figure 1. Schematic representation of the
two trans-esterification reactions of splicing.

between 11 and 40 nucleotides upstream of the 3' splice site, and (iii) a polypyrimidine
tract sequence found between the branch site and the 3' splice site. In mammalian introns,
these sequences match a degenerate consensus unlike those found in the yeast S.

cerevisiae, which are much more conserved. These sequences serve as assembly sites for
exon
Mammalian

-------- --------intron

GURAGU-----YNYURAY---Y10NYAG
5' splice site

Yeast

exon

GUAUGU

branch site

3' splice site

UACUAAC

YAG

Figure 2. Schematic representation of the sequences that are needed for splicing to occur. Both the
mammalian and yeast consensus sequences are shown. Exons are represented as gray boxes and the
intron as a simple line. The branch site adenosines are in bold. Y = C or U; R = A or G; N = A, C, G or
U.

the small nuclear ribonucleoprotein particles (snRNPs) Ul, U2, U4/U6, and US as well as
several non-snRNP factors to form the spliceosome. Spliceosome assembly has been
divided into different intermediate complexes based on the components that have been
incorporated. One of the first complex to be formed is the E complex (early or
commitment complex) consisting of Ul snRNP bound to the 5' splice site and the
interaction of U2 snRNP auxiliary factor (U2AF) with the pyrimidine stretch upstream of
the 3' splice site. The binding of Ul snRNP to the 5' splice site involves base pairing of
the 5' end of the Ul snRNA with 5' splice site sequences (Zhuang and Weiner, 1986;
Seraphin et al., 1988). U2AF is a heterodimer composed of a 65-kDa protein (U2AF65 )
and a 35-kDa (U2AF35 ) protein (Zamore and Green, 1989; Zamore and Green, 1991).
Homologs of U2AF have been identified in other species such as Drosophila

melanogaster, Caenorhabditis elegans, and Schizosaccharomyces pombe (Kanaar et al.,
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1993; Zorio et al., 1997; Potashkin et al., 1993). Both subunits are involved in the
recognition of the pyrimidine tract with U2AF65 directly binding to the pyrimidine tract
and U2AF35 acting as a cofactor to stabilize this binding through protein-protein
interactions with other splicing factors. Recent studies have also provided evidence for an
interaction of U2AF35 with the AG at the 3' splice site (Merendino et al., 1999; Wu et al.,
1999; Zorio and Blumenthal, 1999). Another protein that has been found to associate
with the E complex is splicing factor 1 (SFl) (Berglund et al., 1997; Kramer, 1992), also
known as the mammalian Branchpoint Binding Protein (mBBP). SFl binds to the branch
site sequence and has been identified as one of the first proteins to recognize the branch
site. The yeast Saccharomyces cerevisiae SFl/mBBP homologue (ySFl/BBP) was shown
to establish direct interactions with Mud2p (the functional homologue of U2AF65) and the
branch site sequences (Abovich and Rosbash, 1997; Berglund et al., 1998; Berglund et
al., 1997). Other studies have shown a direct interaction between ySFl/BBP and Prp40p,
a component of the Ul snRNP, suggesting that a bridge could form between the 5' and
the 3' splice sites through ySFl/BBP, and that this bridge results in commitment between
a pair of splice sites (Figure 3) (Abovich and Rosbash, 1997). SFl/mBBP is also a

yeast

mammals

Figure 3. A model representing the interactions of BBP and Prp40p to commit a pair of splice sites.
The black dots represent proven interactions between the factors presented. BP: branch site, PY:
pyrimidine tract, and the AG: 3' splice site.

3

component of such complexes in mammals (Abovich and Rosbash, 1997; Berglund et al.,
1997). A similar commitment model bas been proposed for another group of proteins and
will be discussed shortly.
With the guidance of U2AF and SFl, U2 snRNP binds to the branch site
sequences through an ATP-dependent process to form complex A. The incorporation of
U2 displaces SFl allowing it to bind to the branch site sequences through RNA-RNA
base pairing. This interaction leads to bulging of an adenosine (Query et al., 1994) that
will act as the nucleophile in the first trans-esterification reaction. The next step in
complex formation in volves the incorporation of a tri-snRNP composed of U4/U6 and US
to form the B complex and the active spliceosome.
U6 snRNA is the most conserved of the snRNAs and is involved in multiple
interactions with U4 before being incorporated into the spliceosome. The U4 and U6
snRNPs interact through RNA base pairing to form the U4/U6 snRNP, and this complex
interacts with the US snRNP to yield the U4/U6•US snRNP (Behrens and Luhrmann,
1991 ). In mammalian extracts, U6 exists predominantly as part of this tri-snRNP
complex. As the tri-snRNP enters to form the spliceosome, many RNA-RNA
rearrangements take place. U6 dissociates from U4 and base pairs with U2 snRNP (Sun
and Manley, 1995). This interaction is essential for splicing to occur since mutations that
disrupt the U6/U2 interaction prevent the first or second step of splicing (Madhani and
Guthrie, 1992: McPheeters and Abelson, 1992). The association of U4 with U6 has been
proposed to keep U6 in an inactive form during the initial stages of spliceosome
formation (Guthrie and Patterson, 1988). During the inclusion of the tri-snRNP there is a
second dissociation event involving the removal of Ul from the 5' splice site that allows

4

U5 and U6 snRNPs to interact with the now exposed 5' splice site region. This network
of snRNA-snRNA and snRNA to intron interactions leads to the formation of the active
site required for the first catalytic step of splicing.
Following the first reaction, a short-lived complex consisting of the free upstream
exon and the lariat intron covalently attached to the downstream exon has been identified:
the C complex. The second catalytic step of splicing also requires a major conformational
change in the spliceosome before yielding the products of the splicing reaction: ligated
exons and the lariat intron still complexed with the U2, U5, and U6 snRNPs.
Non-snRNP proteins are also involved in the formation of a functional
spliceosome. Avery important group is the SR proteins. These proteins make up a family
of serine- and arginine-rich nuclear phosphoproteins. All of them contain an aminoterminal domain consisting of one or two RNA recognition motifs (RRMs), or RNP-type
RNA-binding domain (RBD), and a carboxy-terminal domain rich in repeating arginineserine dipeptides (the RS domain) (Figure 4). To date, ten members of this family have
been

SRp75

identified

but

this

number may grow as our

SRp55, B52

knowledge of these factors

SRp40

increases. The SR proteins
have

been

found

m

all

metazoan species examined,
9G8-

however

Figure 4. Schematic representation of some of the SR proteins
and their domains. The domain structures are depicted. RRM:
RNA recognition motif; 'I'RRM: RRM homology; Zn: zinc
knuckle; RS: arginine/serine-rich domain.

5

found

none
m

have

been

Saccharomyces

cerevisiae indicating that they

are not present in ail eukaryotes.
The SR proteins were identified as essential splicing factors due to their ability to
restore splicing activity to an S 100 post-nuclear extracts (this extract lacks SR proteins)
(Krainer et al.. 1990). The ability to complement the splicing-deficient S 100 extract was
shown for all SR proteins suggesting a redundant function in general splicing (Mayeda et
al., 1992; Zahler et al., 1992). However, some specificity of function for SR proteins in
general pre-mRNA splicing bas been observed. For some pre-mRNAs, nuclear extract
depleted of the 9G8 protein can be restored for splicing activity by the addition of SC35
but not SF2/ASF (Cavaloc et al., 1994). ln another example, the HIV tat pre-mRNA is
dependent on SF2/ASF for splicing but does not respond to SC35 in an S l OO HeLa
nuclear extract (Fu, 1993). SR proteins have been identified early on in the formation of
the splicing complex and it bas been proposed that they are involved in proper splice site
recognition. The following observations strengthen this idea. First, it was shown that
SF2/ASF can interact with the 70-kDa su bu nit of U l snRNP and help bind U 1 to a proper
5' splice site, and that the binding of SF2/ASF to the pre-mRNA prior to recruiting Ul
snRNP for complex formation was necessary (Kohtz et al., 1994). Another study revealed
that E complex formation could be efficiently stimulated by SC35 (Staknis and Reed,
1994). Studies have also shown that SF2/ASF can recruit Ul snRNP to an RNA
containing a 5' splice site without frrst binding to exon sequences (Jamison et al., 1995;
Kohtz et al., 1994). In such a system SF2/ASF may bind directly to the 5' splice site and
recruit Ul snRNP through interactions with Ul 70-kDa. Not only do the SR proteins
interact with the Ul 70-kDa subunit, they have also been shown to interact with the 35kDa subunit of U2AF (Wu and Maniatis, 1993; Zuo and Maniatis, 1996). These
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interactions can occur simultaneously and thus allow for the proposition that SR proteins
could be involved in mediating the identification of both splice sites and support the exon
definition model (Berget, 1995) (Figure 5A). Also in support of the exon definition
model, studies of the splicing of constitutive introns revealed the presence of SR protein
binding sites within the exons, and that these sequences function as constitutive splicing
enhancers (Mayeda et al., 1999; Schaal and Maniatis, 1999).
These proteins have also been proposed to function in the pairing of 5' and 3'
splice sites leading to their commitment through an intron-bridging interaction (Figure
5B). This arase from the observations that SC35 could promote the interaction of Ul
snRNP with U2 on a pre-mRNA (Fu and Maniatis, 1992). The evidence that SR proteins
can interact simultaneously with both Ul 70-kDa and U2AF35 bound at the 5' and 3'
splice sites, respectively, allows for an added argument towards such a model.

A

B

Intron

Intron

Intron
3' splice site

5' splice site

5' splice site

Exon definition

3' splice site

Commitment

Figure 5. SR proteins and their involvement in splice site recognition. A) The SR proteins are
involved in exon definition through interactions with the 35 kDa subunit of U2AF and the 70K
subunit of Ul snRNP which spans over the exon sequences. B) The ability for these proteins to
interact with U2AF and Ul have also suggested arole in the commitment between the 5' and 3'
splice sites of paired exons.

SR proteins are not only involved in the early stages of spliceosome formation but
also in later steps. The recruitment of the tri-snRNP U4/U6•U5 may involve SR proteins
(Roscigno and Garcia-Blanco, 1995; Tarn and Steitz, 1995). It is believed that the SR
proteins within the spliceosome can interact with factors of the tri-snRNP (possibly
7

U4/U6•U5-27K and US-lOOK proteins) to help guide this unit into the splicing complex.
It is obvious that SR proteins are important players in the recruitment of several of the
components that make up the spliceosome and more work will have to be done to
determine their full importance in each of the models proposed above.
Sorne other proteins involved in the recruitment of the snRNPs into the
spliceosome have also been identified. The binding of U2 to the branch site is an ATP
dependent process and has been shown to require two proteins, UAP56 and Prp5. UAP56
is a DExD/H box protein and is able to interact with U2AF65 (Fleckner et al., 1997). By
interacting with U2AF65 , UAP56 may be involved in the displacement of SFl from the
branch site allowing U2 snRNP to bind. It is known that this activity is essential for
splicing to take place. Prp5p is the only yeast DEx.D/H protein shown to be required for
the stable binding of U2 to the branch site (Dalbadie-McFarland and Abelson, 1990;
Ruby et al., 1993 ). It is believed to be involved in an ATP-dependent conformational
rearrangement of the U2 snRN A exposing its branch point recognition sequence. Based
on mutation studies of Prp9 and the U2 stem/loop Il structure, a possible role in either the
removal of Prp9 from stem loop lia, the unwinding of this stem loop, or even both of
these activities is suggested for Prp5 (Wiest et al., 1996). Other prcteins have also been
proposed to stabilize the binding of U2 snRNP to the branch site sequence. These
proteins include members of the spliceosome-associated proteins (SAPs) that form two
multimeric splicing factors, SF3a and SF3b. SAPs 61, 62, and 114 make up SF3a and
SAPs 49, 130, 145, and 155 are thought to make up the SF3b splicing factor (Brosi et al.,
l 993a; Brosi et al., l 993b ). Both of these splicing factors are essential for the assembly of
the A complex (Brosi et al., 1993a; Brosi et aL, 1993b) and once they associate with
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The identification of splicing components and factors involved in the formation of
the spliceosome have been derived from in vitro studies in which a transcript already
synthesized is incubated in a nuclear extract. This does not however correspond to the
real situation where both transcription and splicing may be coupled. Many lines of
evidence support a mode! of cotranscriptional splicing. Both electron microscopy and
microdissection studies showed that transcription and splicing could be coupled (Beyer
and Osheim, 1988; Wenerberg et al., 1996). The identification of free excised introns in
mammalian cells close to the genes they reside implies that they are spliced out at or near
to their sites of transcription (Zhang et al., 1994 ). The colocalization of transcription and
splicing factors also points to a cotranscriptional splicing mode!. ln HeLa cells that were
infected with adenovirus, splicing factors were displaced from their sites of storage to
sites of active transcription (Jimenez-Garcia and Spector, 1993). It should be noted that
not all transcripts undergo cotranscriptional splicing, in some cases the introns are not
spliced from the pre-mRNA until after the RNA has been released from the chromosome
unit being transcribed (Wenerberg et al., 1996). Many studies have identified a physical
interaction between SR proteins and other splicing factors with the RNA polymerase II
components. Antibodies specific to the C-terminal domain (CTD) of the large RNA Pol II
were able to coimmunoprecipitate SR proteins (Kim et al., 1997; Yuryev et al., 1996), as
well as snR...1\IPs (Chabot et al., 1995; Vincent et al., 1996). These interactions were
confirmed through the reciprocal coprecipitation assays (Kim et al., 1997; Mortillaro et
al., 1996). It was also shown that RNA Pol II could associate with a functional
spliceosome because of the recovery of splicing intermediates following an
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immunoprecipitation with antibodies against the CTD in an in vitro splicing reaction
containing exogenous pre-mRN A (Chabot et al., 1995; Mortillaro et al., 1996).
The interaction between the RNA Pol li CTD and the spliceosome is important
for splicing to occur. ln one case, the addition of either anti-CTD antibody or a CID
peptide to an in vitro splicing assay of a pre-transcribed transcript abolished splicing
altogether (Yuryev et al., 1996). These results suggest that the antibodies may displace
some of the splicing components. A similar result was obtained when polypeptides
containing the CTD without the rest of the large subunit of RNA Pol II were expressed in
vivo (Du and Warren, 1997). The exact function of RNA Pol II in splicing is still
unknown but it can be seen as the taxi that brings some splicing components to their site
of action. A better understanding of the cotranscriptional splicing process will have to be
gained before we full y appreciate the details of spliceosome assembly in vivo.

A minor type of spliceosome

Recently, a distinct pre-mRNA splicing pathway has been identified. It represents
a minor type of splicing mode due to its less frequent use in the maturation of eukaryotic
genes. This type of splicing mode was first identified in genes coding for the human
proliferating cell nucleolar antigen (Pl20) (Larson et al., 1990) and the cartilage matrix
proteins (CMP) (Jenkins et al., 1990). Since the discovery of this minor type of splicing
system, examples have been found in a variety of organisms ranging from mammals to
Drosophila and Xenopus laevis (Sharp and Burge, 1997; Tarn and Steitz, 1997; Wu and
Krainer, 1997). However, no examples ofthis splicing pathway have been found in the
budding yeast. This system bas several differences relative to the major splicing pathway.
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tri-snRNP has still not been

Alternative Splicing

Alternative splicing is the process that allows the production of more than one
mRNA from a single gene thus increasing the coding capacity of the gene. The choice of
splice sites can be regulated in a developmental, cellular, tissue, and sex-specific manner.
Since it was first identified in 1977, many examples of genes that are alternatively spliced
have been identified and it has been estimated that at least 35% of the human genes are
alternatively spliced (Mironov et al., l 999). The diversity that can be obtained from
alternative splicing patterns can be remarkable. The fibronectin gene can produce up to
twenty different alternatively spliced products in humans, due to three regions that
undergo alternative splicing. The CD44 gene contains a total of20 exons, 10 ofwhich are
spliced alternatively allowing for a total of 1024 possible mRNA products. One gene
stands out for its ability to produce possibly the largest set of mRNAs by alternative
splicing. The

DSC.~l

gene found in Drosophila codes for an axon guidance receptor

responsible for directing growth cones to their proper target in Bolwig's nerve of the fly
(Schmucker et al., 2000). An in-depth study of the gene revealed four sets of alternative
exons such that the overall number of possible mRNAs obtained from this single gene
would be an astounding 38016. If ail of these isoforms lead to proteins, this single gene
would produce nearly 3 times the number of proteins than the number of known genes
within the Drosophila genome. Many other examples of alternatively spliced genes exist
and the mechanisms by which selection of the alternative sites is accomplished is an area
of increasingly active investigations.
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Splice Site Selection

Splice site selection must be very precise and efficient because if the proper splice
sites are not used, defects in gene expression would occur. The study of several genetic
diseases bas revealed the presence of mutations within key positions of the pre-m.RN As.
The mutation of a nucleotide within a S' splice site is believed to reduce the binding of
the Ul snRNP to this site and can prevent the use of this splice site (Aebi et al., 1986). Of
the mutations within the 5' splice site sequences of genes that have lead to diseases, it has
been noted that most take place within the invariant GT dinucleotide (about 60%)
(Krawczak et al., 1992). Sorne well known examples include either a

G~A

or

G~ T

mutation within the S' splice site of exon 27 of the retinoblastoma gene (Dunn et al.,
1989; Yandell et al., 1989), and a

G~C

mutation within exon 13 of the GNAS gene

causing osteodystrophy (Weinstein et al., 1990). Mutations within 3' splice sites have
also been associated with some diseases, with the most important nucleotides being the
invariant AG dinucleotide (Krawczak et al., 1992). Sorne diseases caused by 3' splice site
mutations include cystic fibrosis (Guillermit et al., 1990), adrenal hyperplasia (Higashi et
al., 1988), lipoprotein lipase deficiency (Hata et al., 1990) and haemophilia B (Chen et
al., 1991; Koeberl et al., 1990). Other mutations have been identified that convert a
cryptic site into a used splice site. An example of such a mutation is found in the pendred
syndrome gene. This syndrome involves abnormal development of the cochlea and is
associated with hearing loss. A mutation within the fourth intron of the PDS gene has
been proposed to cause this syndrome in some patients (Lopez-Bigas et al., 1999). This
mutation

(A~G)

produces a new S' splice site that leads to a six nucleotide insertion

within the new PDS m.RNA. It is believed that this new splice site competes with the

14

normal one and alters the levels of normal PDS rn.RNA within the cochlea, thus
explaining the variability in the deafness presentation.
The above observations show that a proper recognition of splice sites is important
for the production of functional proteins. The question of how proper splice sites are
selected amid ail the possible sequences is a challenging one. Studies in this area have
helped identify several candidate elements involved in improving or repressing splice site
recognition. The proximity and strength of the splicing signals is an important feature for
bath generic and alternative splicing. Strong sites are made up of sequences that have a
close fit to the consensus sequences, whereas weak sites are used inefficiently because
they have sequences that deviate from the consensus. It was noted that in some cases,
when the splice sites of constitutive exons are mutated, the cognate exons became
alternatively used. In some studies, mutations of the splice sites led to the permanent
skipping of the exons. These mutation studies also identified cryptic splice sites;
sequences that are used as splice sites because they resemble the consensus splice site
sequences but are never used normally and become activated when the authentic site is
mutated. Thus, these differences in splice site strength may play an important role in the
selection of splice sites. Confirmation of such an idea cornes from the observation that
most altematively spliced exons have weak splice sites and thus their use is less favored.
Another important feature involving splice site selection is the compatibility of
the sites. ln this case the selection of sites involves the use of one site over another all the
time. An example of such a case is found in the myosin light chain 1/3 gene (Periasamy
et al., 1984; Strehler et al., 1985). In this system the use of the 3' splice sites ofexons 3
and 4 depends on the constitutive 5' splice site located upstream. Usually there is
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exclusion of the use of the 3' splice site of exon 3, however, when the 5' splice site is that
of exon 2 we then have use of the 3' splice site of exon 3.
Sequences other than those of the four consensus sequences described so far have
also been shown to influence the selection ofboth 5' and 3' splice sites. These sequences
are found either in introns or exons and have been categorized into two classes, splicing
enhancers or splicing suppressors. In generic splicing systems, these sequences could be
used either to inhibit the use of cryptic splice sites (splicing suppressor) or to promote the
use of a weak splice site that would otherwise not be used {splicing enhancer). As for a
role in alternative splicing. these elements could be used to regulate the use of some
splice sites under specific conditions.

Splicing enhancers

The first control elements identified were the Exon Splicing Enhancer elements
(ESEs). These elements are involved in enhancing the recognition of splice sites through
the recruitment of the essential splicing factors to their sites of action. Studies on some
splicing enhancers have sho\\-n that they are position-dependent with most located close
to the splice sites they activate. Sorne examples do however exist in which splicing
enhancers are located at some distance from their sites of action. The splicing enhancer of
the Drosophila sex-specific protein dsx is located at a distance greater that 300 nt from
the 3· splice site it activates when a complex composed of Tra, Tra-2 and SR proteins
associates to this sequence (Tian and Maniatis. 1993 ). The activity of such enhancers has
also been shown to change depending on their position with respect to their sites of

16

activity. An example in which a splicing enhancer was converted to a negative element
was obtained from studies done on the adenovirus pre-mRNA (Kanopka et al., 1996).
The first observation that a splicing enhancer could bind to a specific splicing
factor involved studies performed on the last exon of the rnouse IgM heavy chain premRNA. An enhancer sequence was identified in this exon that could be bound by the Ul
snRNP through RNA-RNA interactions (Watakabe et al., 1993). A sirnilar activity for the
binding of Ul snRNP to a splicing enhancer was observed in the avian retroviral RNA
(Staknis and Reed. 1994 ). This interaction enhanced the recognition of the upstream 3'
splice site allowing for this site to be used.
Two types of exon splicing enhancer elernents have been categorized to date, the
purine-rich and the A/C-rich enhancers. The purine-rich ESEs characterized so far are
located within alternative exons and stirnulate the inclusion of these exons usually
through the enhanced use of a weak 3' splice site. Sorne well-known examples of purinerich ESE are found in the hurnan fibronectin gene (Lavigueur et al., 1993), the bovine
growth hormone gene (Dirksen et al., 1994 ), and the chicken cTNT gene (Xu et al.,
1993). Sorne examples of A/C-rich elements have been found in the human calcitonin
gene (van Oers et al., 1994), the Drosophila dsx gene (Inoue et al., 1992; Lynch and
Maniatis, 1995; Ryner and Baker, 1991 ), and the chicken cTNT gene (Wang et al., 1995).
The SR proteins were identified as factors involved in the regulation of alternative
splicing due to a large number of studies revealing that the SR proteins could interact
with purine-rich sequences such as those of the exon splicing enhancers. One of the first
observations that SR proteins were involved in splicing enhancer activity came from
studies of the hurnan fibronectin gene. In this case the altematively spliced EDIIIA exon
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contains an 81-nt sequence that is needed for the inclusion of this exon in the mRNA
(Mardon et al.. 1987). Further studies exposed a purine-rich sequence GAAGAAGAC
that interacted with SR proteins and increased the recruitment of U2 snRNP to the
upstream 3 · splice site region of this exon (Lavigueur et al .• 1993 ). A correlation between
SR proteins and the use of the 3' splice site of exon EDIIIA was also established in vivo
when it was noted that cells producing EDIIIA-containing fibronectin mRNAs expressed
higher levels of SR proteins compared to a related cell line that did not produce EDIIIAcontaining mRNAs (Chabot et al.. 1992). Arole for the SR proteins in the regulation of
alternative splicing was also sho\.\>TI for the human growth hormone pre-mRNA and the
ESE found within exon 4 of the troponin T gene (Liu et aL 1998; Ramchatesingh et al ..
1995: Sun et al.. 1993). Further evidence painting to a role of ESE in the recruitrnent of
U2AF came from several studies showing that improving a weak pyrimidine tract of an
enhancer-dependent intron relieved the need for the ESE (Kan and Green, 1999; Lorson
and Androphy. 2000). The reverse is true when a strong pyrimidine tract of a
constitutively spliced pre-mRNA is replaced by a weak sequence decreasing the binding
of U2AF. making the intron dependent on the presence of a splicing enhancer element
(Graveley and Maniatis. 1998: Tian and Maniatis. 1992).
It has been proposed that SR proteins are involved in the recruitment of U2AF to
poor 3 · splice sites (Figure 8A). However, in some studies no detectable change in the
amount of bound U2AF at these sites in the presence of a splicing enhancer was observed
(Kan and Green. 1999; Li and Blencowe. 1999). This suggests some other mechanism
through which the SR proteins may be acting in some ESE-regulated splicing systems. A
few alternative models for the activity of SR proteins bound to ESE aiding in the
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recognition of 3' splice sites include a link with the splicing coactivator SRm.160/300,
which interacts with both Ul and U2 snRNPs (Figure 8C) (Blencowe et al., 1998;
Eldridge et al., 1999). Another model is that SR proteins bound to an exon splicing
enhancer may interfere with the activity of a repressor bound to another sequence
element nearby (Figure 8B) (Kan and Green, 1999). It would appear that the binding of
SR proteins to the ESE involved in 3' splice site recognition usually fonction through the
recruitment of U2AF. However, alternative mechanisms have been observed and new
examples may arise as studies of such events continue.

B

A

Enhancer

Enhancer

Tnhibitor

c
SRm160/300

Figure 8. Different models showing how SR proteins function when bound to exon splicing
enhancers. A) In some systems the interaction of SR proteins with the exon enhancer has been
shown to help the recognition of weak 3' splice sites by U2AF. This activity involves a direct
interaction between the SR and U2AF proteins. B) In some cases the binding of SR proteins to an
exon enhancer can lead to the interference of an inhibitory complex. This interference abolishes
the activity of the inhibitory complex and allows for the inhibited splice site to be used. C) In this
model the SR proteins that bind to the splicing enhancer can internet with the splicing coactivator
SRm160/300 which can also internet with the Ul and U2 snRNP. Sorne ofthese interactions may
be indirect.

In addition to promoting the recognition of 3' splice sites, splicing enhancers have
also been found to act on 5' splice sites. The best example of such an activity by a

19

splicing enhancer was identified in the fruitless gene of Drosophila. Like the dsx gene,
the fruitless gene is regulated in a sex-specific manner. An interesting feature of this
system is that a nearly identical copy of the three repeated copies of the 13-nucleotide
sequences found in the dsx gene is found in this gene as well. It is located just upstream
of the female-specific 5• splice site (Ryner et al.. 1996). Female flies containing
mutations of the Tra and Tra2 proteins revealed that this system works in a similar way to
the dsx system. where RBPl (a member of the SR family of proteins), Tra, and Tra2 form
a complex and stimulate the use of the female-specific 5· splice site. Sorne other
examples have been described in which an upstream splicing enhancer stimulates the use
of downstream

s· splice sites once they have been bound by SR proteins (Bourgeois et

al.. 1999: Côté et al.. 1999: Selvakumar and Helfman. 1999). A mechanism through
which these elements fonction has been proposed based on the observations that an
interaction between the SR proteins and the 70-K subunit of the Ul snRNP can occur.
This interaction could allow for an increased recruitment of Ul to the 5' splice site
through the SR proteins associated with the splicing enhancer. thus favoring the use of
this 5· splice site.
lntronic splicing enhancers have also been identified. Sorne well known examples
include the enhancer needed to stimulate the use of the 5' splice site of exon 6A of the
chicken beta-tropomyosin gene. which is preferentially used in non-muscle and smoothmuscle cells. whereas exon 6B is included in skeletal muscle cells (Gallego et al .• 1997).
The c-src gene also has an intronic enhancer that activates the inclusion of the Nl exon in
a neuron-specific manner (Black, 1992). In this system, an interaction with hnRNP F and
the splicing regulatory protein KSRP to a downstream splicing regulator sequence
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stimulates the inclusion of the Nl exon into the mRNA (Min et al., 1995; Min et al.,
1997). ln another case involving the alternative splicing of the K-SAM exon of the
fibroblast gro"Wth factor receptor 2 gene. a sequence (IAS l) located immediately
downstream of the

s· splice site bas been shown to

interact with the TIA-1 protein that

leads to an increased use of this 5· splice site (Del Gano-Konczak et al.. 2000). This
interaction appears to be Ul snRNP-dependent and may function in a similar fashion to
that of üte Nam8p protein in Saccharomyces cerevisiae, a protein necessary in the
recognition of poor 5· splice sites by Ul snRNP (Puig et al., 1999).
Further studies on splicing enhancers led to the observation that SR proteins have
the potential to differentially modulate splice site selection. Examples of such activity
between the SR proteins include the cardiac troponin T gene that contains an alternative
exon regulated by a splicing enhancer that is only activated by four members of the SR
family (Ramchatesingh et al.. 1995). The inclusion of exon 6A of the chicken betatropomyosin gene has also shown selectivity based on the SR protein that binds the
enhancer sequence. In this case. the enhancer is active only with ASF/SF2 (Gallego et al..
1997; Gallego et aL 1996). An interesting observation with this enhancer is that when the
amount of SC35 was increased in a HeLa nuclear extract, the use of the 5' splice site of
this exon was inhibited (Gallego et al.. 1997). These results led to the proposai that the
relative amounts of different SR proteins may be involved in the regulation of some
alternatively spliced genes. Studies to identify the specific binding sites of the different
SR proteins showed that they exhibit a preference for specific sequences. The SELEX
experiments, an in vitro assay used to identify high affinity RNA binding sites (Tuerk and
Gold. 1990). of Tacke and Manley (1995) identified a purine-rich octamer representing
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the preferred binding site for ASF/SF2 that matched sequences described in some
enhancers. They had also found an optimal binding site for SC35. The sequences bound
by the two proteins were distinct. These experiments also allowed some insight into the
importance of the RS domains in RNA binding. Mutant SR proteins that lacked the RS
domains could still bind to RNA and continued to have a preferred binding to the selected
sequences (Tacke and Manley, 1995). SELEX studies of other SR protein members have
also identified optimal binding sites for these factors. The RBPl protein found in
Drosophila was shown to have a distinct binding sequence that was not rich in purine

residues (Heinrichs and Baker. 1995). This sequence was identified in two elements of
Drosophila genes: the dsx-regulated intron and the dsx repeat element. Moreover, a role

in the regulation of dsx splicing was assigned to this protein. High-affinity binding sites
for SRp40. 9G8. SRp55. and 852 have also been identified either by SELEX or by
functional selection studies (Table 1).
Table l. Sorne RNA sequences identified as SR binding sites.

SR protem
SRp40
9G8
SRp55

,_
s-,

SF2/ASF
SC35

m mg equence
UGGGAGCRGUYRGCUCGY
AGACKACGAY
USCGKM
GRUCAACCDNGGCGAACNG
RGAAGAAC
AGSAGAGUA

Re t'ierence

Tacke et al .. 1997
Cavaloc et al., 1999
Liu et al., 1998
Shi et al., 1997
Tacke and Manley, 1995
Tacke and Manley, 1995

Y= Cor U: R =A or G: K = U or G: S =Gor C; M =A or C: D =A. G, or U; N =A, C, Gor U

Splicing Repressors

Splicing silencer sequences are elements that are involved in inhibiting the use of
splice sites, usually by inhibiting the recognition of splice sites by components of the
spliceosome. The implication of a secondary structure, the formation of a complex of
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factors to block a splice site. and even systems that ploy the splicing components to use a
false site are some of the exarnples that have been documented. Secondary structures
involved in controlling splicing were first identified in the intron sequences of the yeast
ribosomal protein pre-mRNAs. It was noted that the pre-mRNA for the CHY2 ribosomal
protein contained intron sequences necessary for the formation of a functional
spliceosome and that these sequences were complementary to one another (Newman,
1987). Another study identified sequences within the L32 pre-mRNA that could form a
secondary structure between sequences of the first exon and the intron. When high levels
of RLP32 protein are being produced, they recognize this secondary structure and bind to
form a complex that leads to the inhibition of splicing of this intron (Eng and Wamer,
1991 ). The interaction of RLP32 \\.ith the secondary structure is believed to form a
complex with the U l snRNP that blacks the ATP-dependent association of U2 snRNP to
the pre-mRNA and thus inhibits the formation of a functional spliceosome (Vilardell and
Wamer. 1994). Few marnmalian examples have been identified in which a secondary
structure inhibits the use of a splice site; some examples include the chicken betatropomyosin pre-mRNA in which the 3' splice site of exon 6 is inhibited by interacting
\\'ith an upstrearn intron sequence (Clouet d'Orval et al.. 1991; Libri et al., 1991 ). The use
of a 5· splice site has also been sho\\·n to be inhibited by the formation of a secondary
structure between a do\\'nstrearn intron sequence and the 5' splice site of exon 7B of the
hnRNP A 1 pre-mRNA (Blanchene and Chabot, 1997). The interaction of the 5' splice
site of exon 18 \\'ith an area around the branch site sequences within the NCAM premRNA has also shown inhibition of this 5' splice site (Côté and Chabot, 1997). These
secondary structures have been shown to interfere with the binding of Ul (at 5' splice

sites) or U2AF (at the pyrimidine tract), abolishing the formation of a functional
spliceosome over these introns.
The implication of proteins 1s an important component of splicing silencer
elements. One of the best examples of a protein's involvement in the activity of a silencer
is found in the pre-mRNA encoding the P-element transposase in Drosophila (reviewed
in Adams et al., 1996). This splicing system involves the P-element somatic inhibitor
(PSI) regulator protein that in somatic cells prevents the removal of the last intron of this
pre-mRNA (Figure 9). The binding of PSI to an exon sequence leads to the formation of
an RNA-protein complex along with the hrp48 protein and Ul snRNP. The repressor has
now incorporated Ul into a non-functional site which sterically inhibits recognition of the
normal 5' splice site.
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Figure 9. Splicing regulation of the Drosophila P-element. In somatic cells the 5' splice site
of exon 3 is repressed due to the soma-specific PSI protein. PSI along with Ul snRNP and
hrp48 forma complex upstream of the germ-line-specific 5' splice site, preventing Ul from
binding to the authentic 5' splice site (top part). This leads to the export of a partially spliced
mRNA that codes for a repressor of transposition. In the germ cells the PSI protein is absent
allowing for the proper use of the 5' splice site of exon 3 (bottom part). Gray boxes
represent exon and lines are intron. Dashed lines linking the exons represent splicing of the
introns.
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Examples of both exon and intron splicing silencer sequences have been
documented. Sorne mammalian exon silencers include the elements located in the KSAM exon of the fibroblast growth factor 2 pre-mRNA (Carstens et al., 1998; Del Gatto
and Breathnach. 1995). the tat exon of the human immunodeficiency virus type l
(Amendt et al.. 1994: Amendt et al.. 1995: Staffa and Cochrane, 1995). and the human
fibronectin EDIIIA exon (Caputi et al.. 1994). More studies on how these elements
function in repressing the inclusion of exons into pre-mRNAs must be done ta understand
how splice site recognition is affected. Sorne insight has been obtained on how the
fibronectin EDIIIA splicing silencer may function: it has been proposed that the silencer
modulates the presentation of the enhancer sequence through a secondary structure of the
exon (Muro et al.. 1999). So. in some cases the enhancer may be functional. being
exposed and able to interact with its regulatory protein components, but under other
conditions. this enhancer may be hidden in a secondary structure and unable to interact
with the enhancer protein. Studies done on the alternative splicing of the rat

J3-

tropomyosin gene have led ta the identification of an exon splicing silencer that is bound
by hnRNP H (Chen et al., 1999). How the binding of hnRNP H to this sequence leads ta
the silencing activity is still under investigation.
Sorne insight has been obtained on the mechanism of action of some intron
silencers. Consider the sex-lethal protein (SXL) that is involved in sex deterrnination in
Drosophila (Figure 10). This protein acts as a negative regulator of splice site selection

on the tra pre-mRNA by binding ta the non-sex specific (default) 3' splice site
polypyrimidine tract. which prevents the binding of U2AF to this region. This allows
usage of the lower affinity female-specific 3• splice site sequence and induces splicing to
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HJI. The role of the sex-letha!
in the sex specific selection of 3'
tra pre-mRl"\JA. Top: In female fiies the SXL protein is
This protein can
U2AF for the
to the authentic 3' splice
Once SXL has bound to this 3'
the less
site of ex on 2 of the tra
favorable downstream 3' splice site corresponding to exon 3 is used. Bottom: In male
flies the SXL
is not present and the authentic 3' splice site of exon 2 is used to
the tra pre-mRNA.
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repressing activity was found in an adenovirus transcription unit in which

splice

an SR protein binds to the IIIa-repressor element and physically prevents the binding of

U2 snRNP to

ex on

shifts

(Kanopka et al., 1996). This blocking of the 3' splice site of

branch

to the 52,55K-specific 3' splice site. It has '""~'""'""' been shown

SRrp86 (the SR-related

86 kDa) can counteract

of some

the

general SR proteins in splice site selection (Barnard and Patton, 2000). The mechanism
through which this protein functions is still under investigation.

Otber modulators of splice site selection
The modulation of splice site selection has also been shown to involve other
elements such as the relative levels of competing proteins, the post-translational
modifications of some of the splicing factors, the identity of the promoter used for
transcription, as well as the rate with which the transcript is produced. The selection of
competing 5' splice sites can be influenced by the relative amounts of hnRNP Al and SR
proteins. ln vivo and in vitro studies have shown that an increase in the amount of hnRNP
A 1 leads to either exon skipping or a shift to distal 5' splice site utilization on some but
not ail pre-mRNAs, an effect opposite to that of the SR proteins (Câceres et al., 1994;
Mayeda et al., 1993: Mayeda and Krainer, 1992; Yang et al., 1994). The exact
mechanism involved in the antagonizing activity of hnRNP Al protein is still under
investigation. However. it has been proposed that the two proteins compete for binding to
common sites within the pre-mRNA. Recent evidence to support such a model involved
studies that indicate that at high concentrations of ASF/SF2 the binding of hnRNP Alto
a high-affinity binding site was reduced (Eperon et al., 2000).
The phosphorylated state of SR proteins can affect both general splicing and the
selection of alternative splice sites. Two families of kinases that phosphorylate SR
proteins have been identified: SRPK (Gui et al., l 994b; Wang et al., 1998) and Clk
(Colwill et al., l 996b; Duncan et al., 1998). Homologues for the human Clk proteins have
been identified in Drosophi!a (DOA) and the mouse (mClk/STY). The specificity of
phosphorylation within the SR proteins between both families is different (Colwill et al.,
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l 996a). Studies have shown that the level of phosphorylation of the SR proteins is
important for their activity in general splicing where hyper- and hypophosphorylation of
SR protein can inhibit their ability to activate a HeLa S l OO extract (Prasad et al., 1999).
At the level of splice site selection it has been shown that in most cases, SR proteins will
stimulate the use of a proximal

s· splice site. However, under different phosphorylation

conditions this activity may be inhibited. An example of such an event was shown in
studies do ne on the adenovirus E 1A splicing unit. In the presence of normal SR proteins
(non-treated nuclear extract) splicing occurs to the proximal 5' splice site. When SR
proteins are hyperphosphorylated by increasing the amount of Clk kinase. a shift to the
distal 5· splice is observed (Prasad et al.. 1999). Similar results were obtained in vivo
when the Clk l kinase was overexpressed in COS-1 cells (Duncan et al.. 1997). Possible
explanations for the effects seen include a change in the binding capacity of the SR
proteins to either their sequence elements. or an inhibition of their ability to self-interact.
Sorne support for these ideas came from in vitro studies where the phosphorylation of
ASF/SF2 by the Clkl kinase affected the RNA binding and protein interacting properties
of the SR protein (Xiao and Manley, 1997). Another possible explanation for the effect of
phosphorylation of SR proteins is that phosphorylation may regulate their distribution
\vithin the nucleus. Sorne evidence indicates that both the SRPK and the Clk kinases can
induce the redistribution of the SR proteins within the nucleus, indicating a possible role
for these kinases in the recruitment process (Colwill et al., l 996b; Gui et al., 1994a). An
interesting feature of the Clk kinase is that its expression is regulated at the level of
alternative splicing allowing the production of two isoforms, an active and an inactive
form.
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A link between alternative splicing and transcription was also revealed (Cramer et
al .. 1999; Cramer et al.. 1997). The studies involved placing the alternative splicing unit
EDIIIA of the fibronectin gene under the control of different promoters and transiently
transfecting them into human cultured cells. The initial studies showed a significant
change in the ratio of EDIIIA inclusion versus exclusion based on the identity of the
promoter (Cramer et al.. 1997). Further studies indicated that this effect was not due to
the strength of the promoters nor was it a difference in the site of transcription initiation
(Cramer et al.. 1999). The effect seen in these studies was attributed to the recruitment of
specific SR proteins to the different promoters since the overexpression of specific SR
proteins markedly stimulated the inclusion of the EDIIIA exon in a promoter-dependent
manner (Cramer et al .. 1999). Thus. the transcription machinery can apparently affect the
recruitment of specific SR proteins to exonic cis-acting elements on the pre-mRNAs.
How can the promoter structure be involved in the selection of alternative splice sites?
One explanation states that the formation of the initiation complex on some promoters
may recroit specific SR proteins. Further studies are needed to get a better understanding
of how different promoters influence alternative splicing events.
Most of the events that link transcription to splicing and alternative splicing have
been proposed to involve the hyperphosphorylated CID of the largest subunit of the
RNA pol Il. Sorne studies have shown that the rate at which the splicing regulatory
elements of an alternative splice site are transcribed can also influence splice site
selection. In these studies. the question of whether retarding the transcription of a
downstream splicing inhibitory element could regulate the selection of an alternatively
spliced exon was investigated using alpha-tropomyosin as a model splicing unit (Roberts
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element. The prediction was that the insertions would retard the transcription of the
repressor element which should have an effect on splice site selection in vivo but not in

vitro. The results confirmed the predictions.

HnRNPAl
The transcripts produced by RNA polymerase II are known as either pre-mRNAs
or heterogeneous nuclear RNAs (hnRNAs). These hnRNAs interact with a subset of
nuclear proteins, which are known as the hnRNP proteins. Immunopurification and twodimensional gel electrophoresis of these proteins has allowed for the identification of at
least 20 different members of this family designated Al (34 kDa) through U ( 120 kDa)
(Pifiol-Roma and Dreyfuss, 1992). Among the hnRNPs, six members make up the core
proteins (Al, A2: B l, 82: and Cl, C3) and are the most abundant (Beyer et al., 1977).
Together the hnRNP proteins are among the most abundant proteins in the nucleus
rivaling the abundance of the histones. HnRNP proteins are important members involved
not only in hnRNA packaging and transport but also in the processing of pre-mRNA into

m.RNA.
HnRNP Al is the best characterized of the hnRNP proteins consisting of 320

amino acids and a molecular weight of 34-kDa. This protein is found predominantly in
the nucleus. However. it can shuttle between the nucleus and the cytoplasm due to a dual
functional localization signal (Fridell et al., 1997; Michael et al., 1995; Siomi and
Dreyfuss, 1995: Siomi et al., 1997). The protein can be divided into two major functional
domains: an N-terminal 196 amino acid region composed of two tandemly-arranged
RNA binding domains (RBDs) and a C-terminal domain rich in glycine residues (GRD)
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Figure 11. HnRNP Al and AlB protein and gene organization. A) Schematic representation of the two
protein products of the hnRNP Al gene. HnRNP AlB contains an extra region within the glycine rich
domain due to the inclusion of alternative exon 7B into the mRNA. The predorninantly expressed
isoform of this gene in most cells studied to date is hnRNP Al. The RNA recognition motifs (RRM) are
present within the N-terminal portion and the C-terrninal portion of the protein is believed to be
involved in protein-protein interactions. Numbers above and below the protein diagrams correspond to
the number of amino acids at this position. B) Organization of the introns and exons within the hnRNP
Al gene showing the possible splicing patterns leading to either Al or AlB. The alternative exon is
presented as a white box called 7B, all other exons are represented by gray boxes. The small horizontal
lines between each box represent introns.

(Figure 11). The N-terminal demain is involved in most part to the binding capacity of
the protein to RNA and displays some sequence specificity for binding. The glycine-rich
demain is more important at the level of cooperativity, protein-protein interactions and
strand-annealing activity of the protein. Al undergoes post-translational modification
events including phosphorylation that affects its C-terminal demain (Idriss et al., 1994).
This protein has been shown to be involved in mRNA stability (Hamilton et al., 1997;
Hamilton et al., 1993), transport (Izaurralde et al., 1997), telomere biogenesis (Dallaire et
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al.. 2000; LaBranche et al., 1998), as well as in the control of alternative splicing
(Blanchette and Chabot, 1999; Caceres et al., 1994; Chabot et al., 1997; Mayeda and
Krainer, 1992; Yang et al., 1994).
The gene coding for hnRNP Al contains 11 exons with one of them being an
alternative cassette exon, exon 7B. The inclusion of this exon in the mRNA allows for the
production of a 38-kDa protein called hnRNP Al 8 (Buvoli et al.. 1990). This protein
contains the identical N-terminal half of the Al protein with an extra glycine insertion in
its C-terminal portion. The exact function of hnRNP Al 8 is still under investigation but
some studies have revealed a possible role in the modulation of some splice sites
(Mayeda et al., 1994; Yang et al., 1994). The expression of these proteins has been
studied in several cell lines and tissue types and the Al protein is more abundant than its
alternatively spliced form (Al 8 level in HeLa cells is about 5% that of Al) (Buvoli et al.,
1990).
In our laboratory, we are interested in identifying the elements that are involved in
modulating the alternative splicing of the hnRNP Al gene. The initial studies involved
the identification of sequence elements that could influence the inclusion of exon 7B. As
a starting point, it was speculated that the elements involved in the modulation of splice
sites within pre-mRNAs should be conserved through evolution. Thus, these sequences
should be present in the same pre-mRNA expressed in different species. A comparison of
the sequences fromexons 6 to 8 including the introns of the hnRNP Al protein ofmurine
and humans revealed that the introns that flanked exon 7B were highly conserved
(Chabot et al., 1997), compared to the constitutively spliced intron (separating exon 6
from exon 7). These sequences were the center of attention for studying the presence of
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possible control elements. A sequential study of each of the conserved regions identified
four elements to date that are involved in splice site selection in vitro (reviewed in
Hutchison et al.. 2000). The first element studied was located between exons 7 and 78
and consisted of a 17-nucleotide sequence (CEia) within a 150 nt conserved element
(CE l) (Chabot et al.. 1997). This sequence. when placed within a transcript between two
competing 5' splice sites was able to shift selection to the distal 5' splice site (the 5'
splice site farthest away from the 3' splice site). Characterization of this element provided
evidence that hnRNP Al cou Id bind to this 17-nucleotide region. and that this interaction
was involved in modulating the alternative splicing of exon 78. In subsequent studies, a
second Al binding site was found within the intron between exons 78 and 8 (8lanchette
and Chabot. 1999). a region denoted CE4. This sequence was also able to stimulate distal
5' splice site selection on a transcript containing competing 5' splice sites. This effect by
CE4 was also dependent on an interaction with the hnRNP Al protein. Studies of both
the CE la and CE4 elements allowed for the proposai of a mode! in which hnRNP Al
molecules bound to both elements could then interact via their glycine-rich domains and
hold the pre-mRNA in a particular conformation such that the 5' splice site of exon 7
would be found in closer proximity to the 3' splice site.
A third sequence element that influences the selection of the 5' splice site of exon
78 was identified within the intron between exon 78 and exon 8. This element contains a
sequence that is highly complementary to the sequences flanking the 5' splice site of
exon 7B and has been shown to form a secondary structure with this 5' splice site to
inhibit the binding of the Ul snRNP (8lanchette and Chabot. 1997). ln vivo and in vitro
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studies revealed that this element has a very strong inhibitory effect on the 5' splice site
of exon 7B, and thus favors distal 5' splice site use.
Another sequence element located near the 3' splice site of exon 8 has also shown
an activity in 3' splice site selection (Simard and Chabot, 2000). One fascinating feature
of this element is that it appears to function by regulating the use of the constitutive 3'
splice site of exon 8. Studies of this element have allowed for the prediction of the
involvement of a nuclear protein factor for activity. However, the mechanism by which
the 3' splice site of exon 8 is controlled by this element remains under investigation.
The project [ undertook during my Ph.D. degree included studying the importance
of two other conserved intronic sequences (CE3 and CE-D) in the control of splice site
use in the alternative splicing of hnRNP A 1.
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Material and Methods
Clones
The p3'L construct was made from the stepwise assembly of various restriction
fragments. A BstX / - Sal /fragment blunted at the BstX l end by a T4 DNA pol treatrnent
(New England Biolabs), was isolated from the pKgAl vector described in Chabot et al.
( 1997). This fragment was then cloned into the Klenow (Amersham Pharmacia Biotech)
treated Xba l - Sal l sites of the pS l vector described in Chabot et al. ( 1997). The
insertion of 4 nucleotides between the branch site and 3' splice site of exon 7B was done
by digesting p3'L by Bbs /and blunt ending with Klenow. A ligation of the blunt ends
produced p3'L+4. The 8 nucleotide insertion was done by digesting the p3'L+4 mutant
with Bbs land treating it with Klenow and ligated the blunt ends to produce p3'L+8.
The p3's plasmid corresponds to the C3' -/- plasmid described in Blanchette and
Chabot ( 1999).
The p3'G plasmid was made by first removing the BamH l site from the p3's
transcript by treating with BamH l and filling with Klenow. This blunted fragment was
ligated onto itself producing p3's

Â

BamH /. Then a Pvu li - Bgl li fragment from the

DUP4-l plasmid, described in Modafferi and Black (1997), was treated with Klenow to
blunt the Bgl li site and cloned into the EcoR V site of the p3 's

Â

BamH / plasmid to

produce the p3'G plasmid.
The expression plasmid pmAl carrying the Al mini-gene (exons 5 to 10) was
described previously (Blanchette and Chabot, 1997). pUC3-Fli-2 contains the hnRNP Al
genomic Sal l - EcoR l fragment from a BALB/c mouse (Ben-David et al., 1992). A
fragment containing exons 6 to 8 was obtained by performing a PCR reaction using the
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Al701

and

(CAATTTTGGTCGAGGAGGGA)

the

Al893

(TCCCTTCATCGGCCCAAAAT) oligos on p:cJC3-Fli-2. The fragment was blunted with
K.lenow and ligated into the Sma I site of pBluescript KS+ (Stratagene) to produce
pKgA(6-8). pKgAdel was made by digesting pKgA(6-8) by Xba I - Sac II and isolating
the vector backbone which was blunt ended by T4 DNA polymerase and then ligated
together. pKgAdel+ was made by Klenow blunting a Bbs I digestion of pKgAdel and
ligating the blunt ends. The pmA 1+4 was made by inserting the Bsu36 I / BstX I fragment
of pKgAdel+ into Bsu36 I - BstX I sites of pmAl.
The expression vector prnA 1.6. was produced by inserting the BstX I - Sma I
fragment from the pK5' plasmid along with the STE fragment described in Blanchette
and Chabot (1997) into the BstX I - Stu I sites of prnAl. pK5' was made by inserting a
PCR fragment of the 5' splice site of exon 7B into the EcoR V site of pBluescript KS+.
The

PCR

fragment

was

obtained

by

using

the

oligos

AIB 1

(TGGTGGACAGGGTTATGGAA) and STR2 (CTACTGGATACC) on the prnAl
plasmid. The prnAIM, pmAl.6.C, and prnAl.6.0 expression vectors were obtained by
inserting Nco I - BstX I fragments of either pmAlA, pmAlC, and pmAlD into the Nco I

-BstX I sites ofpmAl.6. plasmid. The pmAlA, pmAlC and pmAlD plasmids were made
by inserting the Bsu36 I - BstX I fragments from the corresponding pKgAdelA,
pKgAdelC, and pKgAdelD plasmids into the Bsu36 I - BstX I sites of pmA l. These three
plasmids were obtained by inserting the corresponding Bsu36 I - Bbs I fragments from
the p3's.A, p3'sC and p3's0 plasmids into the Bsu36 l - Bbs I sites of the pKgAdel
plasmid.

p3'sA

was

made

(CGATATCTATTGAGAAGACTT)

by

inserting

hybridized
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the
with

oligo
oligo

SH-3A
SH-3C

(ATACAAGTCTTCTCAATAGATATCGCATG) into the Sph 1-Bbs l sites. p3'sD was
made by inserting a Sph l - Mse l fragment from p3's into the Sph l - EcoR V sites of
p3 'sA. p3' sC was made by inserting a Mse l - Bbs l fragment from p3 's into the EcoR V
-Bbs l sites of p3'sA. (note: in each case the two nucleotides overhanging from the Mse l
site were absent in the final p3'sC and p3'sD clones.)
DUP4-1 was digested by Apa land had the following oligos ligated into this site
(A: CTTGCATACATTTTTCCTGTTA, B: CTATGAGCAGCCTTTAGCTATTAT, C:
TGTT AAAT ACTTTTGTCTT ATTG,

Ad:

GGGTTTCCTTGAAGCTTTCG,

Glob:

ACTCTTGGGTTTCTGAT AGG). The Sac l - BamH l fragment of DUP4- l and its
derivatives were ligated into the Sac l - BamH l sites of pBluescript KS+ to produce
pKDup4- l plasmid and derivatives. To produce the pDUP plasmids, pKDup4- l and its
derivatives were each digested by Nco l - Bgl //, blunt ended with Klenow and ligated.
The p5' construct used during these studies corresponds to the pS 1 construct
described in Chabot et al. (1997). Each derivative of the p5' consisted of inserting
oligonucleotides corresponding to the different sequences (CE l, CE 1a, CE-Z, CE-Z35,
CE-Z3 l, CE-E, CE-D and CE la+ CE-D) into the Sma l site.
Branch Site detection
To identify the branch site region of exon 7B, a method involving an RNase H
cleavage assay was used. A
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P-labeled transcript containing the 5' splice site of exon 7

and the 3' splice site of exon 7B was made by digesting the p3 'L clone by the Stu /. The
transcript was spliced in a HeLa nuclear extract as described in the splicing reaction
section. The products of this splicing reaction were run on an 11 % polyacrylamide 8 M
urea gel and then exposed to an autoradiogram. The band on the gel corresponding to the
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lariat product of the first reaction of splicing was isolated and eluted from the gel. Elution
was performed by diffusing the RNA out of the acrylamide by suspending the crushed gel
fragments in a solution of 0.3 M NaOAc I 0.2% SOS. The solution was separated from
the acrylamide by centrifugation and then extracted with phenoVchloroform/isoamyl
(25:24: l ). The RNA was precipitated with ethanol in the presence of yeast RNA (10 µg)
as a carrier to aid precipitating the isolated RNA. The isolated RNA was then
resuspended in 4 µI of water. To each RNase H assay, 1 µI of lariat RNA was mixed with
0.25 µI ofRNase inhibitor (RNAguard™ [Amersham Pharmacia Biotech], approximately
35 units/µl), 0.25 µI of RNase H, l µlof either DNA oligo, and 7.5 µlof buffer O. The
mixtures were incubated at 37°C for 30 min. The RNA fragments were run on a 6%
denaturing gel (38:2 acrylamide:bis-acrylamide, 8 M urea, lX Tris-borate-EDTA) in IX
Tris-borate-EDT A buffer and exposed to a Bio Max film from Kodak.
DNA Oligos used: CE3A 5'-ACATAAGAATATC-3'
CE3B 5'-TTATGAAAACAGA-3'

Debranching Reaction
l µl of the lariat product obtained from the splicing of the p3'L Stu l transcript

was incubated in 10 µl of S 100 HeLa extract, 13.6 µl of buffer D (20 mM Hepes [pH
7.9], 100 mM KCI, 20% glycerol, 0.5 mM OTT, 0.5 mM PMSF) and 0.4 µlof 0.5 M
EDTA. The reaction was incubated at 30°C for 30 min and then underwent a
phenoVchloroform/isoamyl (25:24:1) extraction. The RNA was then precipitated in
ethanol.

38

ln Vitro Transcription Reaction

The transcription reactions involve incubating 1 to 2 µg of linear template DNA in a
transcription mix containing 0.625 µl of rNTP (5 mM rATP, 5 mM rCTP, and 1 mM
rGTP), 0.25 µl of G(5')ppp(5')G ( 10 mM in water [Amersham Pharmacia Biotech]),
0.625 µlof UTP ( 100 mM, note: that Br-UTP was used to make the transcripts used for
cross-link reactions), 1.125 µl of water, 1.25 µl of [a-32 P] UTP (== 800 Ci/mmol, 20
mCi/ml, == 25 µM [Amersham Pharmacia Biotech]), 1.25 µl of 5 x STT buffer (200 mM
Tris-HCI [pH 7.5], 30 mM MgCh, and l mM spermidine), 0.25 µlof placenta! RNase
inhibitor (RNAguard™, approximately 35 units/µI), and 0.25 µI of T3 RNA polymerase
[United States Biochemical]. This mixture is incubated at 37°C for l to 1 1/2 hr. The
radiolabeled RNA is then purified by migrating on a 5 or 6% denaturing gel (38:2
acrylamide:bis-acrylamide, 8 M urea, IX Tris-borate-EDTA) in lX Tris-borate-EDTA
buffer. Bands were isolated by cutting them from the gel and eluting twice with a 0.3 M
NaOAc I 0.2% SOS solution (300 µl and the second with 200 µl). The pooled RNA
eluates are extracted twice with 600 µl of saturated phenol:chloroform:isoamyl alcohol
(25:24: 1) and then the RNA is precipitated with 2.5 volumes of ethanol. The precipitated
RNA is resuspended in water and stored at -80°C and kept on ice during all other
manipulations.
Cold (or weakly radiolabeled) competitor transcripts were prepared by incubating
2 to 4 µg of linear template DNA in a transcription mix containing 10 µl of rNTP (5 mM
rATP, 5 mM rCTP, and 1 mM rGTP), 4 µl of G(5')ppp(5')G (10 mM in water
[Amersham Pharmacia Biotech]), 10 µl of UTP (5 mM), 40 µl of water, 2 µl of [a-32P]
UTP (== 800 Ci/mmol, 20 mCi/ml, == 25 µM [Amersham Pharmacia Biotech]). 20 µl of5
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x STT buffer (200 mM Tris-HCl [pH 7.5], 30 mM MgCh, and l mM spermidine), 4 µlof
placental RNase inhibitor (RNAguard™, approximately 35 units/µl), and 4 µl ofT3 RNA
polymerase [United States Biochemical]. Reactions were done at 30°C for 90 min and the
samples were processed as above.

In Vitro Splicing Reactions
The in vitro splicing reactions consist of incubating approximately l .5 fmol of
transcript (0.5 µl) at 30°C for 2 hr along with 4.5 µl of splicing mix ( 1.39 mM r ATP, 8.89

mM MgCh, 56 mM creatine phosphate, 7.22% PVA, 28 nM OTT, 8.75 units of RNase
inhibitor) and 5 µlof HeLa nuclear extract with the total volume made to 12.5 µl with 0
buffer. The reactions are stopped by adding 300 µlof 0.3 M NaOAc / 0.2 % SOS and an
equal volume of phenol/chlorofonn/isoamyl (25:24:1) is added for extraction. The RNA
is ethanol precipitated with the help of fragmented yeast RNA 1 to 3 µl (10 µg/µl). The
labeled splicing products are separated on a denaturing polyacrylamide gel (the % gel
will vary based on the size of products to be separated).

The splicing assays in the presence of competitor RNAs are perforrned in a
similar fashion; however, the addition of a cold transcript (the competitor RNA) to the
splicing reaction is done prior to adding the labeled transcripts. This pre-mix is incubated
at 30°C for 10 min and then the transcript to be spliced is added to the reaction mix and
incubated for 2 hr. The reaction is terminated and processed as mentioned above for
normal splicing reactions.

40

RNA Affinity Depletion ofNuclear Extracts
50 nmol of an RNA oligonucleotide was covalently bound to 500 µI of agarose-

adipic acid hydrazide beads [Amersham Pharmacia Biotech]. Once bound to the beads
the column is equilibrated with a solution of 70% buffer D containing DTT. Each
depletion assay involved incubating 125 µlof nuclear extract in the presence of a splicing
mix (lacking PV A) on two 50 µl portions of packed beads for 10 min at 30°C. The
nuclear extract was recovered and was tested for splicing activity. To determine the
identity of the protein factors retained on the column, several washes with buffer D were
performed to remove any non-specifically bound proteins. The bound proteins were
eluted with Laemmli dye. Proteins were then separated on 10 or 12.5 % SDSpolyacrylamide gels followed by Western blot analysis.
RNA oligo from Dharmacon Research Inc.:
CE3upA: 5' -cuugcauacauuuuuccuguuaaauacuuuugucuuauugagaag -3'

Transfections
Transfections were done using the calcium phosphate precipitation method as
described by Graham and Van der Eb (1973). HeLa cells were grown to 50% confluency
for the transfection. To 500 µlof CC+ (100 ml TE: 1 mM Tris [pH 7.5] and 0.1 mM
EDTA, 15 ml 2 M CaCii, and 375 µI of 10 mg/ml sonicated calf thymus DNA or salmon
sperm DNA), was added 10 µg of the DNA to transfect in 50 µI of TE (10:1) and kept on
ice. At room temperature, 550 µl of 2X HEBS solution (280 mM NaCl, 1.5 mM
Na2HPO.h 50 mM Hepes [pH 7.12]) was added to the mixture and incubated for 5 to 10

41

min. This solution was then applied drop wise to 5- lO ml of medium in the petri dishes
that contained the cells which were allowed to incubate for 4 hr at 37°C.
After this incubation period the medium was removed and 4 ml ofDMEM + 20%
glycerol was added to the cells and incubated at 37°C for 2 min. This solution was then
removed and the cells were rinsed twice with lO ml of DMEM. 10 ml ofDMEM + 10%
FBS was added and the cells were incubated at 37°C for 48 hr before extracting the RNA.
Western Blot Assays
Protein samples were boiled for 5 min prior to loading onto the gel. The proteins
were separated on 12.5% SDS-polyacrylamide gels and transferred to a Hybond-C
nitrocellulose membrane [Amersham Pharmacia Biotech]. Once the transfer had been
accomplished, the membrane was rinsed in a TBS solution (20 mM Tris-HCl, 137 mM
NaCl), for 5 min. Then the membrane was placed in a solution of 5% powdered milk in
TBST (TBS + 0.1 % Tween 20) and incubated at room temperature for 1 hr. The
membrane was washed twice for 15 min each in TBST. The primary detection was done
with one of the following antibodies:
Anti-Al:

Antibody recognizing the peptide IŒDTEEHHLRDYFEC,

which is cornmon to all hnRNP A l/B family members. This peptide was synthesized and
injected into rabbits by the Service de Séquence de Peptides de l'Est du Québec. Whole
serum from a third bleeding was used for western analysis.
Anti-PTB:

Described in Grossman et al. (1998).

Anti-Y 12 :

Described in Mimori et al. ( 1984).

Anti-U2AF5 Described in Zamore and Green (1991).
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Incubation in the presence of the antibody was done for l hr. Three washes were
done in the TBST solution for lO min each. The second detection was done with a
solution of TBST containing either the anti-mouse or anti-rabbit Ig, horseradish
peroxidase linked whole antibody at a dilution of l in 3000. Incubation was done for 30
min to l hr at room temperature. The membrane was rinsed 4 cimes with the TBST
solution before performing the detection. The detection was done using the ECL western
blotting protocol [Amersham Pharmacia Biotech] and the membrane was exposed to an
XRP or XAR Kodak film.

Total RNA Extraction
RNA was extracted from HeLa cells using the guanidinium thiocyanate extraction
protocol (Chabot, 1994). Any contaminating plasmid DNA was removed by treating the
RNA samples with 3.75 units of DNase I [Amersham Pharmacia Biotech] in the presence
of20 unies ofRNAguard and 4 mM DIT for 15 min at 37°C. The samples were extracted
with phenol/chloroform/isoamyl (25:24: l) and the RNA precipitated in ethanol. The final
concentration of the RNA was determined on agarose gels stained with ethidium
bromide.
RT-PCR
For pmAl and pmAl+4:
2.0 to 2.5 µg of RNA was reverse transcribed for l hr at 37°C into cDNA with 3
units of AMY-reverse transcriptase [Amersham Pharmacia Biotech] in a buffer (50 µl)
containing 10 mM Tris-HCI [pH 7.5], 1.5 mM MgCh, 50 mM KCl, 260 µM of each
dNTP, 30 µg/ml of BSA, 4 µM DIT, 206 units/ml of RNAguard and 2 µg/ml of the
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appropriate downstream oligonucleotide. The downstream oligonucleotide was incubated
with the RN A in the buffer at 50°C for 3 min and then at 30°C for 1 min prior to the
addition of the AMY-reverse transcriptase. A mixture containing 50 ng of each
oligonucleotide, 3 µCi of radiolabeled [a-32P] dCTP (800 Ci/mmole [Amersham
Pharmacia Biotech]) and 1.25 units of Taq DNA polymerase [Amersham Pharmacia
Biotech] were then added. The '2-STEP' protocol was used to amplify the cDNA
(protocol noted below, steps 2 to 8 of the RT 2-STEP PCR program). The products were
separated by electrophoresis on 2% agarose gels and the gels were dried and exposed on
film.

For the pmA l. pmA l ~A. pmA 1~C. and pmA l ~D:
For these samples we used the Ready-To-Go RT-PCR beads from Amersham
Pharmacia Biotech. They were used as directed by the company as follows. Each reaction
consisted of one Ready-To-Go RT-PCR bead that was dissolved in 44.5 µlof water. To
this the following was added l µl (50 ng) of the CMV-1 oligo, 2 µl (100 ng) of the Al957 oligo, 3 µCi [a- 32P] dCTP, and 2 µl (2 to 3 µg) of RNA. The samples were mixed
and incubated in the RT2-STEP PCR prograrn below. The products were run on 3.5%
polyacrylamide gels that were dried and exposed on film.
The sequences of the oligonucleotides used in the RT-PCR assays are:
CMV-1:

5' AGACGCCATCCACGCTGTTT 3'

Al-893:

5' TCCCTTCATCGGCCCAAAAT 3'

Al-957:

5' GTGGTTTAGCAAAGTACTGG 3'

44

RT 2-STEP PCR program:
l.

42°C, 45 min.

2.

95°C, 5 min.

3.

94°C, 30 sec.

4.

65°C, 1,5 min.

5.

Go to step 3 and repeat 25X.

6.

72°C, 5 min.

7.

4°C, 15 hr.

8.

End.

Mobility Shift Assay
Interactions between RNA fragments and proteins were tested under splicing
conditions for different protein mixtures. These tests were performed in HeLa nuclear
extracts. HeLa S 100 extracts, isolated SR protein extract, and a HeLa nuclear extract that
had been treated with micrococcal nuclease. The reactions involved mixing a
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radiolabled transcript (==5 fmol) consisting of the sequence of interest with a splicing
reaction mixture and the protein extracts. The reactions were incubated either on ice or at
30°C for 10 min before adding heparin as a non-specific competitor. lX agarose loading
dye was added to each reaction and ail were run on 5% acrylamide gels (29: l
acrylamide:bis-acrylamide, 5% glycerol, 50 mM Tris [pH 8.8], 50 mM glycine) in Trisglycine running buffer (50 mM Tris [pH 8.8], 50 mM glycine) for the CE3 studies. The
gels used for the CE-D studies were 4 or 5% acrylamide gels (29: l acrylamide:bis-
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acrylamide, IX Tris-borate-EDT A) in IX Tris-borate-EDT A buffer. The gels were
exposed to Kodak XAR films.
Recombinant protein purification
Recombinant GST-Al, GST-Al 8 and GST-A2 were purified using glutathioneSepharose column (Amersham Pharmacia Biotech), as described by the manufacturer in
Rec buffer (20 mM piperazine-HCl [pH 9.5], 0.5 M NaCl, 1 mM OTT, 1 mM bacitracine,
20 µg/ml benzamidine, 0.5 mM PMSF) in the presence of3 mg/ml lysozyme and 1%
Triton-X 100. The columns were washed with Rec buffer containing 0.1 % Triton-X 100
and eluted in elution buffer (200 mM piperazine-HCl [pH 9.5], 0.5 M NaCI, 1 mM
OTT,20 mM reduced glutathione). The purified proteins were dialyzed against buffer 0
(20 mM Hepes [pH 7.9], 100 mM KCl, 20% glycerol, 0.5 mM OTT).
Cross Linking Assay
Splicing reactions were set up as described in the splicing section and the
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labeled RNA was incubated in these reactions for 10 nùn at 30°C. Then half of the
reaction was placed on a cold plate (4°C) and exposed to UV light (254 nm) at 4 to 6 cm
from the samples for 20 min (Côté et al., I 995). These samples were transferred to 1.5 ml
tubes and were incubated in the presence of 5 µlof RNase A (25 mg/ml) at 37°C for 30
min. The resultant products were run on 12.5% SOS-PAGE. The gels were dried and
exposed to Kodak XRP film.
The cross-links done in the presence of competitor RNA were accomplished in a
sirnilar fashion except that the competitor RNA was pre-incubated in the splicing nùx for
10 min before adding the substrate RNA.
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Results
Comparing the sequences from exon 6 to exon 8 (covering the alternatively
spliced exon region) between the mouse and human hnRNP Al genes revealed a high
degree of conservation (close to 100%) between exon sequences from the two species. As
expected, the intron sequences showed a low level of conservation especially in the intron
located between constitutive exons 6 and 7 (around 35%). However, the introns flanking
the alternative exon 7B had a higher level of conservation at around 75% and 60%, for
the upstream and downstream introns, respectively. The conserved sequences were
grouped into 10 regions (conserved elements CEi to 10, Figure 12) that could be studied
independently for any possible involvement in the selection of splice sites on the premRNA of hnRNP Al. The results presented in this work concern two of these elements.

75 nt i----203 n t - - - - 1 156 nt 1-------570 n t - - - - - - 1

83 nt

conserved elements
Figure 12. Representation of the distribution of the conserved elements CEl to CElO within the mouse
hnRNP Al alternatively spliced region. Large gray boxes correspond to exon sequences and the lined
region to intron sequences. The small white boxes correspond to the conserved elements 1 to 10 as
indicated. The intron and exon lengths as well as the size of each conserved element are shown.

Part 1: Studies on the conserved element 3 (CE3)
Characterization of a conserved region at the 3' end of the intron located between
exons 7 and 7B in the Al gene.
One of the largest conserved regions is located in the intron between exon 7 and
exon 7B flanking the 3' splice site and has been denoted CE3 (Figure 13A). It consists of
61 nucleotides that are 85% conserved between the mouse and human hnRNP Al genes.

47

Figure 13. The conserved element CE3.
A) Comparison of the mouse and human intron located upstream of the
alternative exon 7B resulted in the identification of a 60-nt conserved region adjacent
to the 3' splice site (lined region). The boxed area denotes exon 7B sequences. B) The
potential branch sites within the mouse sequence are marked with an asterisk (*)
above the adenosines. The sequence that best fils the branch site consensus sequence
begins 20-nt upstream from the 3' splice site and is underlined.
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Only 9 nucleotides are not conserved and there are no gaps greater than 3 nucleotides
within the conserved 61 nucleotide region. Since this element is located near the intronexon junction, it is possible that this conservation reflects the presence of elements
required for either proper recognition of this 3' splice site or the regulation of its
selection. Thus, we were interested in determining if these sequences could be controlling
the use of the 3' splice site of exon 7B.
First, we had to distinguish between elements necessary for splicing and elements
that could be involved in modulating the use of this splice site. Since this sequence falls
within the 3' splice site region (composed of the branch site, the pyrimidine track, and the
3 · splice junction), we had to identify these splicing elements. Examining these intron
sequences revealed that most of the parameters of a consensus 3' splice site were met; the
intron ends with Y AG and is preceded by a pyrimidine-rich region although a few purine
residues interrupt it. A possible branch site region that resembles the consensus branch
site sequence (YNYURA Y) is located at a distance of 20 nucleotides upstream of the 3'
splice site (Figure 12B, underlined sequences). Sorne of the surrounding sequences may
also be considered as potential branch sites because they also, albeit to a lesser extent, fit
the known branch site sequence criteria (potential branch adenosines are marked by an
asterisk

(*)).

To deterrnine if the branch site was located in this region of the intron, we

used an RNase H-directed cleavage assay on the RNA lariat products isolated from
splicing reactions. This experiment consists of using oligonucleotides that hybridize to
specific regions on the RNA lariat products; one that will bind upstream and the other
downstream of the proposed branch site. These complexes are then incubated in the
presence of RNase H to degrade the RNA portion of the RNA-DNA duplexed regions.
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Thus. an oligo directed downstream of the branch site will remove the "tail" of the lariat
and any oligo directed upstream of the branch site will lead to an opening of the lariat
loop and the production of an RN A in the form of a ·'Y". These changes in the structure
of the lariat can be observed when migrated on a denaturing polyacrylamide gel.
Remo val of the tail from the lariat will produce a loop structure that will migrate quicker
than the lariat but slower than the linear debranched lariat. Similarly. directing an oligo to
sequences within the loop region of the lariat will open the lariat resulting in a product
that will migrate much more rapidly than the lariat products but slightly slower than the
linear product due to the "Y" structure. Oligonucleotides were designed to hybridize with
sequences either upstream or downstream of the proposed branch site region located
between 16 and 25 nucleotides upstream from the 3' splice site (Figure 14A). A
radiolabeled transcript containing a simple splicing unit made up of the 5' splice site of
exon 7 and the 3' splice site of exon 7B was spliced in a HeLa nuclear extract and the
intermediate lariat band was isolated from an 8% polyacrylamide denaturing gel. The
lariat sample was then separated in four aliquots and each sample was treated differently.
One aliquot was debranched by incubating it in an S 1OO extract for 30 min at 30°C to
produce the linear control (lane 2), while another was kept as the untreated control (lane
1). The two other samples underwent RNase H cleavage with either the CE3A
(downstream) or the CE3B (upstream) DNA oligos. The RNase H cleavage of these
substrates revealed that the branch site does lie within the area between the two oligos
used because both products, a shorter migrating lariat and an opened lariat were identified
(Figure 14B. lanes 3 and 4). Thus, the branch site rnay be any of the five adenosines
within this region. Even though this assay did not allow us to identify the exact branch
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Figure 14. Identification of the branch site region.
A) Schernatic representation of the lariat and the sequences within the vicinity
of the proposed branch site. The DNA oligonucleotides CE3A and CE3B are shown to
hybridize to sequences downstream or upstream of the proposed branch site. B)
Branch site rnapping. Lane l represents the untreated lariat product obtained from the
splicing reaction. Debranching of this lariat product produces a linear fragment that
migrates more rapidly in a denaturing gel (lane 2). The RNase H cleaved samples are
shown in lanes 3 and 4. Treatrnent with the CE3B oligonucleotide produced a band
that migrated near the position of the debranched product (lane 3) whereas the
treatrnent with the CE3A oligonucleotide resulted in a product migrating below the
non-treated lariat (lane 4). The faint band in lane 3 migrating below the major product
may represent a degradation product. A diagrarn of the expected products is shown
next to each band.
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site, we now know its approximate location, and this information will be useful during
future studies of the CE3 element. We chose to divide the studies of the CE3 ccnserved
sequences into two parts: 1) the sequences between the branch site region and the 3'
splice site and 2) the sequences upstream of the branch site region.

The 3' splice site of exon 7B can be slightly improved by inserting nucleotides
Having located the branch site, we were interested in determining if any
sequences between the branch site and the 3' splice site could affect the selection of this
splice site. To study this possibility, we first generated a transcript that contained two 3'
splice sites in competition for a single 5' splice site. The model transcript p3'L contains
the 5' splice site of exon 7, the 3' splice site of exon 7B as the proximal site and the 3'
splice site of the second exon of the adenovirus major late splicing unit as the distal site
(Figure 15A). The 3' splice site of the adenovirus major late splicing unit was used
instead of the 3' splice site of exon 8 due to the inefficient use of the splice site of exon 8
in in vitro splicing assays. The sequences between the two 3' splice sites were made up of
intronic sequences found upstream of the second exon of the adenovirus major late unit.
This transcript had all the conserved intron elements removed except for CE3, allowing
us to study any potential effects of this conserved element on the selection of the 3' splice
site of exon 7B. This transcript was incubated in a HeLa nuclear extract to determine its
splicing profile. The results, shown in figure l5C, reveal that splicing occurs majoritarily
to the distal 3' splice site with some residual use of the proximal 3' splice site of exon 7B
(compare the amount of distal lariat products to the proximal lariat products in lane 2).
Although the ratio of distaJ/proximal use varied depending on the preparation of HeLa
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Figure 15. Increasing the distance between the branch site and the 3' splice site of exon
7B stimulates the use of this splice site in vitro.
A) Schematic representation of the p3 'L transcript composed of the 5' splice
site of exon 7 and the 3' splice sites of exon 7B and exon 2 of the adeno major late
splicing unit. Large boxes represent exon sequences and the lines represent intron
sequences. The gray region downstream of the Stu I site represents adenovirus
sequences. The CE3 element is shown as a small box directly upstream of the 3' splice
site of exon 7B. The lines below the diagram represent the regions present in the
simple transcript (p3') or in the competing transcript (p3'L). B) The sequences of the
wild type and mutant 3' splice sites are presented. Bbs I indicates the position where
the mutations were made. The gray-boxed area represents the branch site region. The
bold underlined sequence represents the inserted nucleotides for each mutant. C) Ail
transcripts were subjected to in vitro splicing reactions in a HeLa nuclear extract and
the products were separated on an 8% polyacrylamide denaturing gel. Lanes l, 3, and
5 coresponed to the splicing profile of the simple transcript p3' and lanes 2, 4 and 6

corespond to the competing transcript p3 'L. The bands are indicated to the right of the
figure. The asterisk (*) represents an unknown band but it may be material that was
stuck in the well (lane 2). The arrows indicate the presence of two bands
corresponding to the lariat products.

55

5'

CE3

Stu l

3'

3'

Bbsl
~--i
~-··; p3'L

B
VVT

+4 mutant
+8 mutant

c
on
distal lariats

proximal lariat
interrnediates

proximal lariats

pre-rnRl\JAs

1 2

3 4

5 6

nuclear extracts used (not shown), the overall trend was clearly in favor of the distal 3'
splice site. These results indicate that the selection of the distal 3' splice site is highly
preferred over that of the proximal one. The presence of an inhibitory sequence may
repress the use of the proximal site or the proximal site may be intrinsically weak and
therefore recognized less efficiently than the distal 3' splice site. We also used a simple
transcript (p3') containing only the 5' splice site of exon 7 and the 3' splice site of exon
78 made from cleaving the p3 'L plasmid with Stu / located after the füst 3' splice site to
determine how the 3' splice site of exon 7B would be used in the absence of a competing
site. The results reveal the presence of both the intermediate lariat and product Jariat
representing the use of the proximal site (Figure I 5C, lane l ). Splicing to the 3' splice
site of exon 78 was more efficient than in the presence of a competing 3' splice site
(compare lanes l and 2) but notas strong as the distal splicing efficiency of p3'L. Thus,
the 3' splice site of exon 78 appears considerably weak even in the absence of a
competing 3 · splice site.
To ask whether we could influence the splicing efficiency of the 3' splice site of
exon 78 by interfearing with any potential inhibitory element, we used the restriction site
Bbs l located 12 nucleotides upstream of the 3' splice site to disrupt this area of the

transcript by inserting 4 or 8 nucleotides (Figure 158). The mutations were duplications
of four nucleotides obtained when the Bbs l site was eut and filled in with the Klenow
fragment. For each mutant clone, two sets of transcripts were made and tested in HeLa
nuclear extracts to determine their splicing patterns. The first set consisted of simple
transcripts that contain only the 5' splice site of exon 7 and the 3' splice site of exon 7B.
The second set was made up of transcripts containing the competing 3' splice sites. The
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insertion of 4 or 8 nucleotides within the simple transcript displayed a slight increase in
splicing efficiency compared to the wild type transcript (Figure 15C, compare lanes 3 and
5 to lane l ). The appearance of a doublet of bands corresponding to the lariat products

was also noted (arrows in figure 15C). These bands were visible for both the final and
intermediate lariat products and may represent the use of a second branch site. As for the
transcripts containing the competing 3' splice sites, we observed a slight increase in the
select ion of the proximal 3' splice site for the transcripts containing the 4 or 8 nucleotide
insertions (Figure 15C, compare lanes 4 and 6 with lane 2). The appearance of the new
lariat bands is also visible in the splicing patterns of the p3'L+4 and p3 'L+S transcripts.
Although the distal 3' splice site was still predominantly used, the mutations made at
position -13 had slightly improved splicing efficiency to the proximal 3' splice site.
To determine if the insertion of nucleotides at position -13 would have a similar
effect on splicing in vivo, a single 4 nucleotide insertion was introduced into a mini-gene
construct of the Al gene (Figure 16A). This mini-gene (pmAl) contains exons 5 to 10
along with the intervening sequences and has been shown to follow a splicing profile
similar to the endogenous Al pre-mRNA (Chabot et al., 1997). To determine the effect of
inserting 4 nucleotides on the splicing of this exon, we transiently transfected the mutant
plasmid into HeLa cells and compared its splicing profile to the wild type mini-gene.
Forty-eight hours post transfection, total RNA was isolated and subjected to an RT-PCR
reaction using primers specific to the mini-gene. The products were separated on a 2%
agarose gel that was dried and exposed by autoradiography (Figure 16B). The wild type
mini-gene produces a majority of the exclusion product with very little inclusion of exon
7B. Insertion of 4 nucleotides at the Bbs l site led to an increase in the proportion of
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Figure 16. The 4 nucleotide insertion activates exon 7B inclusion in vivo.
A) Diagram of the genomic portion of the murine Al gene used to study the
insertion mutant in vivo. Exons 5 through 10 along with the intervening sequences
were inserted into an expression vector under the control of the CMV-l promoter. The
relative position of the 4 nucleotide insertion is indicated, as well as the positions of
the primers used in the RT-PCR assay. B) A comparisant of the inclusion of exon 78
between the pmA l WT and pmA l +4 mini-gene constructs transfected into HeLA
cells (lanes 4 and 5). Lane 3 represents the results obtained with RNA from nontransfected (NT) HeLa cells. Al or Al 8 cDNAs were used as controls in the PCR
assays (lanes l and 2). The asterisk (*) represents non-specific RT-PCR products.
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inclusion (Al 8 ) to exclusion (Al) products when compared to the wild type mini-gene
(Figure 16B, compare lane 4 with 5). The major product, however, remained the Al
mRNA. These results suggest that the sequences between the branch site and the 3' splice
site of exon 7B may contain a splicing inhibitory element.

Mutations that improve splicing do not affect U2AF binding
It was possible that the mutations introduced at position -13 improved the binding
of the essential splicing factor U2AF65 to the pyrimidine sequences near the 3' splice site
of the wild type transcript. A better binding of U2AF65 to the +4 and +8 mutants may
lead to an increase in the use of the 3' splice site of exon 7B. To test this possibility, the
cross-linking efficiency of U2AF6 5 to the 3' splice site region of exon 7B for the different
mutants was compared to the wild type transcript. UV cross-linking reactions were
performed in HeLa nuclear extracts under splicing conditions using the simple transcripts
(p3'). To distinguish any aberrant binding of U2AF65 to other regions of the transcripts
used, control transcripts of varying lengths were tested (Figure 17A). As a marker for the
position of U2AF65 , the wild-type transcript p3 'Stu l was assayed with purified U2AF65
(Figure l 7B, lane 7). Using the control transcripts, U2AF65 binding was mapped to a
region near the 3' splice site of exon 7B (Figure l 7B, compare lanes 1 to 4). The
transcripts eut at Bsu36 l or Sph l showed little to no cross-linking of U2AF65 (lanes 1
and 2, respectively). Comparing the signal obtained for the insertion mutants to that of
the wild type transcript, no significant change in the cross-linking pattern of U2AF65 was
observed (Figure l 7B, compare lanes 4 to 6). These results suggest that the insertion
mutants do not have a significant influence on the recruitment of U2AF65 to the 3' splice
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Figure 17. The insertion mutants do not affect the recruitment of U2AF65 to the
pyrimidine stretch.
A) Diagram representing the regions of the p3' transcript used for the crosslinking assay. The restriction enzyme sites used to produce the templates are indicated.
The length of each of these transcripts is also shown. B) The cross-linking of U2AF6 5
to the Bbs l and Stu l but not the Bsu36 l nor the Sph l control transcripts implies that
U2AF6 5 cross-linking is specific to the 3' end of the intron (lanes l to 4). Lanes 5 and
6 coresponed to the cross-linking products obtained with the +4 and +8 insertions into
the p3' Stu transcripts. Lane 7 represents the control for the cross linking of purified
U2AF to the p3' Stu transcript.
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site of exon 7B and that if an inhibitory element has been disrupted by the mutations, this
inhibitory element does not act upon U2AF65 .

Sequences upstream of the branch site are involved in the reduced use of the 3'
splice site of exon 7B

The sequences between the branch site and the 3' splice site may be conserved
within the same gene of different species because these sequences may play an important
role in 3' splice sites usage. However, conservation of sequences upstream of the branch
site has not yet been observed in another gene. Could these sequences play some role in
the selection of the 3' splice site of exon 7B in the Al gene?
We were first interested in determining if these sequences could be interacting
with any crans-acting factors that may influence the selection of the 3' splice site of exon
7B. To address this. a splicing competition assay was set up in which increasing amounts
of a small transcript consisting of the sequences upstream of the proposed branch site
region (CE3up). were pre-incubated in a HeLa nuclear extract before performing the
splicing reaction on the p3' s transcript. Such a pre-incubation should allow the specific
binding of nuclear factors to the sequences of the CE3up element therefore sequestering
them away from the splicing machinery.
The p3's transcript was incubated in the CE3up pre-incubated nuclear extracts for
2 hr and compared to a non-treated HeLa extract. The splicing products were separated

on an 11 % polyacrylamide denaturing gel (Figure 18). As the amount of the CE3up
competitor transcript increased, a shift in the ratio of proximal to distal lariat products
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Figure 18. Inhibition of the proximal 3' splice site requires trans-acting factor(s) that
interacts with sequences upstream of the branch site region of exon 7B.
A) Diagram of the p3's transcript and the sequences of the CE3up competitor
RNA. The potential splicing events are shown by the dashed lines joining the 5' splice
site to either the distal or proximal 3' splice sites. The relative position of the CE3
element is represented with the small gray-box. The CE3up competitor contains
sequences that fall outside of the CE3 element (underlined) as well as sequences
within the CE3 element (gray area). B) Splicing of the p3 's transcript was performed
in a HeLa nuclear extract pre-incubated with increasing amounts of competitor CE3up
RNA. Lanes 0 to 4 contain 0, 2, 5, and 7 pmol of CE3up RNA competitor. The
splicing products are indicated. C) The observed shift towards the proximal 3' splice
site can be observed on a heterologous transcript. A diagram of the p3 'G transcript
representing a change of the distal 3' splice site sequences for the 3' splice site region
and exon of the human

~-globin

gene is shown on top. Increasing amounts of CE3up

competitor RNA were pre-incubated in a HeLa nuclear extract before splicing the
p3'G transcript. Lanes l to 5 contain 0, 4, 8, 13, and 17 pmol of CE3up RNA. The
lariat products separated in lane 2 (*) have migrated aberrantly for an unknown
reason.
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due to an increased use of the proximal 3' splice site was observed (Figure 188, compare
the amount of proximal intermediate and product lariats in lanes 1 - 3). At the highest
concentration of competitor used the overall splicing activity was affected (loss of
splicing seen in lane 4). To confirm the observed shift in the ratio of splice site selection
due to the pre-incubation with the CE3up competitor element, we tested the competition
assay on a heterologous transcript, p3'G. This transcript contains the same exon and
intron sequences between exon 7 and 78 as found in the p3's transcript, however, the
intron and exon sequences of the adenovirus splicing unit were replaced with sequences
from the

~-globin

exon 2 region (Figure 18C). A similar shift towards an increased use of

the proximal 3' splice site occurred with increasing amounts of the competitor CE3up
transcript (Figure 18C, lanes 1 to 5). These results suggest that a nuclear factor(s) can
bind to the CE3up sequence and that this factor(s) suppresses the use of the 3' splice site
of exon 7B in the presence of a downstream competitor 3' splice site.
It should be noted that a control competitor RNA was not used in these studies.

However, previous studies in our laboratory have shown that an RNA competitor
composed of sequences from the p8luescript plasmid had no significant effect on the
ratio of 3' splice site utilization of the p3's transcript (Blanchette and Chabot, 1999). This
control competitor RNA was however not tested on the p3'G transcript.

Nuclear factors interact with the CE3 element

To confirm that protein factors were indeed interacting with the CE3up
sequences, a gel mobility shift assay was performed on two RNA substrates derived from
the CE3 element. The füst transcript contains both the sequences upstream of the branch
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site as well as the branch site region (referred to as A), while the second transcript
contains only the sequences upstream of the branch site region, denoted 8 (Figure 19A).
A transcript consisting of a fragment of the pBluescript vector w<>.s used as a control
(referred to as C). When these transcripts were incubated in a HeLa nuclear extract both
the A and 8 transcripts showed a slower migration on the gel (Figure 198, compare lanes
1 and 2 with lanes 4 and 5), suggesting that nuclear factors were interacting with these
transcripts. The appearance of multiple bands for transcripts A and 8 may be the result of
several complexes being formed on the substrates. The slower mobility of transcript A
compared to transcript 8 suggests that the region containing the branch site sequences is
involved in forming a larger complex than the ones formed on transcript 8. The control
transcript did not show any change in its migration in the presence of the HeLa nuclear
extract (Figure 198, lanes 3 and 6). The lack of any shifted products for the control
transcript suggests that the shift seen for the transcripts containing the CE3up sequences
is specific.
To identify which nuclear factor(s) could bind to the CE3 transcripts, several
extracts were tested for their ability to form complexes with the A and 8 transcripts.
First. we compared a splicing inactive HeLa cell post-cytoplasmic S 100 extract and a
cellular fraction enriched in SR proteins (isolated from calf thymus). The SR protein
fraction showed no shift for any of the transcripts tested (lanes 10, 11, and 12). This SR
protein preparation produced a shift when tested with an SR binding site (data not
shown). A slower mobility of both the A and 8 transcripts was observed in the S 100
extract indicating that a factor(s) is interacting with the sequences within the CE3up
region (lanes 7 and 8). To address the conditions required for the protein(s) to interact
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Figure 19. Nuclear factors interact with the CE3up sequence.
A) Schematic representation of the sequence used to produce transcripts.
The gray line from the T3 RNA polymerase site to the Sph l site represents
sequences from the pBluescript vector. The black line from Sph l to the small gray
box represents the sequences upstream of the conserved element and the small
gray box corresponds to the CE3 element. The relative position of the branch site
is indicated by the "A". The large boxed reg ion corresponds to exon sequences.
The lines below represent the regions used for the three transcripts (A, B and C).
The gray ponions represent sequences originating from the pBluescript vector and
black panions correspond to the sequences of the intron upstream of exon 7B. The
positions of the restriction enzymes used to produce transcripts A and B (Bbs l and
Mse l. respectively), as well as the length of each transcript. are indicated. The

contrai transcript (C) consists of a sequence derived from the pBluescript vector.
B) Each transcript was incubated in the presence of different extracts for 10 min at
30 °C under splicing conditions. Lanes l to 3 represent the migration profile of the
three transcripts in the absence of any extract. Lanes 4 to 18 represent the
migration profile of the transcripts in the different extracts (HeLa NE, S 100, SR
proteins isolated from calf thymus, HeLa NE MTP, and HeLa NE+ MNase). The
position of complexed and free RNA is shown.
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with the CE3up region, we tested the mobility shift assay in the absence of ATP. Under
these conditions the HeLa nuclear extract could still retard the migration of both the A
and B transcripts (lanes 13 and 14). However, the A transcript may be interacting with
some factors that require ATP since a difference in the migration pattern of this transcript
is observed when incubated in the HeLa nuclear extract lacking ATP (compare lanes 4
and 13). This does not seem to be the case for the B transcript that lacks the branch site
sequences (compare lanes 5 and 14). To address the possibility that the observed shifts in
migrations of the A and B transcripts were due to snRNPs interacting with the CE3u
sequences. the mobility shift assay was performed in a HeLa nuclear extract treated with
micrococcal nuclease. The results of this assay showed that the CE3-containing
transcripts still had retarded mobility compared to the control transcript (lanes 16, 17, and
18). These assays revealed that nuclear factors do interact with sequences upstream of the
branch site within the CE3 conserved element. They also show that the interactions do
not involve SR proteins, snRNPs, nor do they require energy.

A protein of 60-kDa binds specitically to the CE3 element
As an additional step towards identifying protein factor(s) that interacts with the
CE3 sequences, a cross-linking assay was performed. In these reactions, both the A and B
transcripts described in the previous assay were used. The radiolabeled transcripts now
contained bromo-uridines. The transcripts were incubated under splicing conditions in
HeLa nuclear extracts for 10 minutes and then UV irradiated for 20 minutes, followed by
an RNase A treatment. The products of the reaction were separated on a 12.5% SDSp AGE revealing tbat several pro teins could be cross-linked to these transcripts under
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splicing conditions (Figure 20, lanes 1 and 8). The presence of the branch site sequences
in the A transcript allowed for the cross-linking of some proteins that did not cross-link to
the B transcript, notably a protein around 70 k.Da (compare lanes 8 through 14 with lanes
l to 7). However, all other bands were apparently shared by the two transcripts. To

identify if any of the cross-linked products were specific for the CE3up sequences. we
performed a cross-link assay in the presence of an excess of competing RNA. A preincubation with increasing amounts of a competitor transcript of the CE3up region was
done before performing the cross-linking reaction with the labeled transcripts. The
control competitor transcript was the same as used for the mobility shift assay above. The
band corresponding to a molecular weight of about 60-k.Da underwent a decrease in
intensity as the amount of the cold CE3up competitor was increased (Figure 20, lanes 5 to
7 and lanes 12 to 14). In contrast, this same band showed an increase in intensity when

the competition was performed with similar amounts of a control competitor transcript
(competitor transcript C: lanes 2 to 4 and lanes 9 to 11 ). The loss of the 60-k.Da band
suggests that the cold CE3up competitor RNA has specifically sequestered the
corresponding factor from cross-linking to the radiolabeled transcripts. This specific
factor may be involved in modulating the use of the 3' splice site of exon 78.
A band corresponding to a 95-k.Da protein increased in intensity as the amount of
CE3up competitor RNA increased. This effect was not seen when the control competitor
was used. This may suggest that the 60-k.Da protein has high affinity for a sequence
within the CE3up region and that when it is bound to this region the 95-k.Da protein
cannot interact with its sequences. At high levels of competitor CE3up RNA the 60-k.Da
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Figure 20. A 60-kDa factor specifically cross-links to the sequence upstream of the
branch site of exon 7B.
A) A diagram of the regions and sequences used for the cross-linking
assay. The gray-boxed area of transcripts A and B represents sequences from the
pBluescript vector. These sequences are also present in a segment of the control
transcript (C). The remaining region corresponds to intronic sequences located
upstream of the branch site of exon 7B. The region marked with a line represents
the CE3 element. B) Two sets of cross-links were done. The first one was
performed with radiolabeled transcript B* in the presence of an excess of either the
control transcript C or the competitor transcript B (lanes 1 to 7). The second was
performed on a radiolabeled A* transcript using both the C and B transcripts as
competitors (lanes 8 to 14). Each reaction consisted of pre-incubating a HeLa
nuclear extract with increasing amounts of the competitor transcripts under
splicing conditions for 10 min at 30 °C. The radiolabeled transcripts (B* or A*)
were then added and the reactions were exposed to UV light (254 nm). Each
reaction was then treated with RNase A and migrated on a 9% SOS-PAGE gel.
The arrow indicated the band at 60-kDa that is specifically competed by the B
competitor transcript.
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protein is sequestered from interacting with the labeled transcript and the 95-kDa protein
may now be able to efficiently cross-link to its binding sequences on the labeled
transcript. The control competitor RNA however would not be bound by the 60-kDa
protein leaving the 60-kDa protein capable of interfering with the binding of the 95-kDa
prote in.

The 60-kDa protein interacts with a region upstream of the branch site within CE3
The cross-linking experiment used a competitor RNA that contained sequences of
the conserved CE3 element. However, it also contained sequences of a region outside of
the CE3 element. To determine if any sequences other than the CE3 conserved sequences
were involved in the cross-linking to the 60-kDa factor, we produced two additional
transcripts containing either the sequences upstream of the conserved CE3 region or the
small section of CE3 sequences located upstream of the branch site region that were
tested for their pattern of cross-linked proteins (Figure 21 A). The cross-linking of these
transcripts was compared to the cross-links obtained for the CE3up + branch site
sequences (transcript A) and the CE3up sequence containing transcripts (transcript 8).
The cross-linking of the region upstream of the conserved sequences (transcript C)
produced very weak bands (Figure 218, lane 3). Stronger bands were seen with
transcripts A and 8 (lanes l and 2). The cross-linking results obtained with a transcript
lacking the non-conserved region (transcript D) revealed the 60-kDa band (lane 4). The
other bands seen for each of the other transcripts were also present. These results suggest
that the 60-kDa protein can be specifically cross-linked to the conserved sequences and
that the non-conserved sequences are not required for this interaction.
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Figure 21. Cross-linking of a 60-kDa protein is specific to sequences within CE3.
A) Schematic representation of the region and sequences in each transcript
used. The gray line corresponds to sequences from the pBluescript vector. The
boxed area indicates the CE3 sequences. 8) The cross-linking profile of each of
the transcripts used is shown. The absence of a band corresponding to the 60-kDa
region of the gel in lane 3 is indicated to the right by an arrow.
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The factor(s) involved in modulating the 3' splice site of exon 7B can be depleted
from a HeLa nuclear extract

Our results suggest that a trans-acting factor(s) may be involved in modulating the
use of the 3' splice site of exon 7B and the cross-linking assay has revealed that a protein
factor of approximately 60-kDa specifically interacts with the sequences upstream of the
branch site region. To determine the identity of this factor, we attempted to isolate it by
RNA affinity chromatography. This assay involves binding an RNA oligo containing the
CE3 sequence to agarose beads, producing the chromatography column, and then
incubating these beads in the presence of a nuclear extract under splicing conditions
(diagramed in figure 22A). The flow through (corresponding to the depleted nuclear
extract) is recovered and used for in vitro splicing assays. The beads are washed to
remove any non-specifically bound proteins. The tightly bound proteins are eluted and
separated on a 12.5% SOS-PAGE. As a control for the depletion assay, a nuclear extract
was passed over a column composed of only the agarose beads without any RNA bound
to them.
To determine if any of the factors that had been retained on the columns had an
effect on the selection of the 3' splice site of exon 7B, both mock- and CE3upA-depleted
extracts were tested for their ability to splice the model transcript p3's. Splicing products
were separated on an 11 % polyacrylamide denaturing gel (Figure 22B). When the ratio of
proximal to distal splicing of the depleted extracts were compared to the non-treated
extract, no significant difference was observed for the mock depleted extract (lanes 2). A
greater use of the distal 3' splice site was still evident. However, the activity of the
CE3upA depleted extract produced distal lariats less efficiently and yielded a slight
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Figure 22. Depletion of factors chat modulate the selection of the 3' splice site of
exon 7B.
A) An RNA oligo composed of CE3 sequences was coupled to agarose
beads and incubated in the presence of a HeLa nuclear extract under splicing
condition. The RNA sequence and procedure used are shown. B) The mockdepleted extract produced a splicing profile similar to the untreated extract
suggesting that no factor affecting splice site selection had been removed (compare
lane l and 2). The splicing results presented in lane 3 reveal that the depletion of
the HeLa nuclear extract with the CE3upA RNA oligo stimulated the selection of
the proximal 3' splice site, suggesting that a factor involved in repressing the use
of the proximal 3' splice site had been removed.
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increase in the amount of the proximal lariat products (lanes 3). These results suggest that
we have depleted a factor(s) with the CE3upA RNA oligo and that the removal of this
factor(s) had influenced the use of the 3' splice site of exon 7B.
To confrrm that factors had been removed from the nuclear extract, the proteins
retained on the RNA affinity column were eluted and separated on an SOS-PAGE gel and
stained with Coomassie blue (Figure 23, results of two depletion reactions). The mock
columns retained very few proteins, only some high molecular weight proteins were
observed on the gel (bands around 175-kDa lanes 2 and 4). The CE3upA oligo retained a
large number of proteins as seen by the number of bands on the gel (lanes 3 and 5). In
total there are 1ï major bands. It should be noted that not ail of the proteins that were
retained by the CE3upA RNA oligo are seen with this type of detection since some
factors may be in too low amounts to be detected by this staining procedure.
Since the cross-linking experiments in the presence of competitor RNA suggested
that a factor of 60-kDa was specifically binding to the region upstream of the branch site,
we focused on the protein bands corresponding to this portion of the gel. An enlargement
of the region between 45 and 65 kDa reveals that there are a minimum of 3 bands within
the 60-kDa region (right-hand panel of figure 23, marked as a, b, and c). One of these
bands may correspond to the factor that specifically cross-linked to the CE3up sequence.
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Figure 23. Analysis of the proteins rernoved during affinity chrornatography.
Samples of the proteins eluted from the rnock and CE3upA affinity
columns were separated on a 12.5% SDS-PAGE gels and stained with coomassie
blue. The results are shown for two sets of depletion assays. The mock colurnn
retained few proteins (lanes l and 3). The CE3upA RNA oligo depleted at least 17
proteins. the rnajority of which being greater that 32-kDa (lanes 2 and 4). An
enlargernent of the region corresponding to the region between 46 and 63-kDa
(right panel) reveals that there are at least 3 proteins (a. b and c) chat bind to the
CE3upA sequences with molecular weights of about 60-kDa.
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Identification of some of the protein factors that interact with CE3upA

To identify some of the protein factors retained by the RNA oligo, we transferred
proportional amounts of the depleted extracts and retained proteins to a nitrocellulose
membrane and performed Western analysis using different antibodies. We restricted the
studies to proteins within the 60-kDa region and chose the following antibodies: antiU2AF15, anti-PTB (anti-hnRNP I) and an antibody against members of the Sm family of
proteins. As a control for the presence of the different proteins, a non-treated nuclear
extract was used for the anti-U2AF15 and anti-PTB antibodies; however, this control was
not done for the anti-Sm Western.
When the blot was assayed for the presence of U2AP5 , a band above 62-kDa
appeared in ail but the mock eluate samples (Figure 24A). This result indicates chat there
is some U2AF15 chat is bound to the CE3upA RNA oligo. However, this retention appears
low if one compares the amount of protein remaining in the CE3upA oligo-depleted
nuclear extract (compare lanes 2 and 4). The mock-depleted extract produces an equally
intense band to chat of the non-depleted extract confirming chat if the beads retained any
U2AF65 it was a minimal amount (compare lanes 3 and 1). The studies done with the
anti-PTB antibody showed the characteristic doublet of bands around 58-kDa in ail
samples other than the mock elution (Figure 24B). Once again the mock-depleted nuclear
extract produced a signal similar in intensity to that of the non-treated extract (compare
lanes 3 to l). A dramatically reduced signal is observed in the CE3upA oligo-depleted
extract, with a conversely strong signal for the eluted sample suggesting that PTB bas
almost been completely depleted (compare lanes 2 and 4). The anti-Sm antibody blot
identified several Sm-containing proteins chat were retained by the RNA oligo but not by
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the mock treatment. Of interest is the band around 62 kDa (Figure 24C, lanes 2 and 4 ).
Since we did not compare these samples to non-depleted extracts, nor did WI! compare the
depleted extracts to their proportionate volume of elution off the beads, we are unable to
determine how much of the proteins were depleted from the extracts. These results reveal
that several protein factors with a molecular weight around 60-kDa can interact with the
sequences upstream of the branch site. Whether any of the proteins detected here affect
the selection of the 3' splice site of exon 78 remains unclear. However, given that PTB is
a known regulator of 3' splice site utilization and that PTB was almost completely
depleted by the CE3upA column, we favor PTB as the likely candidate responsible for
the repression of the 3' splice site of exon 78.
Sorne bands corresponding to proteins with molecular weights of around 35-kDa
were noted on the Coomasie blue-stained gel and we wondered whether these protein
factors could correspond to hnRNP Al/A2 family members. HnRNP Al was shown to
influence the use of alternative splice sites in several systems and it is possible that it
could be involved in the selection of alternative 3' splice sites. We used an anti-Al
antibody that recognizes the four members of the hnRNP Al/A2 family of proteins and
observed that the RNA oligo had depleted an estimated 40% of two of the members of
this family (Figure 240, compare lanes 2 and 4). The bands observed within the elution
of the RNA oligo column corresponded to the Al and A2 proteins. No significant signais
were observed for the other two members (Al 8 and B 1) suggesting that their binding to
the RN A oligo is absent or weak. As seen for ail the other antibodies used, no signal was
seen for the elution sample of the mock column (Lane 5). These results suggest that
members of the hnRNP Al/A2 family of proteins can interact with sequences within the

86

Figure 24. Western analysis of the proteins retained on the RNA affinity column.
Samples of the depleted nuclear extracts and the proteins retained on the
RNA affinity columns were fractionated on 12.5% SOS polyacrylamide gels and
transferred to nitrocellulose membranes. The membranes were then probed with
different antibodies specific for proteins that have molecular weights around 60kDa. A) A small portion of U2AF>5 was retained on the CE3upA RNA column
(lane 4). 8) Use of the anti-PTB antibody revealed that almost ail of the PTB
protein were removed from the nuclear extract by the CE3upA RNA column
(lanes 2 and 4). C) Several bands appeared for the elution samples obtained from
the CE3upA column when the anti-Yl2 antibody was used (lanes 2 and 4). One
Sm-protein is observed near 60-kDa. This blot does not contain samples of the
depleted nuclear extracts. D) The Coomasie stained gel revealed some bands
corresponding to factors of about 34 to 40-kDa. To see whether some of these
bands correspond to members of the hnRNP A li A2 family of proteins (the four
members are indicated on the right of the blot), we performed a Western blot with
an anti-A l antibody that reveals all the members of the NB family (Al, Al 8 , A2,
and B 1). About 40% of the Al and A2 proteins were retained on the CE3upA
column (compare lane 2 to 4). A non-treated nuclear extract was used as a control
(ND). Depleted nuclear extract samples are indicated by .1 and the proteins eluted
from the columns are indicated by elu.
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region upstream of the branch site area. However, their contribution to 3' splice site
selection in this system bas not been explored further.
The CE3up sequences do not aft'ect the selection of all 3' splice sites

The above results suggest that nuclear factors are interacting with the conserved
sequences upstream of the branch site and that these interactions influence the selection
of the 3' splice site of exon 7B. The deletion of these sequences from the p3 's transcript
in an in vitro splicing assay produced a complete loss of splicing to the proximal 3' splice
site of exon 7B (results not shown). However, the most likely reason for this loss of
splicing is that the deletion produces an intron of only 89 nucleotides, which is the
minimal lirnit for splicing in a mammalian system. The deleted sequences could have
been substituted for other sequences however, due to cloning difficulties within the
branch site region of exon 7B. an alternative method to study the potential effect of these
sequences on 3' splice site selection was used. We chose to test the effect of these
conserved sequences on another 3' splice site. We used a modification of the pDUP
splicing unit, containing the 5' splice site of exon l and some intervening sequences of
the

~-globin

~-globin

gene and a duplication of the branch site and 3' splice site of exon 2 of the

gene (Figure 25A). The in vitro splicing pattern for a transcript of this splicing

unit produced a 50% use ofboth 3' splice sites (Figure 25B, lane 1). Different portions of
the CE3up region were inserted into a blunted Apa l enzyme restriction site located 6 nt
upstream from the branch adenosine residue (Figure 25A). These insertions did no alter
the branch site consensus sequence. Two control insertions were made using sequences
located upstream of the branch sites of eitber exon 2 of the

~-globin

gene or of exon 2 of

the adenovirus major late splicing unit. The resulting in vitro splicing pattern for each of
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Figure 25. CE3 does not function in a heterologous context.
Sequences upstream of the branch site of exon 7B were tested for their
ability to affect the use of a different 3' splice site. A) Schematic representation of
the pDUP transcript and the position where the CE3 fragments were inserted (Apa
[) 6-nt upstream of the branch site (black dot). Two control sequences were also
inserted into the Apa l site (Ad and Glob). Gray boxes represent the exons and the
lines correspond to introns. B) Lane l represents the splicing profile of the
unaltered pDUP transcript with about an equivalent amount of proximal and distal

3' splice site utilization. The effects of two control sequences (sequences from the
Ad and Glob splicing units) on 3 'splice site selection of the pDUP transcript are
shown in lanes 5 and 6 respectavely. Lanes 2 to 4 represent the splcing profiles of
the pDUP transcript containing the different CE3 insertions (denoted A, B and C
in part A).

90

A

J'

3 1 SS

SS

brandi site

pDUP

SS

I

ggguuuccuugaagcuuucg
acucuuggguuucugauagg

Ad

B

Distal

Proximal

- pre-mRNA

1

2

3

4

91

5

6

branch site
region

these transcripts is shown in figure 25B. To our surprise no significant changes in the
splicing pattern for any of the insertions were observed. There may be some variations in
the overall splicing efficiencies between the different transcripts but the overall ratio of
distal to proximal 3' splice site use was similar. These results indicate that the portions of
the CE3up sequence inserted into an heterologous pre-mRNA do not modulate the
selection of the 3' splice site of exon 2 of the

~-globin

gene. The effect of the CE3up

region may not be strong enough to overcome the presence of a strong pyrimidine rich
region of the 3' splice site of globin exon 2.
No visible modulation of the 3' splice site of exon 7B in the absence of the CE3up
sequences in vivo
If the sequences upstream of the branch site were involved in modulating the use

of the 3' splice site of exon 7B, deletion of these sequences within a mini-gene construct
of hnRNP Al may provide some indications about its function. Deletions within the
pmAlL\ mini-gene (figure 26A) may also allow us to overcome the problem of the length
of the intron encountered in vitro. Three deletion mutants were made: a deletion of 54

nt

located just upstream of the proposed branch site (L\A), a deletion of only 12 nt located
just upstream of the proposed branch sequences (L\D), and the third involved a deletion of
42 nt located 14 nt upstream of the proposed branch site region (L\C) (Figure 26A). Note
that the original mini-gene construct used to produce these mutants had a small sequence
deleted within the intron between exon 7B and exon 8. These mutants were transfected
into HeLa cells and the splicing products were determined by RT-PCR using the CMV-1
and A 1-957 oligos. The ratio of inclusion to
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Figure 26. Deleting portions of CE3 does not affect exon 7B inclusion in vivo.
A) Schematic representation of the deletion mutants made upstream of the
branch site reg ion of the A 1 mini-gene. Positions of the CMV-1 and A 1-893
primers used for the RT-PCR assay are shown. B) Total RNA was isolated 48
hours posttransfection from HeLa cells and subjected to an RT-PCR assay to
determine the efficiency of exon 7B inclusion. Control PCR assays were
performed on plasmid DNA carrying the AI 8 and Al cDNAs (lanes l and 2,
respectively).
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exclusion of the mutant mini-genes was compared to the wild type mini-gene (Figure
26B). No significant change in the ratio of inclusion to exclusion products was observed
between the /lA and Ml mutants (compare lanes 5 and 7 to 4) and only a small increase
in inclusion was observed for the /lC mutant (compare lane 6 to lane 4). These results
suggest that the deletions have not had any significant effect on the inclusion of exon 7B
into the mRNA. The presence of other elements such as CE la and CE6 that have been
shown to stimulate exclusion of exon 7B from the mRNA during splicing in vivo may be
so strong that any effects due to the CE3 sequence may be too difficult to detect. Testing
the deletion mutants within mini-gene constructs that lack the CE la and/or the CE6
elements may confirm such an idea. These mutants have only been tested in HeLa cells
and it is possible that an effect on the inclusion of exon 7B may be observed in other cell
lines or cell types. Further studies conceming these ideas are required.

Part ll:
Unraveling the complexity of the CEl element

Initial studies on the intron between exon 7 and exon 7B focused on a conserved
region spanning a 110 nucleotide sequence called conserved element 1 (CE 1). These
studies revealed that a small 17 nucleotide segment (CEla) played a major role on the
selection of the 5' splice site of exon 7B both in vivo and in vitro (Chabot et al., 1997).
This sequence was shown to contain an optimal hnRNP Al binding site and the
interaction with hnRNP Al was required for the activation of distal 5' splice site
selection in vitro. Because the activity of the 17 nucleotide CE la element was weaker
than the full CE l segment, we took a second look at this 110 nucleotide CE 1 element in

95

the hope of identifying additional elements that might promote distal 5' splice site
selection.

A second sequence within CEl can also influence 5' splice site selection
A revis ion of the alignment between the human and mouse CE 1 elements
revealed that the sequences downstream of the CE la region have a much greater level of
conservation than those upstream of CE la (Figure 27 A). Considering that this
conservation may be important for modulating alternative splicing events, we focused our
studies on the downstream 59 nucleotide segment called CE-Z. To determine whether
this 59-nt segment could modulate the 5' splice site of exon 7B, it was cloned into the
Sma l site located in between the two 5' splice sites of the p5' clone (Figure 27 A). A

radiolabeled transcript was made from this clone and incubated in a HeLa nuclear extract.
The products were separated on an 8% polyacrylamide denaturing gel (Figure 27B). The
splicing of this transcript was compared to the p5', p5'CE l, and p5'CE la clones to
determine which inserts could activate the distal 5' splice site. The p5' control RNA lacks
known regulatory sequences. By examination of the lariat products, the results indicate
that the p5' RNA is spliced 50% at th'! proximal site and 50% at the distal 5' splice site.
The transcripts containing either the CE l or the CE la element are spliced preferentially
to the distal 5' splice site (Figure 27B, lanes 2 and 3). However, the activation of the
distal 5' splice site by the CEl element is greater than with CEla, confirming the
observation made in previous studies (compare proximal to distal lariat ratios of lanes 2
and 3). Splicing of p5' RNA in the presence of the 59 nucleotide CE-Z sequence resulted
in a splicing pattern similar to that seen for CEla (compare lanes 3 and 4). This result
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suggests that the 59 nucleotide segment contains sequences that can activate the use of
the distal 5' splice site.
To determine if the full 59 nucleotides were needed for the activation of the distal
5' splice site, the CE-Z region was divided into smaller units, each one being tested

individually in splicing assays. The 59 nucleotide sequence was first split in two,
producing a 5', 35-nt fragment (CE-Z35) and a 3', 31-nt fragment (CE-Z3 l ). When these
units were tested in splicing CE-Z35 produced an effect similar to that seen with CE-Z
(Figure 27C, compare lanes l and 3). In contrast, CE-Z3 l only had a slight activation of
the distal 5' splice site, suggesting that it played a minor role in the activation of the distal
5' splice site (Figure 27C, compare lanes 2 and 3). We chose to continue studying the 35-

nt segment because it produced a consistent activation of the distal 5' splice site. This
fragment was split in two producing CE-D ( 19 nucleotides) and CE-E ( 17 nucleotides).
The p5'CE-E transcript was spliced in a manner that was similar to the control transcript
p5', suggesting that this sequence does not influence the select ion of 5' splice sites
(compare figure 27B, lane l with figure l4C, Jane 4). The p5'CE-D transcript, on the
other hand, showed a shift toward the distal 5' splice site in a manner that was equivalent
to that produced by CE la, suggesting that this 19 nucleotide reg ion con tains a sequence
chat can modulate the use of 5' splice sites (Figure 27C, lane 5).
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Figure 27. A second element within the CE 1 sequence modulates 5' splice site use.
A) Schematic representation of the p5' transcript and the position (Stu /)
where the different portions of the 110-nt CE l element were inserted. Boxed and
lined regions correspond to exon and intron sequences, respectively. The 5' and 3'
splice sites are shown. The alignment between the human and the mouse CE 1
region is shown. The sequences contained within the CE inserted elements
correspond to the underlined regions of the mouse sequence. B) Radiolabeled
transcripts of each of the pre-mRNAs containing the insertions were incubated in
HeLa nuclear extracts and the spliced products were separated on 8%
polyacrylamide gels. The splicing pattern of the CE-Z transcript was compared to
the p5', CE l and CE 1a transcripts. Distal and proximal products are indicated. C)
Mapping the sequences within CE-Z responsible for distal 5' splice site activation.
The CE-Z region was divided into several smaller fragments and these regions
were tested for their effects on distal 5' splice site activation when inserted at the
Stu I site of the p5' transcript. The fragments marked with an asterisk (*),
represent fragments that activated distal 5' splice site use and resulted in lower
proximal 5' splice site use.
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The etTects of CE-D and CE la are additive
The above results show that two sequences within the l 10-nt CE l element are
able to shift splicing from the proximal 5' splice site to the distal one. However, each one
is less efficient than the complete CEl element. To ask whether a combination of the two
would restore full activity, an oligonucleotide containing the sequences covering the
region containing both CEla and CE-D (as found in the CEl element) was inserted into
the Sma l site of the p5' transcript (Figure 28A). The splicing pattern of this clone was
compared to the full CEl, CEla, and CE-D element containing transcripts as well as that
of the control p5' transcript (figure 28B). The previously studied transcripts produced
their characteristic splicing patterns as described above (lanes l, 2, 4, and 5). The
transcript containing both CEla and CE-D showed a splicing pattern similar to that of
pS'CEl producing almost a 100% use of the distal 5' splice site (compare lane 3 with 2).
This result suggests that both elements are required to produce the full shift in 5' splice
site use characteristic of the CE l element. Further studies are needed to identify the exact
nature of how these two elements togwether result in the strong activation of the distal 5'
splice site.
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Figure 28. CE la and CE-D have an additive effect on the stimulation of a distal 5'
splice site.
A) Schematic representation of the p5' transcript with the relative position
for the insertion of the CE l a-CE-D oligonucleotide. B) The splicing profile of this
transcript was compared to transcripts containing CE 1, CE 1a and CE-D. The
presence of the two elements resulted in an activation of the distal 5' splice site
that was equivalent to the full CEI element (compare lanes 2 and 3). The control
transcript was spliced equivalently to each 5' spiice site (lane 1).
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The activity of CE-D requires hnRNP Al/A1 8 /A2/Bl proteins
The CEla element was previously shown to interact with hnRNP Al. This
interaction was also required to observe a shift to the distal 5' splice site. Considering the
similarities between the effects produced by CE la and CE-D, it is possible that the two
elements function through a common mechanism. Consistent with this view, a putative
Al binding site was present in the sequence of CE-D (Figure 29A, TAGAAA),
suggesting that hnRNP Al may interact with this element. Previous studies in our
laboratory had shown that a depletion of the hnRNP Al/A2 family of proteins from a
HeLa nuclear extract resulted in a loss of activity of the CE la element (Blanchette,
unpublished results), implying that members of this family of proteins were involved in
the observed effect triggered by CE la. To determine if the activity of CE-D also required
members of the hnRNP Al/A2 family of proteins, a similar affinity chromatography
depletion assay was performed. The RNA oligo used to remove these protein factors was
made up of the CEla sequences. A HeLa nuclear extract was loaded onto control
chromatography beads to produce a mock-depleted extract. Splicing of the p5'CE-D
transcript in the mock treated extract resulted in a splicing pattern similar to a non-treated
HeLa nuclear extract, with a majority of the splicing occurring at the distal 5' splice site
(compare lane 3 of figure 29B to lane 5 of figure 27C). When the CEla-depleted nuclear
extract was used, a complete loss of the distal lariat products along with an increase in the
amount of proximal lariats was observed (compare lane 3 with lane 4). Splicing of the
p5'CE1a transcript produced an almost identical result (compare lane 1 to 2). These
results suggest that members of the hnRNP Al/A2 family of proteins may be involved in
the modulation of the 5' splice site of exon 7B on a transcript containing CE-D.
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If hnRNP Al is required to shifi splicing to the distal 5' splice site in the presence

of CE-D, a transcript containing this element should react more rapidly to the addition of
recombinant Al protein compared to a transcript lacking this element. To verify this, we
first examined effects of adding recombinant Al to the control p5' RNA incubated in the
mock- and CE la-depleted nuclear extracts. Splicing of p5' in the mock-depleted extract
resulted in 50% use of the distal 5' splice site (Figure 29C, lane 1), whereas splicing in
the CE la-depleted extract led to a complete loss in distal 5' splice site use (lane 3). This
result suggests that the distal 5' splice site use of the p5' transcript also requires members
of the hnRNP Al/A2 family of proteins.
The addition of increasing amounts of recombinant Al proteins to the p5'
transcript led to a slight activation of distal 5' splice site and a minor decresse on
proximal 5' splice site utilization (lanes 3 to 6). In contrast, the addition of recombinant
A 1 to p5'CE-D had a more dramatic effect on the ratio of distal to proximal use: distal
site was activated and the proximal site was almost completely repressed (compare lanes
4-6 to lanes 8-10). It should be noted that both transcripts did show a complete shifi to the
use of the distal 5' splice site when the amount of recombinant GST-Al protein was
added in excess of 2 µg (data not shown). These results suggest that the increased
sensitivity in the activation of the distal 5' splice site due to the CE-D element involves
hnRNP Al.
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Figure 29. A putative Al binding site is required for the activity of CE-D.
A) The sequences for both the CE-D and CE la elements are presented. A
putative Al binding site present in the CE-D sequences and the previously
identified Al binding site within the CE la element are shown (marked in boldunderlined). B) Mock- and CE3upA-depleted nuclear extracts were tested for their
ability to splice transcripts containing either CE la or CE-D elements. Lanes 2 and
4 represent the results obtained from the depleted nuclear extract whereas lanes l
and 3 correspond to the results obtained from the mock-depleted extracts. C) To
determine if a transcript containing CE-D is more sensitive to the addition of
hnRNP Al than a transcript lacking this element, recombinant A 1 add-back assays
were performed. Lanes 1 (control p5' transcript) and 2 (CE-D containing
transcript) correspond to splicing reactions done in the mock-depleted HeLa
nuclear extracts. Lanes 3 to 6 and 7 to l 0 correspond to splicing reactions
preformed in CE3upA depleted HeLa nuclear extracts with the addition of
increasing amounts of recombinant GST-A l protein. The amount of recombinant
protein used was 0, 0.5, l and 2 µg. The distal and proximal lariat products are
indicated.
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Do members of the hnRNP Al/A2 family of proteins interact with the CE-D
element?
To confirm that hnRNP Al interacts with the CE-D element as weil as address
whether other members of the hnRNP NB family can interact with this element, mobility
shift assays were performed. As a contrai sequence for specificity we used the CE-E
element. This element had no effect on the splicing of the p5' transcript when inserted
between the two competing 5' splice sites (Figure 27C, lane 4 ).
Each ofthese sequences was cloned into the EcoR V site of the pBluescript vector
placing them under the contrai of the T3 RNA polymerase. The vectors were linearized
with EcoR I and radiolabeled transcripts of each were made. They were incubated under
splicing conditions in the absence of HeLa nuclear extract with increasing amounts of
each of the recombinant OST fusion proteins (rAl, rAl 8 , or rA2). Both the rAl and rAl 8
proteins were able to interact with the CE-D sequence to praduce a shift at 0.25 µg
(Figure 30A and B, lanes 6 and 7, respectively). The amount of RNA shifted with the
rAl 8 protein is however much greater than seen for rAl for the same amount of pratein
added. A shift of CE-D occurred at 0.5 µg for rA2 (Figure 30A, lane 15). At these
concentrations there was only a very weak shift with the control RNA transcript. As the
concentration of each recombinant protein was increased, a greater shift was observed for
the CE-D element compared to the shifts of the contrai. These results confrrm that these
three hnRNP proteins can interact with the CE-D element and that these interactions are
specific.
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Figure 30. CE-D can interact with recombinant Al, A2 and Al 8 proteins.
A mobility shift assay was performed to determine which members of the
A li A2 family of proteins could bind to CE-D. Radiolabeled transcripts containing
either sequences of the CE-D element or the control sequence CE-E were
incubated with increasing amounts of either rAl, rA2 or rAIB. Each set of gel
shifts was performed with 0, 0.25, 0.50 and 0.75 µg of recombinant protein.
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Discussion

The objectives of these studies were to identify and characterize new intronic
sequences that modulate the selection of alternative splice sites in the hnRNP Al gene. lt
has been long believed that intron sequences were not playing much of a role in the
genome. However, more and more studies are showing that these sequences play an
important role in gene expression. Studies on alternative splicing systems have revealed
that many intron sequences are involved in controlling the selection of splice sites and
thus modulating the production of different protein isoforms. Based on the observation
that there exists highly conserved intron sequences found in the alternatively spliced
region of the hnRNP Al gene, we have proposed that these sequences could be involved
in modulating the alternative splicing of exon 78.

Part 1

Exon 78 bas a weak 3' splice site
The first part of the studies focused on sequences located in the 3' splice site
region of exon 7B. These studies allowed us to locate the branch position to a region
between 16 and 25 nt upstream of the 3' splice site. The exact position of the branch site
nucleotide was not established despite several attempts with a primer-extension assay
(data not shown). Considering that in most mamrnalian splicing systems the branch
nucleotide is an adenosine, we propose that one of the five adenosines within this area (16 to -25) is the branch adenosine. The sequences between the branch site and the 3'
splice site usually lack an AG di-nucleotide, and the first AG after the branch site is
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normally used as the 3' splice site (reviewed in (Burge et al., 1999: Moore et al., 1993;
Umen and Guthrie, 1995)). Based on these rules, we can most probably rule out the
adenosine located at position -25 as the branch site adenosine because there are two AG
di-nucleotides between it and the splice junction. Thus, only the adenosines at positions -

16 and -18 may be used as the branch adenosine because these are the only ones that lack
any additional downstream AG di-nucleotides.
The results obtained from the analysis of the insertion mutants suggest that the
adenosine at position -16 may not be the branch site adenosine. We base this statement
on the fact that the insertions lead to the production of an additional proximal lariat
product suggesting the use of a new branch site nucleotide (see arrow in figure 15). The
difference in mobility between the lariat bands on the denaturing polyacrylamide gel is
very small implying that if a second branch site is used, the new branch nucleotide is
close to the one used in the wild type setting. The slight difference in mobility is likely
due to the change in the size of the loop of the lariat. If the new lariat product
corresponds to the upper band, the new branch site at position -16 would be producing
this larger lariat. Thus, the new branch site would have to be located downstream of the
wild type branch site. Since there are no adenosines immediately downstream of the A at

-16, the normal branch site may be at -18. If the lower band corresponds to the new lariat
product. the new branch site would then be located upstream of the wild type branch site
leading to a srnaller loop. If this is the case, then the adenosine at -16 may be the wild
type branch site. Further studies will have to be done to conrrrm that the adenosine at
position -16 represents the wild-type branch site.
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The suggestion that the 3' splice site of exon 7B may be sub-optimal was made
from the results obtained by analyzing the effects of insening the 4 and 8 nucleotides in
between the branch site and the 3' splice site of exon 7B. First, an improvement in the
splicing efficiency to the 3' splice site of exon 7B was observed after the insenions. The
studies done on the transcript containing competing 3' splice sites showed that the insens
promoted an increase in the use of the proximal 3' splice site. These results may imply
that the proximal 3' splice sites in the mutant transcripts have become better competitors
in splicing reactions over the distal 3' splice site. The in vivo studies done on the 4nucleotide insenion mutant of the mini-gene showed an augmented inclusion of the
alternative exon compared to the control wild type mini-gene supponing the idea that the
3' splice site is now a better site.
One possible explanation for this improvement may be the removal or disruption
of a negative element. The presence of a negative element within this region of the 3'
splice site may be predicted to interfere with the recruitment of the essential splicing
factor U2AP5 • However, the cross-linking assays done to study the binding of U2AP5
showed no significant change in cross-linking to the 3' region of the intron between the
wild type and different mutant transcripts. The insenion also did not produce a better
pyrimidine tract since the sequences insened (GUAU or GUAUGUAU) contained an
equivalent number of purines and pyrimidines. Since the pyrimidine content of the region
was reduced, the insenions might have been predicted to reduce splicing efficiency.
Thus, we propose that the improvement may have corne from a change in the positioning
of the branch site relative to the 3' splice site.
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Consistent with this view is the appearance of new lariat products during splicing
of the insertion mutants. The presence of new lariat products may be explained by one of
two possibilities. First, their appearance may be due to the degradation of the lariat
products or, second, a new branch site has been used. Degradation of a lariat produces a
common ladder pattern showing the removal of one nucleotide after the other from the 3'
end of the lariat tail (as seen below the proximal band in figure 29C, lane 4 ). In our
studies, we only saw the appearance of a single band, which does not support the
degradation model. The lack of degradation on the wild type transcript spliced under the
same conditions and in the same HeLa nuclear extract also suggests that the appearance
of a second band within the mutant transcripts is more likely the result of the use of a new
branch site. In support of a second branch site, the new bands were seen for both the
intermediate and the final lariat products. A closer look at these new bands revealed that
the intensity of the upper band in the +4 mutant was weaker than the lower band implying
that more material was present in the lower bands. The opposite was seen when looking
at the +8 mutant. These observations suggest that the appearance of these new lariat
bands from the wild type to the +4 mutant as well as the increase in intensity of the upper
band from the +4 mutant to the +8 mutant may be due to an increase in the use of the
second branch site in the mutant transcripts. If these ideas are correct, then the increased
use of the new branch site would suggest that it was either a better site or that its position
with respect to the 3' splice site was favored over that of the wild type branch site. These
considerations therefore suggest that the wild type 3' splice site may be weak because the
position of the wild type branch site may be sub-optimal.
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However, the finding that the 3' splice site of exon 7B is sub-optimal is not a
surprising one. It is known that the splice sites of altematively spliced exons are usually
weaker than those flanking constitutive exons. The overall strength of a splice site can be
predicted based on how well it fits to the consensus sequence, as discussed in the
introduction. Weak or sub-optimal splice sites may be required for the proper modulation
of alternative splicing. In many cases, this modulation will involve other sequences as
well as trans-acting factors that will either stimulate or repress the use of the sub-optimal
splice sites. Weak 3' splice sites have been shown to depend on splicing enhancer
sequences for efficient splicing. These sequences, typically found within the exon
downstream of the intron they act upon, are recognized by SR proteins and have been
proposed to recroit U2AF65 to the weak 3' splice sites. Initial deletion studies of
sequences within exon 7B of the hnRNP Al gene have suggested that a purine-rich
region may be required for the use of the 3' splice site of this exon. However, further
investigations to demonstrate this requirement are needed. It would be interesting to
perform the U2AF5 cross-linking experiments in the absence of these exonic sequences
tO determine whether U2AF5 binding is affected.

Conserved sequences upstream of the branch site of exon 7B

The studies done on the conserved sequences located upstream of the branch site
of exon 78 suggest that several nuclear factors interact with this region and that some
may be involved in suppressing the use of this 3' splice site. First, an excess of a
competitor RNA composed of sequences identical to those located upstream of the
branch site (CE3up), when pre-incubated in a HeLa nuclear extract, altered the splicing
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pattern of a transcript containing competing 3' splice sites and promoted an increase in
the use of the 3' splice site of exon 7B. A transcript containing the

~-globin

3' splice site

as the downstream site showed a decrease in the use of the distal globin 3' splice site,
suggesting a switch from the distal to the proximal 3' splice site of exon 7B. These
results support the notion that a factor(s) was sequestered by the presence of the CE3up
competitor RNA. Sequestration of this factor prevented it from interacting with the
sequences upstream of the branch site of exon 7B in the pre-mRNA, resulting in an
increase in splicing to the proximal splice site of exon 7B. Second, the involvement of
nuclear factors in this modulation is also supported by the results obtained from the
mobility shift and the affinity chromatography depletion assays. Both assays revealed that
nuclear factors interact with the sequences upstream of the branch site. Of greater
importance is the observation that the factors depleted by affinity chromatography appear
necessary for repression because the depleted extract could splice to the proximal 3'
splice site of exon 7B more efficiently. Third, the use of a cold competitor transcript
containing sequences upstream of the branch site of exon 7B in cross-linking experiments
resulted in the specific loss of a protein of approximately 60-kDa from the cross-linking
pattern of two transcripts containing the CE3up sequences.
The identity of the factor or factors involved in repressing the use of the 3' splice
site of exon 7B has not been established. However, potential candidates can be proposed.
Western analysis performed to detect proteins with a molecular weight of about 60-kDa
revealed that PTB, also known as hnRNP I, had almost completely been depleted from
the nuclear extract by affinity chromatography using a CE3 RNA oligonucleotide.
Originally, this protein was identified as a factor required for splicing (Garcia-Blanco et
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al., 1989). However, it has since been reported to act as a repressor for the splicing of
exons in several genes such as c-src, ex and

~-tropomyosin,

fibronectin, cx-actinin, y-

GAB AA receptor y2, and fibroblast growth factor receptors (FGFR)-1 and -2 (Ashiya and
Grabowski, 1997; Chan and Black, 1997; Gooding et al., 1998; Lin and Patton, 1995;
Mulligan et al., 1992: Perez et al., 1997; Singh et al., 1995; Southby et al., 1999; Wagner
et al., 1999; Zhang et al., 1999). For most of these repression examples, it has been
proposed that the binding of PTB to UCUU motifs in the pyrimidine rich region can
antagonize the binding of U2AF65 to the pyrimidine tract. Our studies show that the
sequences upstream of the branch site region are interacting with this factor. Thus, the
model of competition for U2AF binding is unlikely. Sequences upstream of the branch
site of the 24-nt exon of the GABAA receptor y2 pre-mRNA are bound by PTB and this
has been shown to stimulate a switch to the distal 3' splice site use. Thus, in this case
PTB binding may be interfering with the interaction of U2 snRNP with the branch site
(Ashiya and Grabowski, 1997). A similar activity mediated by PTB may be occurring
with the conserved sequences located upstream of the branch site of exon 78. This model
would be consistent in that the cross-linking assay performed in the presence of
competitor RNA lead to a decrease in the amount of the 60-kDa band, similar to what
was observed in the GABAA receptor y2 system. Another observation made during the
Ashiya et al work and our study was an increase in the cross-linking of a protein of about
100-kDa, when the highest amount of competitor RNA was used. This protein may be
involved in the proper selection of a branch site. The binding of the 100-kDa protein may
be inhibited when PTB is present thereby preventing the use of the proximal 3' splice
site. The identity of this 100-kDa protein remains to be addressed. How PTB may be
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disrupting the binding of U2 snRNP to the branch site may be through an interference
with the binding of the U2 SAP proteins to the anchor region located upstream of the
branch site. The binding of PTB to these sequences may also inhibit the recruitment of
U2 snRNP to the branch site by interfering with the binding of SFl to the branch site
adenosine. Although neither of these models has been confirmed, both predict a
repression of U2 snRNP incorporation into the spliceosorne. Studies of complex
formation in the presence and absence of the CE3up sequences may reveal some
information on the mechanism used by these sequences to modulate the use of the 3'
splice site of exon 7B.
The binding of PTB to splicing repressors has been shown to involve sequences
that contain the UCUU motif in a pyrimidine-rich context (Perez et al., 1997). The
conserved region upstream of the branch site of exon 7B is highly pyrimidine rich with
only one conserved sequence that resembles a potential PTB binding site located 29-nt
upstream of the 3' splice site. However, this sequence is not present within the CE3up
competitor RNA used in the splicing or cross-linking assays, suggesting that if PTB is the
protein involved in modulating the 3' splice site of exon 7B it would be interacting with
another sequence. There are a few regions that have a stretch of uridines followed by a
cytosine. It is unknown whether these specific sequences are bound by PTB. Further
characterization of the CE3up sequences will be required to determine which sequences
are responsible for the effect of CE3up in the splicing and the competition assays.
Additional experiments may be considered to determine if PTB is involved in the
activity of the CE3up region. First, the depleted nuclear extract that shows an increased
use of the proximal 3' splice site could be complemented with recombinant PTB to
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determine if a shift back to the use of the distal 3' splice site could occur. One possible
problern with this technique rnay be to select which isoforrn of PTB should be used.
Three isoforrns of PTB exist and they are produced by alternative splicing events (Gil et
al., 1991 ). A recent study of the different isoforrns bas revealed that they differ in their
abilities to modulate the alternative splicing of the cx-tropomyosin pre-mRNA (Wollerton
MC et al., 2001). However, other studies using the different isoforrns of PTB showed no
difference in their respective activity (Carstens et al., 2000; Lou et al., 1999). Each
isoforrn would have to be tested to determine if any differences can be observed in the
splicing of hnRNP Al. Another strategy to determine if PTB has any effect on the
selection of the 3' splice site of exon 78 would be to use an RNA sequence known to
bind PTB and use it to deplete a HeLa nuclear extract using the same technique that we
have used during our studies. The depletion may also be done using specific antibodies.
After the nuclear extract bas been depleted we would verify that PTB has been depleted
and then deterrnine the splicing pattern of the p3 'L transcript. If PTB is the factor
involved in switching towards the distal 3' splice site, splicing to the proximal 3' splice
site of exon 78 should become efficient.
The results obtained with the depleted nuclear extract do not show a 100% shift
towards the proximal 3' splice site as may be expected if ail of the proteins involved in
this switch were removed. In our depletion assay, we were unable to deplete ail the PTB
(see figure 248, lane 2). Thus, residual amounts of PTB may still be able to inhibit to
some extent the use of the 3' splice site of exon 7B. Another possible explanation for this
result may be that the 3' splice site of exon 7B remains unfavorably selected in the
presence of the adenovirus major late strong 3' splice site even in the absence of PTB.
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The use of the +4 or +8 insertion mutants showed that this 3' splice site could be made a
little stronger. If the pre-mRNAs containing the insertions were tested in the depleted
nuclear extracts, and we would see a greater shift towards the use of the proximal 3'
splice site we could conclude that both a weak 3' splice site and the binding of PTB
upstream of the branch site sequence are involved in controlling the strength of the 3'
splice site of exon 7B.
We found that the CE3up sequences did not affect the use of another 3' splice
site. It is possible that since we did not use the complete CE3up sequences (both the
conserved CE3 region upstream of the branch site and the non-conserved sequences
upstream of the CE3 region) we may have missed an important element. The crosslinking experiments suggest however that only the conserved sequences upstream of the
branch site are required for cross-linking the 60-kDa factor. The CE3up sequences may
only function on weak 3' splice sites and this may explain why we did not observe any
effect when combining this sequence with the strong

~-globin

3' splice site.

The retention of hnRNP Al on the RNA affinity colurnn suggests that Al may be
acting as a repressor on the 3' splice site of exon 7B. Studies have shown this factor to
affect the selection of both 3' and 5' splice sites on several transcripts. In most cases
where hnRNP Al has been involved in splice site selection the distal site is activated. The
exact mechanism responsible for these effects is still under investigation. Further studies
will have to be performed to determine if Al or A2 have arole to play in modulating the
3' splice site of exon 7B. For example, the addition of recombinant hnRNP Al or A2 to
the CE3up RNA depleted nuclear extract would allow us to determine if these proteins
are able to reestablish repression. We may also consider depleting hnRNP Al from the
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nuclear extract by affinity chromatography using an RNA specific for the binding of
hnRNP AL If splicing of the p3'L transcript continues to splice to the distal 3' splice site
of the adeno virus we could then conclude that Al was not necessary for the observed
splicing pattern.
A Model for the Activity of CE3
With the information we have obtained on the CE3 sequences we propose that
they are involved in modulating the use of the 3' splice site of exon 7B. The element may
be considered to contain two important features (Figure 31 ). First, the sub-optimal
positioning of the branch site with respect to the 3' splice site would reduce splicing
efficiency. Second, the sequences upstream of the branch site would also contribute to
repression. Both elements appear to be functioning by inhibiting the recognition of the
branch site by U2 snRNP. First, since the branch site is located close to the 3' splice site
(within 16 to 25 nucleotides), the binding of U2AF65 to the pyrimidine stretch may be
interfering with the binding of U2 snRNP to the branch site. The sequences upstream of
the branch site region are bound by a factor that may be sterically inhibiting the binding
of U2 sn.R..W to the branch site or it may be preventing communication between U2
snRNP and other splicing factors to inhibit splicing complex formation. The results
presented in these studies suggest that hnRNP 1 (PTB) may be the factor that binds
upstream of the branch site and inhibits the use of this 3' splice site. This repression
allows the splicing system to splice to the next available 3' splice site, which in our p3'L
model transcript is the adenovirus major late site.
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16 to 18 nt

Figure 31. Sequences upstream of the branch site of exon 7B may block U2 snRNP recruitment
to the branch site region. Diagram representing how a protein binding upstream of the branch site
of exon 7B could interfere with U2 snRNP recruitment. Boxed region represents the exon and the
lined region the intron. The mammalian optimal branch site sequences are shown. U2AF binding
to the pyrimidine tract may interfere with optimal recruitment of U2 snRNP. Along with this
interference the binding of a nuclear factor (X) upstream of the branch site may disrupt U2
snRNP binding thus inhibiting the use of the 3' splice site of exon 7B.

Part II

Activity of Multiple Al binding sites
We have focused on identifying additional sequences that may function in
conjunction with the previously identified CEla element (Chabot et al., 1997) to
modulate the selection of 5' splice sites. After studying the effects of the 59 nucleotide
sequence immediately downstream of CE la, a 19 nucleotide region (CE-D) was shown to
have a similar effect on the selection of 5' splice site as CE la. When these two sequences
where used together (CEla and CE-D), an additive effect was observed leading to an
almost complete shift towards the distal 5' splice site. These results led us to propose that
the effect caused by the 110 nucleotide CE 1 element on the selection of the 5' splice site
may be attributed to CEla and CE-D. Whether any other sequences within CEl are
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involved in 5' splice site selection is unclear, however, a slight stimulation of the distal 5'
splice site by the CE-Z3 l fragment may suggest some contribution by these sequences.
The comparable effects on 5' splice site selection between the CEia and CE-D
elements as well as the visual identification of a potential hnRNP Al binding site within
the CE-D element suggested that the two elements might be functioning through a
common mechanism. The add-back of recombinant Al to an hnRNP A/B depleted
extract and the mobility shift assays confirmed arole for hnRNP Al in the activity of CED. Despite the increased sensitivity to the addition of recombinant Al protein to a
depleted nuclear extract for a transcript containing either the CE 1a or CE-D elements, it
is possible that Al may be needed to recroit other factors needed to modulate 5' splice
site selection. An interesting observation made during the mobility shift assays was that
not only did Al bind to the CE-D element but so did Al 8 and A2. These results suggest
that the Al 8 and A2 proteins may also be able to modulate 5' splice site selection. Sorne
evidence of such a possibility has been obtained during studies done with a CB3C7
nuclear extract. The CB3C7 cell line has a very low level of expression of hnR..N'P Al and
Al 8 due to a deletion of one of the alleles and disruption of the other due to a retroviral
insenion event (Ben-David et al .• 1992). Splicing of a transcript containing the CEla
element in this nuclear extract resulted in an identical splicing pattern to that obtained in
a HeLa extract. Depletion of the CB3C7 nuclear extract using an RNA oligo containing
the CE 1a sequences resulted in the removal of the hnRNP A2 and B 1 proteins. The
removal of these factors led to a splicing pattern similar to that of the A/B depleted HeLa
extract. Adding back recombinant A2 to a CB3C7 depleted extract resulted in the
activation of the distal 5' splice site (C. Lebel, persona! communication). The binding of
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Al and A2 to the same sequence combined with their similar effect on the selection of 5'
splice sites indicates that Al and A2 have redundant activities in our system.
How these Al-binding elements modulate 5' splice site selection is still unclear.
However, several important observations have been made that are relevant to the
underlying mechanism. First, the presence of either CEl or CE la between two 5' splice
sites does not interfere with the assembly of U 1 snRNP dependent complexes to the
proximal 5' splice site (Chabot et al., 1997). The CE-D element will likely lead to a
similar observation, since its activity is identical to CE 1a. Second, our laboratory bas
identified an additional Al binding site within a conserved sequence (CE4) in the intron
downstream of exon 7B (Blanchette, 2000; Blanchette and Chabot, 1999). CE4 promotes
a sirnilar activation of the distal 5' splice site and the Al protein is required for this
activity (B lanchette, 2000; Blanchette and Chabot, 1999). While individual CE 1a and
CE4 can activate distal 5' splice site usage, activation is greatest when both are present
(Blanchette and Chabot, 1999). The glycine-rich domain of Al has been shown to be
essential for the activation of the distal 5' splice site for both the CE4 and CElaelements
(Blanchette and Chabot, 1999). This domain is necessary for the interaction between Al
molecules (Cartegni et al., 1996). These observations were used to propose the following
model for the activity of the conserved elements and the interaction with Al proteins. Al
proteins bound to the CE 1 and the CE4 elements on either side of exon 7B may interact
with one another through their glycine-rich do mains leading to a structural change of the
pre-mRNA bringing the distal 5' and 3' splice sites in close proxirnity to favor their use
(Figure 32).
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Figure 32. Al molecules bound to high-affinity Al binding sites can interact through their glycine-rich

domains to remodel a pre-mRNA.Schematic representation of how the CEl and CE4 elements may be
involved in remodeling the pre-mRNA. Al molecules bound to the elements located in either intron
flanking exon 7B, may interact through their glycine-rich domains (indicated by the arrow). This
interaction would alter the structural organization of the pre-mRNA bringing the 5' splice site of exon 7
in close proximity to the 3' splice site of exon 8 th us favoring splicing between these sites. Large boxes
represent exons and small boxes represent the conserved elements (CEl and CE4). The lined region
corresponds to introns. The splice sites are indicated.

If this model is correct, the positioning of these high-affinity Al binding sites on

either side of a 3' splice site should lead to a selection of the distal 3' splice site within a
transcript containing competing 3' splice sites. However, the insertion of the CEl
element upstream of the proximal 3' splice site or between the two competing 3' splice
sites had no effect on the splice site choice (Chabot et al., 1997). This result suggests that
the presence of a 3' splice site between two Al binding sites may hinder the interaction
between bound Al molecules. Further studies will have to be done to confirm these
results and it will be interesting to see if the presence of the CE la and CE-D elements

126

upstream and the CE4 elements downstream of a proximal 3' splice site can modulate the
selection of this 3' splice site.
The results presented in this study show that the CEl element is composed of two
Al binding sites and that the presence of this element between the competing 5' splice
sites leads to an almost complete shift to distal splice site use. A comparison of the CEl
and CE4 elements has revealed some similarities between the two elements (Figure 33):
1) Both CEl and CE4 elements contain two hnRNP Al binding sites. 2) They both
contain the UAGAGU sequence as one of the Al binding sites. 3) The Al binding sites
are separated by a 7-nucleotide spacer sequence. Does this particular arrangement of

7-nt
CEl
CE4

GUACCUullllllAGGCUAQiiiiiM1tUAAACUUA
AGC"f"M~GACUUClllllllJU

•

high-affinity Al binding sites

•

putative A 1 binding sites

Figure 33. Comparison of the CEl and CE4 elements. Bath elements contain a common
UAGAGU high-affinity Al binding sequence (dark box) and a second putative hnRNP Al
binding sites (light box). A 7 nucleotide spacer sequence is found between the two Al binding
sites. This distribution of the Al binding sites may be essential for function of the elements.

hnRNP Al binding sites tell us something about the mechanism of Al action? A possible
model is that two binding sites within each element may have distinct functions, one as a
binding site and the other as a stabilizing site (Figure 34A). This type of model would
involve that the binding of hnRNP Al to the elements requires both RRMs, with one
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RRM binding tightly to one element and the other RRM stabilizing binding by interacting
with the neighboring element. An interaction between the bound Al molecules would
in volve interactions through the glycine-rich domains. The presence of two binding sites
per element may function more efficiently than a single site due to a cooperative binding
of Al molecules to these sites (Figure 348). Another possible mechanism through which
these two binding sites may be functioning could be to help stabilize a change in the
conformation of the pre-mRNA after the protein-protein interactions have taken place
between the Al molecules bound to CEl and CE4. This model would involve binding of
A 1 molecules to each of the high-affinity A 1 binding sites within the CE l and CE4
elements leading to a rearrangement of the pre-mRNA structure via the interaction by the
glycine-rich domains. Once the Al molecules from both elements are close, the second
RRM of each protein could now bind with sequences located in between the 2 highaffinity sets of the other element locking the RNA into this new configuration (Figure
34C). This "zipper" model is attractive due to some observations that have been reported.
First, the crystal structure of the N-terminal portion of hnRNP Al (called UPl) revealed
that the two RRMs of one protein monomer could bind to two separate single-stranded
DNA fragments and that these DNA fragments were antiparallel (Ding et al., 1999). In
the ..zipper" model the antiparallel orientation of the RNA would be obtained from the
folding of the pre-rnRNA (Figure 33C). Second, both elements contain a 7-nucleotide
spacer sequence between the two high-affinity Al binding sites. This distance may be the
exact size needed to allow an hnRNP Al molecule to fit in and bind the RNA (Figure
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Figure 34. Potentia! role for the organization of the conserved elements.
A) Representation of how the two high-affinity Al binding sites within each
element (CE l and CE4) may interact with Al molecules. One of the RRMs of the A 1
molecule could bind to one of the two sites. The second RRM would then interact with
the free binding site to stabilize the binding of the protein to each element. The boxed
regions represent the high-affinity Al binding sites. B) Cooperativity model. The
interaction of an Al molecule with one of the two high-affinity binding sites could
result in some conformational change of the molecule allowing the binding of a
second Al mo lecule to the adjacent high-affinity binding site. C) Schematic
representation of the ..zipper'' mode!. This model proposes that the binding of hnRNP
Al to the high-affinity binding sites would occur through one of the two RRMs. An
interaction between the bound Al molecules would fold the RNA so that the second
RRM of each Al molecule could interact with sequences located within the other
element. The lines and box represent the intron and exon sequences, respectively.
Dark circle represents the interaction of the glycine-rich do mains of the Al molecules.
The arrows show that the R.NA can be held in an antiparallel orientation after the Al
mo lecules interact.
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34C). The antiparallel arrangement of the RRMs within each Al protein would allow it to
internet with sequences found within both elements producing the "zipper Iock".
A second model to explain how hnRNP Al may modulate the selection of 5'
splice sites involves the sequential binding of Al molecules to cover or coat the premRNA (Figure 35). This covering or coating of the RNA would prevent the binding of

3'

5'

Figure 35. Coating model. The binding of hnRNP Al to the high-affinity binding sites within CEl and
CE4 could result in the recruitment of further Al molecules to bind to the RNA. This recruitment would
lead to the coating of a portion of the RNA needed for proper recognition of the splice sites. The lines
and box represent the introns and exon sequences, respectively.

other proteins to the region and if for example the 5' splice site were covered then it
would not be recognized by Ul snRNP and thus not used for splicing. Severa! results
obtained during the studies done in our laboratory do not support this type of model.
First, both CEl and CE4 are located close to the 5' splice sites of exon 7 and 7B,
respectively. Thus if the coating of the proximal 5' splice site by CE4 would inhibit
splicing to this site, a similar activity would be expected for the CE 1 element leading to
loss of splicing to the 5' splice site of exon 7, an event that has not been observed.
Second, the use of the truncated formof Al, UPl, is able to bind to the same sequence as
Al and has been shown to suppress the activity of Al to activate distal 5' splice sites.
The inhibition is believed to be due to a competition for binding the high affinity Al
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binding sites. Under the coating model we would expect UPl to coat the pre-mRNA
similar to the Al protein and this would inhibit the use of this 5' splice site. It is possible
that the glycine-rich domain needed for protein-protein interactions is necessary for the
recruitment of other Al molecules to be bound to the RNA near the initial high affinity
binding sites however, there is no evidence for such an activity. Third, inhibition of the
binding of Ul snRNP to the proximal 5' splice site was not observed during a Ul
protection assay (Chabot et al., 1997) suggesting that hnRNP Al is not interfering with
the recognition of the 5' splice site.
Sim.ilar models have been proposed to explain how hnRNP 1 (PTB) may function
to inhibit the inclusion of some exons (reviewed in Wagner and Garcia-Blanco, 2001).
Many of the systems involving hnRNP 1 as a regulator of splicing have shown high
affinity binding sites located within the introns flanking the silenced exon, some
examples include the Nl exon of the c-src gene (Chan and Black. 1995: Chan and Black.
1997: Chou et al., 1999), a-actinin (Southby et al., 1999), and FGF-R2 (Carstens et al.,
2000). Whether this sequestering or coating of the excluded exon is occurring is still
under investigation for both the PTB and Al protein systems.

The big picture
The identification of several intronic elements that modulate the alternative
splicing of the 5' and 3' splice sites of exon 7B in vitro suggests that some splicing
systems that look simple can be very complex. The Nl exon of the c-src gene is another
complex splicing system involving several cis- and trans-acting regulatory factors. An
exact role for hnRNP Al 8 in cells has not been established, however, the nurnber of
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regulatory elements involved in repressing the inclusion of exon 7B into the mRNA
suggests that the presence of the Al 8 protein must be strictly regulated. This control
involves at Ieast five intron elements. How these elements function in a coordinated
manner within the hnRNP Al gene still remains unclear! The observations made by
Roberts et al. ( 1998) suggest that the regulation of some splicing events can depend on
when a particular cis-acting regulatory element is transcribed. Considering this and how
each conserved element has been observed to function on the selection of exon 7B splice
sites in vitro, I propose the following model for the regulated splicing of exon 7B.
As transcription proceeds, the intron between exon 7 and exon 7B will be present
prior to the intron downstream of exon 7B. The splicing components will begin binding
to their recognition sequences to initiate the removal of the upstream intron. Due to the
observation that most ce II lines studied show a very Iow expression of the Al 8 protein, it
may be predicted that the presence of a weak 3' splice site on exon 7B and the presence
of the repressor sequences upstream of the branch site prevent splicing between exon 7
and 7B by slowing down the formation of a spliceosome with these splice sites. These
elements allow the transcription system time to transcribe the sequences down stream of
exon 7B. As the sequences of the 5' splice site of exon 7B and the 3' splice site of exon 8
appear splicing across this intron must also be suppressed to prevent inclusion of exon 7B
into the final mRNA. To reduce this splicing event the CE6 element, composed of
intronic sequences between exon 7B and 8, can forma secondary structure with the 5'
splice site of exon 7B resulting in the inhibition of the recognition of this site by Ul
snRNP. Once the 3' splice site of exon 8 has been transcribed, the alternative splicing
unit becomes one requiring selection between two 3' splice sites (the proximal 3' splice
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site of exon 7B or the distal 3' splice site of exon 8). In the event that splicing occurs
between exon 7 and 7B. splicing would then be expected to occur between exon 7B and 8
by default.
The observation that some hnRNP Al 8 proteins are produced implies that the 3'
splice site of exon 7B can be used. For this exon to be included in the mRNA something
must overcome the effects of the negative elements. One such element might be CE9
(Simard and Chabot, 2000). Although the other elements function by directly acting on
the use of the splice sites of on exon 7B, CE9 appears to positively regulate the inclusion
of exon 7B by repressing the use of the 3' splice site of exon 8. Repressing the use of the
3' splice site of exon 8 would allow time for the splicing system to use the 3' splice site
of exon 7B. In certain cell types when the concentration of the trans-acting factor is high
the activity of the CE9 element may be stronger resulting in a higher production of Al 8
prote in.
The CE 1a, CE-D and CE4 elements may therefore function to insure that there is
an efficient pairing between the 5' splice site of exon 7 and the 3' splice site of exon 8.
Members of the hnRNP A/B family of proteins bound to these elements would change
the conformation of the pre-rnRNA by interacting with members bound to the element
located in the other intron, thus favoring splicing between the distal pair of splice sites.
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