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The CD44 gene alternative exons v8, v9, and v10 are
frequently spliced as a block by epithelial cells. By
transfecting minigenes containing only one of these al-
ternative exons, we show that splicing of each of them is
under cell type-specific control. By using minigenes car-
rying short block mutations within exons v8 and v9, we
detected a candidate exon splicing enhancer in each of
these exons. These candidates activated splicing in vitro
of a heterologous transcript and are thus true exon
splicing enhancers. We analyzed further a v9 exon splic-
ing enhancer covering ~30 nucleotides. This enhancer
can be UV cross-linked to SR proteins of 35 and 20 kDa in
HeLa nuclear extract. By using individual recombinant
SR proteins for UV cross-linking in S100 extract, these
proteins were identified as 9G8, ASF/SF2, and SRp20.
S100 complementation studies using recombinant 9GS,
ASF/SF2, and SRp20 showed that all three proteins can
activate splicing in vitro of a heterologous exon contain-
ing the v9 enhancer; the strongest activation was ob-
tained with 9G8. Progressive truncation of the 30-nucle-
otide enhancer leads to a progressive decrease in
splicing activation. We propose that 9G8, ASF/SF2,
SRp20, and possibly other non-SR proteins cooperate in
vivo to activate v9 exon splicing.

Alternative splicing of pre-mRNA transcripts allows a gene
to code for more than one protein (1, 2). Very often similar but
distinct versions of the same protein are made from a gene in
this way. When alternative splicing is controlled in a cell type-
specific manner, cells benefit from the particular version of a
protein best suited to their needs. The biological importance of
this is underlined by numerous observations linking impaired
control of alternative splicing to human diseases, including
cancer (3). Understanding splicing control will thus shed light
on important aspects of normal and pathological cell life.

In mammalian systems, alternative splicing control is often
very complex and is characterized by multiple combinatorial
control (4). For example, splicing of the neuron-specific exon N1
of the mouse c-src gene is activated by a purine-rich exonic
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sequence and an intronic splicing enhancer; the latter contains
binding sites for hnRNP! H, hnRNP F, and KH-type splicing
regulatory protein (5). Polypyrimidine tract binding protein
(PTB) binds to intron sites flanking the N1 exon to repress
splicing, and one of these lies within the enhancer (6). A neu-
rally enriched homologue of PTB binds more stably to this site
than does PTB but is a weaker repressor of splicing in vitro. A
neurally enriched homologue of PTB also greatly enhances the
binding of hnRNP H and KH-type splicing-regulatory protein
to the enhancer (5). The N1 exon is thus under control of both
activators and repressors, and their relative influence deter-
mines its splicing efficiency (7).

We and others have investigated another example of multi-
ple combinatorial control: splicing of the FGFR-2 gene K-SAM
alternative exon, an exon spliced by epithelial cells. Splicing
requires the action of three activating sequences in the down-
stream intron (8), one of which binds the activator TIA-1 (9).
Splicing is repressed by an exon-splicing silencer that binds
hnRNP A1l (10) and by PTB-binding sites in the flanking in-
trons (11). The other alternative exon (BEK) is repressed by a
sequence in the upstream intron that overlaps with one of the
sequences needed for efficient K-SAM exon splicing (12). The
BEK exon also contains binding sites for PTB that contribute to
repression of its splicing (13).

We wished to analyze splicing of other epithelial cell-specific
exons. Variable exons v8, v9, and v10 of the CD44 gene are
spliced by epithelial cells and are attractive models for a num-
ber of reasons. CD44 is a transmembrane receptor expressed by
numerous cell types, which participates in cell-cell or cell-
extracellular matrix interactions (14-17). It has been impli-
cated in a number of normal and pathological processes de-
pending on such interactions. Many different isoforms of CD44
exist, as a result of extensive alternative splicing of the CD44
pre-mRNA (18). The human CD44 gene contains 20 exons.
Exons 1-5 are spliced constitutively. Between exons 5 and 16
lie 10 exons (v1-v10) that can be alternatively spliced in a very
large number of different combinations. A report (19) that
metastasizing rat pancreatic adenocarcinoma and mammary
carcinoma cell lines express specific CD44 isoforms (CD44v4-v7
and CD44v6,v7), whose forced expression suffices to confer
metastatic properties upon a related non-metastasizing cell
line, provoked many studies of CD44 transcripts and proteins
in a wide variety of human tumor samples (20). Although no
simple, universal rule has emerged, expression of certain CD44
isoforms appears to be inversely correlated with survival
probability in some specific cancers (17). Much of this work
has focused on exon v6, but some studies have also addressed

! The abbreviations used are: hnRNP, heterogeneous nuclear ribonu-
cleoprotein; ESE, exon splicing enhancers; RT, reverse transcriptase;
dsx, doublesex; 5'ss, 5’ splice site; SCR, scrambled.
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exons v8—v10. Thus it has been suggested, for example, that
CD44v8-v10 expression is a marker of prognostic significance
in gallbladder cancer (21).

The link between CD44 and cancer makes the CD44
pre-mRNA an attractive model for studying the possible mod-
ification of alternative splicing control in cancer. Previous stud-
ies have concentrated on elements controlling splicing of CD44
exons v4 (22—-24) and v5 (24-28). As stated above, we were
interested in exons v8, v9, and v10, splicing of which allows
production of the CD44E form, preferentially expressed on
epithelial cells. We have begun an analysis of sequence ele-
ments important for splicing of these exons, and we show here
that exons v8 and v9 contain exon splicing enhancers (ESEs).
We identify sequences within a v9 ESE, which bind to SR
proteins 9G8, ASF/SF2, and SRp20, and we show that these
proteins can activate splicing in vitro of a heterologous exon
containing the v9 ESE. Our results are thus in favor of involve-
ment of 9G8, ASF/SF2, and SRp20 in v9 exon splicing in vivo.

EXPERIMENTAL PROCEDURES

Plasmids—All plasmids used were constructed by standard subclon-
ing procedures (details are available on request). The CD44 minigene
has been described elsewhere (9). To make the v8 minigene, exons v9
and v10 were removed from the CD44 minigene by deleting fragments
containing them (a 319-bp fragment was deleted for v9, and a 307-bp
fragment was deleted for v10). To make the v9 minigene, a 856-bp
deletion between Clal and BlplI sites in the CD44 minigene was used to
remove the v8 exon, and the v10 exon was deleted on a 307-bp fragment.
The v10 minigene was made by deleting a 2988-bp fragment containing
the v8 and v9 exons from the CD44 minigene. To make v8 and v9
minigenes containing blocks of mutated exon sequences, fragments of
the corresponding minigenes were transferred to pBluescript SK(+) (an
856-bp Clal-Blpl fragment for v8 and a 2132-bp BlpI-Hpal fragment for
v9), mutated, and replaced in the parent minigene. Mutagenesis was
carried out using 5’-phosphorylated divergent oligonucleotide primers
for PCR. PCR products were circularized by ligation prior to introduc-
tion into Escherichia coli. Mutations were verified by sequencing. Oli-
gonucleotides used are as follows: for v8Mb9, 5'-AATGTTCTGAAGGA-
ATCAATATTAGTG-3' and 5-CGCGAAGTCATAGTACAACGCTTCA-
GCC-3'; for v8Mb8, 5'-CGGAGTGAGGAGTCCATATCTGAAGGAAT-
C-3' and 5'-ATATCGCCTTCAGCCTACTGCAAATCC-3'; for v8Mb7, 5'-
TATCGTTCGTTGTACTATGACTGGAGTCC-3' and 5'-TCCGACGCA-
ATCCAAACACAGGTTTGGTGG-3'; for v8Mb6, 5'-ATCCGGTGCAGT-
AGGCTGAAGCGTTATAC-3" and 5’-CCGCAAGGTTTGGTGGAAGAT-
TTGGAC-3'; for v8Mb5, 5'-TCAGGAGTGTTTGGATTTGCAGTAGG-
C-3' and 5'-TATCCAAGATTTGGACAGGACAGGACC-3'; for v8Mb4,
5'-TCGAGCCACCAAACCTGTGTTTGG-3" and 5'-TATCACAGGACA-
GGACCTCTTTC-3'; for v8Mb3, 5'-ATCCGCCAAATCTTCCACCAAAC-
CTG-3' and 5'-ATCCATCCTCTTTCAATGACAACGCG-3'; for v8Mb2,
5'-TCGCATCCTGTCCTGTCCAAATCTTCC-3" and 5'-TATCATGACA-
ACGCGTAAGAATAACG-3'; for v8Mb1, 5'-ATCGTGAAAGAGGTCCT-
GTCCTGTCCTGTCC-3" and ATCCGCGTAAGAATAACGATGCTCAG-
3'; for v9Mb8, 5'-TATCGCTCTGTTTCAATGAGGAATGAATCC-3' and
5'-TCGCTCTCAGAGCTTCTCTACATCACATG-3’; for vOMb7, 5'-TAT-
CGTTATTACTCTGCTCTGTTTCAATGAGG-3' and 5-TCCGACGCA-
CATCACATGAAGGCTTGGAAGAAG-3'; for vOMb6, 5'-ATCATCAGA-
GAAGCTCTGAGAATTACTCTG-3’ and 5'-ATCCGAGGCTTGGAAGA-
AGATAAAGACC-3'; for v9Mb5, 5'-TCAGGATCATGTGATGTGATGT-
AGAGAAGCTCTGAG-3" and 5'-TATCCAAGATAAAGACCATCCAAC-
AACTTC-3'; for v9Mb4, 5'-TCGAGCTTCCAAGCCTTCATGTGATG-3’
and 5'-TATCACCATCCAACAACTTCTACTC-3’; for v9Mb3, 5'-ATCC-
GCTTTATCTTCTTCCAAGCCTTC-3" and 5'-ATCCATACTTCTACTC-
TGACATCAAGCAG-3’; for vOMb2, 5'-TCGCATGTTGGATGGTCTTT-
ATCTTCTTCC-3" and 5'-TATCCTGACATCAAGCAGTAAGG-3'; and
for v9Mb1, 5'-TATCGAGTAGAAGTTGTTGGATGGTCTTTATC-3' and
5'-TCAATGCAGTAAGGATTATAAAACCTAGTTGGC-3'.

pdsx(RI/FspD)T7 (29) was a gift from T. Maniatis. pdsx(AAG)g, pdsx-
SCR, pdsx-v8d9, pdsx-v8d4, pdsx-v8b4, pdsx-v9d8, and pdsx-v9b6-5-4
were made by introducing complementary oligonucleotides correspond-
ing to the sequences shown in Fig. 4A into the Bs¢BI site of pdsx(RI/
FspD)T7. These constructs were linearized by HindIII before in vitro
transcription using T7 RNA polymerase. For UV cross-linking experi-
ments, the same sequences as those introduced into pdsx(RI/FspI)T7
(plus v9b5-4, v9b4da, see sequences Fig. 5A) were introduced into pBlue-
script SK(+). Constructs were linearized with EcoRI before in vitro
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transcription. Plasmid Spl ex2 inv was as described previously (30).
The v9 exon sequences to be tested (see Fig. 5A for individual se-
quences) were inserted between the Kpnl and BamHI sites of the
inverted exon of this plasmid to make Sp1 ex2 inv v9b6-5-4, v9b5-4, and
v9b4a. The positive control sequences for 9G8, ASF/SF2, and SRp20 are
as listed in the legend to Fig. 6; they were also inserted between the
Kpnl and BamHI of Spl ex2 inv to make derivatives responding spe-
cifically to each SR protein. These constructs were linearized by HindIII
before in vitro transcription.

Transfections and RT-PCR—RNA was prepared from SVK14 cells
(31) and 293-EBNA cells (Invitrogen), which had either been trans-
fected or not, and used for RT-PCR with appropriate primers as de-
scribed elsewhere (10). When applicable, cycloheximide (50 pg/ml) was
added to cells 48 h after transfection, and cells were harvested 6 h later.
24-28 cycles of amplification (1 min at 94 °C, 1 min at 58 °C, and 2.5
min at 72 °C) were used in order to remain in the range of exponential
amplification. PCR products were migrated on 2% agarose gels, trans-
ferred to nylon filters (Hybond N+, Amersham Biosciences), and
hybridized with appropriate **P-labeled probes. Filters were subjected
to autoradiography or used for PhosphorImager analysis (Phosphor-
Imager:445SI, Amersham Biosciences), with quantification using Image-
Quant software. For analysis of endogenous CD44 mRNAs, primers
used were 5'-CTCCACCTGAAGAAGATTGTACATC-3' and 5'-TCA-
GATCCATGAGTGGTATGGGACC-3' for amplification, and hybridiza-
tion probes were either a mixture of 5’ end-labeled oligonucleotides
(5'-CAATGCCTTTGATGGACC-3’ and 5'-ACTGGGGTGGAATGTGTC-
3') from constitutive exons 4 and 16, respectively, or 5’ end-labeled
oligonucleotide probes specific for the v8 exon (5'-GGATTTGCAGTAG-
GCTGAAGCG-3'), the v9 exon (5'-CATGTGATGTAGAGAAGCTCTG-
3'), or the v10 exon (5'-CTTCGTGTGTGGGTAATGAGAG-3'). For ana-
lysis of minigene mRNAs primers used were P1 (5'-ATCCAGTGGAT-
CAAGCAC-3') and P2 (5'-GGCAACCTAGAAGGCACAG-3’), and
probes used were either linked C1 and C2 sequences of the FGFR-2
gene or the CD44 exon-specific probes listed above. For transfections,
SVK14 cells and 293-EBNA cells were transfected with 2 ug of mini-
gene and 18 pg of pCI-MS2 (10) by the calcium phosphate coprecipita-
tion technique as described elsewhere (10). 48 h after transfection, RNA
was harvested and analyzed by RT-PCR.

Extract Preparation and in Vitro Splicing Assays—HeLa cell nuclear
extract, the 15—45% ammonium sulfate nuclear fraction, a total SR
protein preparation, and recombinant 9G8, ASF/SF2, SC35, and SRp20
were prepared as described previously (30, 32). Capped ®2P-labeled
pre-mRNA substrates were made by run-off in vitro transcription with
T7 RNA polymerase for dsx constructs and with SP6 RNA polymerase
for Spl ex2 inv constructs. For standard in vitro splicing assays,
132,000 dpm of dsx or Sp1 ex2 inv transcripts (40 fmol) were incubated
in a final volume of 25 ul, with 10 ul of nuclear extract for dsx con-
structs, or with a mixture of 4 ul of nuclear extract and 4 ul of S100
cytoplasmic extract for Spl ex2 inv transcripts, in 11.2 mm Hepes, pH
7.9, 0.76 mMm ATP, 24.8 mM creatine phosphate, 3.2 mm MgCl,, 2.6%
polyvinyl alcohol, 0.28 mwm dithiothreitol, 11.2% glycerol, 56 mm KClI,
0.11 mm EDTA, 40 units of RNasin (Promega) at 30 °C for 2 h. Splicing
products were resolved on denaturing 10 (dsx-based transcripts) or 6%
(Sp1 ex2 inv-based transcripts) polyacrylamide gels, followed by auto-
radiography. For in vitro splicing of Spl ex2 inv-based transcripts in
S100 complementation assays, transcripts were incubated in a final
volume of 25 ul with 9 ul of S100 cytoplasmic extract plus 1 ul of a
15-45% ammonium sulfate nuclear fraction. Under these conditions
only very weak splicing is observed even with good splicing substrates,
and this weak splicing can most probably be attributed to residual
amounts of SR proteins in the 15-45% ammonium sulfate fraction.
Depending on the experiment, various amounts of recombinant SR
proteins were added to assays as indicated in the figure legends. Incu-
bations were in 11.2 mM Hepes, pH 7.9, 1.52 mM ATP, 24.8 mM creatine
phosphate, 3.2 mm MgCl,, 2.6% polyvinyl alcohol, 0.28 mwm dithiothre-
itol, 6.4% glycerol, 56 mM KCI, 0.11 mMm EDTA, 40 units of RNasin at
30 °C for 90 min, and splicing products were resolved on denaturing 6%
polyacrylamide gels, before analysis by autoradiography.

UV Cross-linking Assays—High specific activity *?P-labeled RNA
probes were made by run-off in vitro transcription with T7 RNA poly-
merase from the pBluescript SK(+)-based plasmids (*?P-labeled ATP
was used to make the probes). Probes (250,000 dpm) were incubated in
a final volume of 15 ul with 3 ul of nuclear extract, or 3 ul of S100
cytoplasmic extract, or 3 ul of S100 cytoplasmic extract plus, depending
on the experiment, 200 ng of total SR proteins, or 200 ng of individual
recombinant SR proteins. Incubations were in 10 mm Hepes, pH 7.9,
0.75 mm ATP, 25 mMm creatine phosphate, 3.2 mm MgCl,, 11.3% glycerol,
60 mm KCI, 33 ng/ul tRNA, and 55 units of RNasin at 30 °C for 20 min.
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Fic. 1. Splicing of CD44 variable exons. A, a portion of the CD44 pre-mRNA is shown, with exons marked as black boxes and introns as lines.
The alternative splicing events yielding CD44H (splicing of exon 5 to exon 16, skipping of all v exons) and CD44E (splicing of exons v8, v9, and v10
between exons 5 and 16) are shown above the pre-mRNA. The CD44 sequences present in minigene pre-mRNA are identified by an arrow below
the CD44 pre-mRNA. Also shown is a portion of minigene pre-mRNA, with the FGFR-2 constitutive exons C1 and C2 represented as boxes and
FGFR-2 intron sequences as thick lines. B, RT-PCR analysis of CD44 pre-mRNA splicing in 293 cells and in SVK14 cells. RNA from these cells was
subjected to RT-PCR using primers from exons 4 and 16, before Southern blotting analysis. For lanes I and 2, the probe used was a mixture of
oligonucleotides from exons 4 and 16. For lanes 3-5, oligonucleotide probes specific for exons v8, v9, and v10, respectively, were used. The expected

migration positions of CD44E and CD44H products are shown.

Incubated samples were subjected to UV cross-linking, and then the
samples were treated with 250 ng of RNase A and 100 units of RNase
T1 for 1 h at 37 °C. Samples were diluted with a 2X SDS protein loading
buffer, heated for 5 min at 100 °C, and resolved by SDS-PAGE on 12%
polyacrylamide gels. Dried gels were then autoradiographed.

RESULTS

A Minigene for Studying Exon v8-v10 Splicing—A schematic
map of part of the CD44 gene with its 10 variable exons (v1—
v10) lying between constitutive exons 5 and 16 is shown in Fig.
1A, together with representations of the CD44E mRNA (con-
taining exons v8-v10) and the CD44H mRNA (containing none
of the variable exons). We analyzed the CD44 splicing pattern
in human 293 cells and in the human keratinocyte cell line
SVK14, using RT-PCR with primers in constitutively spliced
exons 4 and 16. The major RT-PCR product from 293 cells
corresponded in size to that expected from CD44H mRNA (Fig.
1B, lane 1) and did not hybridize to oligonucleotide probes
specific for the v8, v9, and v10 exons (data not shown). Whereas
SVK14 cells express some CD44H mRNA also, the major RT-
PCR product obtained from these cells corresponded in size to
that expected from CD44E mRNA (Fig. 1B, lane 2) and hybrid-
ized to oligonucleotide probes specific for the v8, v9, and v10
exons (Fig. 1B, lanes 3-5, respectively). Some RT-PCR products
larger than CD44E were observed in SVK14 cells; they contain
exons v8—v10 (Fig. 1B, lanes 3-5) and presumably a selection of
additional v exons chosen from v1-v7.

We constructed a minigene (v8v9v10) harboring human
CD44 gene sequences including variable exons v8, v9, and v10
(see Fig. 1A), with 0.74 kb of the 18.4-kb intron separating
exons 5 and v8, and 1.5 kb of the 3.7-kb intron separating exons
v10 and v16. In our minigene these CD44 sequences lie be-
tween constitutively spliced FGFR-2 gene exons C1 and C2. A
Rous sarcoma virus long terminal repeat promoter and the

polyadenylation signal for a bovine growth hormone gene are
provided for driving expression (Fig. 24). This minigene was
transfected into SVK14 and 293 cells, and RNA was harvested
and analyzed by RT-PCR using minigene-specific primers P1
and P2. In SVK14 cells, the major RT-PCR product obtained
(Fig. 2B, lane 1) contained exons v8, v9, and v10 (this product
hybridized to oligonucleotide probes specific for these exons,
data not shown).

In 293 cells, the RT-PCR products were more complex (Fig.
2B, lane 5). The major product (C1C2) corresponded to skipping
of all three variable exons, whereas other products corre-
sponded to splicing of different combinations of the variable
exons as marked (products were identified by hybridization to
oligonucleotide probes specific for the v8, v9, and v10 exons,
data not shown). Note that in 293 cells, an alternative 5’ splice
site (5'ss 2, Fig. 2A) can be used for exon v9 on minigene
pre-mRNA. When 5'ss 2 is used, additional sequences (repre-
sented by an asterisk in Fig. 2, A and B, and in following
figures) will be present in mRNAs and RT-PCR products. These
additional sequences contain in-frame stop codons. 5'ss 2 is not
used for splicing of the endogenous CD44 pre-mRNA in 293
cells (Fig. 1B, lane 1). However, in the mouse (33), splicing to
exon v9 of an alternative exon lying in the intron separating
exons v9 and v10 leads to formation of soluble CD44 (the
alternative exon contains in-frame stop codons). It is thus pos-
sible that 5'ss 2 is used by some human cell types for soluble
CD44 production.

Compared with endogenous CD44 pre-mRNA, minigene
pre-mRNA allows more efficient splicing of exons v8, v9, and
v10 in both SVK14 cells and in 293 cells (compare Fig. 1B, lane
2, to Fig. 2B, lane 1, and Fig. 1B, lane 1, to Fig. 2B, lane 5). This
is probably because, as shown in Fig. 1A, the 3’ splice sites of
these exons are much closer (at least 17.6 kb closer) to the 5’
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Fic. 2. Splicing of CD44 minigene pre-mRNAs. A, schematic representations of minigenes v8v9v10, v8, v9, and v10. Drawings are not to

scale. The extent of CD44 gene sequence in minigenes is shown by an arrow. The Rous sarcoma virus long terminal repeat promoter and the bovine
growth hormone polyadenylation sequence are marked RSV and BGH, respectively. FGFR-2 exons C1 and C2 are identified, and FGFR-2 gene
intron sequences are represented by thick lines. CD44 exons v8, v9, and v10 are shown, and thin lines represent CD44 intron sequences. Two
alternative 5’ splice sites are marked for the v9 exon (5’ss 1, the normal v9 5’ splice site, and 5'ss 2). The box with an asterisk represents sequences
that are included in mRNAs if the v9 exon is spliced using 5'ss 2. Broken lines in v8, v9, and v10 minigene representations indicate deleted
sequences. The positions of primers P1 and P2 used for RT-PCR analysis are marked. B, RT-PCR analysis of minigene pre-mRNA splicing. RNA
from 293 or SVK14 cells transfected with minigenes as shown was subjected to RT-PCR using primers P1 and P2 shown in A, before Southern blot
analysis with a probe comprising linked C1 and C2 exon sequences. Filters were subjected to autoradiography or used for PhosphorImager analysis
to determine the relative abundance of RT-PCR products. Individual products are identified by their structures. The box with an asterisk
represents sequences included as a result of use of the v9 exon’s alternative 5'ss (5'ss 2, see A). The % inclusion was calculated by dividing the
signal furnished by products containing one or more variable exon (for the v9 exon, products derived from use of both 5’ss 1 and 5'ss 2 were taken
into consideration) by the total signal and multiplying by 100%. For lane 5, individual products were identified by hybridization to oligonucleotide
probes in a separate set of experiments not shown here. The relative contributions of the products to the total signal is shown to the immediate
left of lane 5. Transfections were carried out by series, each series involving transfection of the four minigenes in SVK14 and 293 cells in parallel.

Three series were analyzed. Typical results are shown here.

splice site of the upstream constitutive exon C1 in the minigene
than they are to the 5’ splice site of the upstream constitutive
exon 5 in the endogenous gene. Reducing intron size has been
shown previously to increase v exon splicing (34). Some cell
type-specific splicing control can nevertheless be observed with
minigene RNA, as inclusion of variable exons is ~2-fold more
efficient in SVK14 cells than in 293 cells (compare Fig. 2B,
lanes 1 and 5).

Splicing of Each v Exon Is Controlled—FExons v8, v9, and v10
are very often spliced as a block, and it has been proposed
previously that splicing of one of the exons favors splicing of the
others (34). As noted above, one possible explanation could be
intron size (34), which has been shown to have an influence on
v exon splicing. For example, if exon v8 is defined for splicing
(as in the exon definition model), the intron separating the 3’
splice site of exon v9 from the nearest upstream active 5’ splice
site (the 5'ss of the v8 exon) will be only 2 kb, as opposed to 20
kb (the distance to the 5’ splice site of constitutive exon 5) if
exon v8 is not defined. Definition of exon v8 could thus enhance
splicing of exon v9. So one possible model for cell type-specific
splicing requires splicing control to act directly on just one v
exon, splicing of which then induces splicing of the other v
exons, without there being a need for any direct control acting
on these latter exons. In an alternative model, splicing of each

v exon is under direct control. To distinguish between these two
possibilities, we tested minigenes containing only one variable
exon (Fig. 2A, minigenes v8, v9, and v10). For each of these
minigenes, variable exon inclusion was about 2-fold more effi-
cient in SVK14 cells than in 293 cells (Fig. 2B, compare lanes 2
and 6 for v8, lanes 3 and 7 for v9, and lanes 4 and 8 for v10).
This result is similar to that obtained with the minigene con-
taining all three variable exons where, as mentioned above,
inclusion of the variable exons is ~2-fold more efficient in
SVK14 cells than in 293 cells. Each exon is thus under direct
control. However, exons v8, v9, and v10 are spliced less effi-
ciently in SVK14 cells when alone than when together (Fig. 2B,
compare lanes 2-4 to lane 1). This suggests that in addition
splicing of one of these exons can favor splicing of the others.

v8 and v9 Exon Sequences That Affect Splicing in Vivo—To
begin our analysis of sequences controlling splicing of the CD44
epithelial exons, we decided to search for control elements
within exons v8 and v9. The sequences of these exons are
shown in Fig. 3A and were arbitrarily divided into short blocks
as shown (blocks b1-b9 for exon v8 and b1-b8 for exon v9). We
made versions of minigenes v8 and v9 (Fig. 24) in which blocks
(Fig. 3A) were replaced by a random sequence of the same size.
For example, in minigene v8Mb9, block 9 of exon v8 has been
replaced by a random sequence. These minigenes were trans-
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Fic. 3. Exon sequences involved in controlling splicing in vivo. A, sequences of v8 and v9 exons are shown, with identification of portions
subjected to block mutation (marked as bn, where n is a number). B-E, RT-PCR analysis of RNA from SVK14 or 293 cells transfected with indicated
minigenes. In minigenes v8Mbn, sequence bn of the v8 exon of minigene v8 has been replaced by a random sequence of the same length.
Nomenclature follows the same principle for v9 minigenes. Analysis was as described in the legend to Fig. 2B.

fected into SVK14 or 293 cells, and RNA was harvested and
analyzed by RT-PCR using minigene-specific primers. The re-
sults are shown in Fig. 3, B-E.

Whereas most of the block mutations have some effect on the
relative amounts of RT-PCR products representing v exon
splicing or v exon skipping, certain block mutations have par-
ticularly marked effects in both cell lines. For the v8 minigene,
mutation of b8 and b6 increases the amount of RT-PCR product
containing the v8 exon (Fig. 3, B and C, lanes 3 and 5). For the
v9 minigene, mutation of b7 increases the amount of RT-PCR
product containing the v9 exon (Fig. 3, D and E, lanes 3). In
contrast, mutation of v8b9 or v8b4 reduces the amount of
RT-PCR product containing the v8 exon to undetectable levels
(see Fig. 3, B and C, lanes 2 and 7, respectively). For the v9
minigene, mutation of b8, b5, or b4 markedly reduces the
amount of RT-PCR product containing the v9 exon (see Fig. 3,
D and E, lanes 2, 5, and 6, respectively).

These results could indicate a role for the above blocks in
controlling exon splicing, acting either as exon splicing silenc-
ers, whose mutation would increase exon splicing, or ESEs,
whose mutation would decrease exon splicing. However, the
nucleotide replacements we effected might actually have cre-
ated motifs with an effect on splicing for some blocks. Alterna-
tively, the replacements may have had an effect on the RT-PCR

technique used for analysis, possibly by rendering fragments
containing the replacements difficult to amplify, or they may
have rendered RNAs containing these replacements unstable.
(This latter possibility seems unlikely, as addition of cyclohex-
imide to transfected cells before harvesting RNA for analysis
had no effect on the results obtained, data not shown.) We
decided to concentrate our attention on the candidate ESEs
v8b9, v8b4, v9b8, vIb5, and v9b4. If these blocks are ESEs,
they should be able to activate splicing in a heterologous con-
text when inserted in a poor pre-mRNA substrate. We set out to
test whether this was the case.

Some v8 and v9 Exon Sequences Activate Splicing in
Vitro—A truncated dsx pre-mRNA containing exons 3 and 4
with the intron separating them (Fig. 4A) has been used pre-
viously to analyze ESEs (29). If some of the v8 or v9 blocks
discussed above are ESEs, inserting them behind the dsx exon
4 should enhance splicing of the pre-mRNA. However, it
seemed possible that any ESE activity of the isolated blocks
might be weak, as none of the blocks alone can activate v exon
splicing in vivo, even partially, but require the assistance of at
least one other block (Fig. 3). For this reason we chose to begin
our analysis using dimers of the individual monomer blocks
v8b9, v8b4, and v9d8, separated by the linker UACGCGUC
(Fig. 4A; for example, v8b9 was used to make v8d9, d for
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Fic. 4. Some v8 and v9 exon sequences activate splicing in vitro. A, schematic representation of doublesex plasmids. The drawing is not
to scale. Exons E3 and E4 are shown as boxes; the intron separating them is represented by a line. Sequences to be tested for ESE activity were
placed behind exon 4 and are represented by the test sequence box. The actual sequences used are shown below the test sequence box. Where dimers
were used, the sequences corresponding to the v8 or v9 sequences chosen for block mutation (Fig. 3A) are shown in capital letters, and the flanking
natural nucleotides are shown in lowercase letters. Monomers are separated by a linker (sequence UACGCGUC). SCR is a scrambled version of
v8d9. B and C, various pre-mRNAs made from doublesex-based plasmids containing test sequences described in A (dsx is the parental plasmid with
no test sequence) by in vitro transcription were incubated in HeLa cell nuclear extract for the indicated times (0 or 2 h) before denaturing gel
analysis. The migration positions of pre-mRNAs, spliced products, and excised intron lariat are indicated. The asterisk identifies a pre-mRNA
degradation product. The migration positions of pre-mRNAs and spliced products vary somewhat depending on the length of the test sequence

(represented by a black box after exon 4 in the drawings).

dimer). In certain cases, additional natural flanking residues
(lowercase letters in Fig. 4A) were added to block sequences, as
we were concerned that the totality of an activating motif
might not be represented precisely in just one block. However,
we tested as a monomer a contiguous block of v9 exon sequence
(v9b6-5-4), as this block already contains two of the blocks (b4
and b5) identified in Fig. 3 as needed for v9 splicing. We chose
to add the b6 motif as it clearly reduces use of the normal v9
exon 5'ss in 293 cells (compare Fig. 3E, lanes 1 and 4, band

C1-v9-C2), whereas mutation of b6 has little effect on v9 exon
splicing in SVK14 cells (Fig. 3D, lane 4), and so b6 may con-
tribute to ESE function exerted by b4 and b5.

As a positive control, we used a 6-fold repetition of an AAG
motif (AAG)g known to activate splicing in this system (29). As
a negative control, we used a scrambled version of v8d9 (SCR).
These pre-mRNAs were tested in an in vitro splicing assay
using HeLa cell nuclear extract. As expected, little or no splic-
ing was observed with either the parental dsx pre-mRNA or the
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Fic. 5. A v9 ESE cross-links to SR proteins. A, sequences of RNA probes used for cross-linking. B, RNA molecules containing the sequences
indicated were incubated either in HeLa cell nuclear extract (NE), S100 extract (S100), or S100 extract to which a preparation of total SR proteins
(SR) or individual SR proteins as shown had been added, before UV cross-linking and SDS-PAGE. Note that the recombinant SRp20 has an
N-terminal tag and so is slightly larger than the SRp20 in nuclear extract. This explains why the SRp20 band observed in nuclear extract samples
migrates slightly faster than the SRp20 band observed in S100 samples with added recombinant protein.

pre-mRNA containing the scrambled sequence (Fig. 4B, com-
pare lanes 1 and 2 and compare lanes 5 and 6). Note that the
band indicated by an asterisk in Fig. 4B is not a splicing
product but is probably the result of pre-mRNA degradation
taking place in the nuclear extract. In contrast, spliced product
(E3E4) and excised intron lariat were detected in splicing as-
says using the pre-mRNA containing the (AAG); motif (Fig. 4B,
compare lanes 3 and 4).

Both the two v8 exon block dimers tested (v8d9 and v8d4)
activated splicing in vitro, giving results qualitatively similar
to those obtained with the (AAG)g-positive control (Fig. 4B,
compare lanes 7 and 8, and 9 and 10, to lanes 3 and 4, respec-
tively). We then tested the corresponding monomers v8b9 and
v8b4. v8b4 activated splicing in vitro when placed in the dsx
substrate (Fig. 4C, lane 6). However, the dsx substrate contain-
ing v8b9 was very unstable in nuclear extract for reasons not
clear to us, and so we were unable to determine whether v8b9
can activate splicing in this system.

The v9 exon sequence v9d8 did not activate splicing in vitro
(Fig. 4B, lanes 11 and 12) and so may not be a true ESE.
However, the contiguous block of v9 exon sequence v9b6-5-4 did
activate splicing (Fig. 4B, compare lanes 13 and 14).

v9b6-5-4 Binds to SR Proteins 9G8 and SRp20—v8d9, v8d4,
v8b4, and v9b6-5-4 act as functional ESEs in vitro. We wished
to identify the proteins that activate splicing through them.
These sequences, together with the scrambled (SCR) negative
control, were incubated in HeLa cell nuclear extract before UV
cross-linking and gel analysis. The contiguous block of v9 exon
sequence covering blocks 4—6 (v9b6-5-4) cross-linked to pro-
teins of ~35 and 20 kDa and more weakly to an ~40-kDa
protein (Fig. 5B, lane 4). In comparison, these proteins cross-
linked only very weakly to the SCR sequence (Fig. 5B, lane 1).
We also tested two shorter versions of v9b6-5-4 (Fig. 5A):
v9b5-4 (corresponding to blocks 4 and 5 of Fig. 3 with some
additional nucleotides), and v9b4a (corresponding to block 4 of

Fig. 3 with some additional nucleotides). Both these RNAs also
cross-linked to 40-, 35-, and 20-kDa proteins, although cross-
linking to the 35-kDa protein was somewhat reduced relative to
v9b6-5-4 (see Fig. 5B, lanes 11 and 18 for v9b5-4 and v9b4a,
respectively).

Given their size, it seemed worthwhile testing if the cross-
linked proteins were SR proteins. S100 extract contained very
low levels of SR proteins as compared with nuclear extract.
v9b6-5-4, v9b5-4, and v9b4a, together with the SCR control,
were incubated in parallel in S100 extract, and in S100 extract
to which a preparation of total SR proteins had been added. As
shown in Fig. 5B, no significant cross-linking to the 35- and
20-kDa proteins was observed in S100 extract for any of the
RNAs (lanes 2, 5, 12, and 19). However, for v9b6-5-4, vOb5-4,
and v9b4a, cross-linking to 35- and 20-kDa proteins was
readily observed in S100 with added total SR proteins, and this
cross-linking was significantly stronger than that observed
with the SCR sequence (compare lanes 6, 13, and 20 to lane 3,
Fig. 5B). These results show that the 35- and 20-kDa cross-
linking proteins are SR proteins. We were not able to identify
the 40-kDa cross-linking protein as an SR protein in these
experiments (SRp40 was a possible candidate), as there was no
clear increase in cross-linking to a 40-kDa protein when cross-
linkings carried out in S100 or S100 plus SR proteins were
compared for either v9b6-5-4, v9b5-4, or v9b4da (Fig. 5B, lanes
6, 13, and 20).

Several 35-kDa SR proteins are known, including 9G8, ASF/
SF2, and SC35, whereas the 20-kDa protein could correspond
to SRp20. To identify which SR proteins bind to the v9 exon
sequences, cross-linking experiments were repeated in S100
extract using individual recombinant SR proteins instead of a
total preparation. v9b6-5-4 cross-linked to 9G8, ASF/SF2, and
SRp20 but only very weakly to SC35 (Fig. 5B, lanes 7, 9, 10,
and 8, respectively). Similar results were obtained with v9b5-4,
although cross-linking to both 9G8 and SRp20 was weaker
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than for v9b6-5-4 (Fig. 5B, lanes 14-17). One likely explanation
for this is that v9b6-5-4 (but not v9b5-4) contains the sequence
UACAUCACAU, which conforms to one of the consensus motifs
(AC(A/U)A/U)C) proposed for SRp20-binding sites (30). In ad-
dition, there is some evidence that 9G8 and SRp20 can bind to
the same RNA sequences (30).

v9b4a cross-linked to 9G8 and to ASF/SF2, but v9b4a cross-
linking to SRp20 was even weaker than for v9b5-4 (Fig. 5B,
lanes 21, 23, and 24, respectively). However, both v9b5-4 and
v9b4a did cross-link to a 20-kDa protein in nuclear extract
when total SR proteins were tested (lanes 11 and 18). By
immunoprecipitating the nuclear extract cross-linkings with
an anti-SRp20 antibody, we demonstrated that this 20-kDa
protein was indeed SRp20 (data not shown). These observa-
tions suggest that v9b5-4 and v9b4a can bind SRp20 but that
this binding depends on binding of other proteins, probably SR
proteins. This is in contrast to v9b6-5-4, which probably binds
SRp20 independently via its UACAUCACAU motif, see above.

For analysis of the v8 exon sequences, we used the same
approach as that detailed above for the v9 exon sequences.
v8d4 and v8d9, together with the scrambled (SCR) negative
control, were incubated in HeLa cell nuclear extract before UV
cross-linking and gel analysis. We detected a 45-kDa protein
that cross-linked strongly to v8d4 but not to the SCR control,
but comparing cross-linking patterns in S100 and S100 plus
total SR proteins showed that this protein was not an SR
protein (data not shown), and we have not yet identified it. We
were unable to detect any protein showing specific cross-link-
ing to v8b9 (data not shown).

9G8, ASF/SF2, and SRp20 Activate Splicing in Vitro of a
Heterologous Exon Carrying v9b6-5-4—9G8, ASF/SF2, and
SRp20 bind to v9 exon sequences, but will this binding activate
splicing? This can be tested by comparing splicing of a
pre-mRNA substrate in S100 extract with or without added SR
proteins. For this approach, we decided to use the pre-mRNA
substrate Spl ex2 inv (Fig. 6A), based on the adenoviral E1A
pre-mRNA. We preferred this substrate to the dsx substrate for
the splicing activation tests for two reasons. First, this sub-
strate has been used previously for studies of splicing activa-
tion by SR proteins, including SRp20, in one of our laboratories
(30). Second, v9 sequences activated splicing more efficiently in
the Spl ex2 inv substrate as compared with the dsx substrate,
although the relative activation ability of individual blocks was
the same for both substrates (data not shown).

In the absence of any exogenous activating sequence, the Sp1
ex2 inv pre-mRNA substrate is not spliced to any significant
degree in the presence of nuclear extract (Fig. 6B, lane 2).
Splicing of Spl ex2 inv substrates was activated by v9b6-5-4,
v9b5-4, and v9b4a in the presence of nuclear extract (compare
Fig. 6C, lanes 1, 6, and 11 to Fig. 6B, lane 2). For the substrate
containing v9b5-4, splicing in nuclear extract was as efficient
as for that containing v9b6-5-4 (compare lanes 1 and 6, Fig.
6C). This observation is consistent with results obtained in
vivo, as mutation of the extra sequences (b6) present in v9b6-
5-4 had only a minor effect on v9 exon splicing in vivo (Fig. 3,
D and E, lanes 4). Relative to results obtained with substrates
with v9b6-5-4 and v9b5-4, splicing observed in nuclear extract
of the substrate with v9b4a (Fig. 6C, lane 11) dropped ~2-fold.
This is again consistent with results obtained in vivo, as v9b4a
lacks the b5 sequences required for v9 exon splicing in vivo
(Fig. 3, D and E, lanes 5).

In the absence of any exogenous activating sequence, the Spl
ex2 inv pre-mRNA substrate is not spliced to any significant
degree in the presence of S100 extract, even if SR proteins are

CD44 v9 Exon Enhancer

added (Fig. 6B, lanes 3—6). However, if known binding sites for
individual SR proteins are inserted in the downstream exon,
splicing now takes place in S100 extract with the corresponding
SR protein added (see Fig. 6B, lanes 7-12). To allow meaningful
comparisons of the abilities of the different SR proteins to use
the v9 sequences as a splicing enhancer, we first determined,
for each SR protein, the molar amount of protein required to
obtain about 30% splicing activation using a substrate contain-
ing an already characterized enhancer for it (Fig. 6B, lanes 8,
10, and 12; see also the figure legend). These amounts of the
various proteins were then used to activate splicing of Sp1 ex2
inv substrates with added v9 sequences, as shown in Fig. 6C.

9G8, ASF/SF2, and SRp20 activated splicing of substrates
with v9b6-5-4 or v9b5-4, whereas only 9G8 still activated sig-
nificantly substrates with v9b4a. Of the proteins tested, 9G8
gave the highest splicing activation in S100 extract for all three
substrates tested (Fig. 6C, lanes 4, 9, and 14). Splicing of the
v9b5-4 substrate could be activated in S100 by 9G8 to an extent
similar to that seen with the v9b6-5-4 substrate (compare lanes
4 and 9), whereas activation by ASF/SF2 and SRp20 was less
efficient for the v9b5-4 substrate than for the v9b6-5-4 sub-
strate (compare lanes 3 and 8 and lanes 5 and 10). Given that
splicing of the two substrates is equally efficient in the pres-
ence of nuclear extract (compare lanes I and 6), these compar-
isons show that 9G8 probably makes the major contribution to
activation in the nuclear extract. With the v9b4a substrate,
splicing activation dropped both with nuclear extract (lane 11)
and with 9G8 in S100 extract (lane 14).

When we compared the cross-linking and in vitro activation
data, we did not always observe a perfect correlation. For
example, ASF/SF2 cross-links equally well to vOb6-5-4, vOb5-4,
and v9b4a, yet in vitro activation by ASF/SF2 drops progres-
sively from v9b6-5-4, to v9b5-4, to v9b4a. Perhaps activation
here requires not only binding but also some more specific
sequence interaction, which is progressively lost when passing
from v9b6-5-4 to v9b5-4 to v9b4a. For SRp20, the situation
appears simpler, as there is a progressive loss of cross-linking
to SRp20 alone and of SRp20-induced splicing activation, when
passing from v9b6-5-4 to v9b5-4 to v9b4a.

DISCUSSION

Alternative exons v8, v9, and v10 are included as a block in
CD44 mRNA in a variety of epithelial cells but are all excluded
in many other cell types. We have studied splicing of these
exons using a minigene-based approach in two cell lines, which
either splice or skip the three exons as a block. With minigenes
containing only v8, or only v9, or only v10, the same extent of
cell type-specific splicing of the exon is observed as with a
minigene containing all three alternative exons. Thus cell type-
specific control of splicing is exerted on each of the three alter-
native exons.

In an attempt to identify internal exon sequences involved in
v8 and v9 splicing, we tested the effects of short block muta-
tions on splicing of these exons on minigene-derived
pre-mRNAs in vivo. In this way we identified for both exons
sequences whose mutation either increased or decreased the
abundance of spliced transcripts containing the exons. In
particular, mutation of one v8 exon sequence (v8b4, UGG-
AAGAUUUGGACA) and one v9 exon sequence (v9b5-4, GAA-
GGCUUGGAAGAAGAUAAAGAC) blocks splicing of the corre-
sponding exons in vivo almost completely. Both these se-
quences can activate splicing of a heterologous exon in vitro in
nuclear extract, and so they are true ESEs. In current models
for ESE function, the enhancer binds proteins which in turn aid
binding of splicing factors to the 5’ or 3’ splice sites of the exon
(2, 35-37), although enhancer-bound proteins may also be able
to activate a later step of splicing (38). The 3’ splice site-
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Fic. 6. A v9 ESE renders splicing of a heterologous exon sensitive to SRp20, 9G8, and ASF/SF2. A, schematic representations of Sp1
ex2 inv-based plasmids containing two exons (boxes) separated by an intron (/ine). Sequences to be tested were inserted within the inverted exon
as shown. B, determination of the molar amounts of individual SR species required to activate splicing to 30-33% efficiency through the use of
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GACAACGACGACGACUAGAA for 9G8, and GCACAGGACGAAGCUGCACC for ASF/SF2. The Spl ex2 inv substrate without enhancer (lanes
1-6) or with a specific enhancer as shown (lanes 7-12) was spliced in the presence of a mixture of nuclear extract and S100 (lane 2) or in the
presence of S100, complemented or not by individual SR proteins (amounts used were 20, 18, and 6 pm for SRp20, 9G8, and ASF/SF2, respectively)
as indicated above the lanes. C, abilities of individual SR proteins to activate splicing through the v9 ESE. Spl ex2 inv substrates containing
various v9 sequences as indicated above the lanes (and which correspond to sequences shown in Fig. 5A) were spliced in the presence of a mixture
of nuclear extract and S100 (lanes 1, 6, and 11) or in the presence of S100 complemented or not by individual SR proteins (20 pm SRp20, 18 pm
9GS, or 6 pm ASF/SF2), as indicated above the lanes. The detection of a weak splicing in the absence of added SR proteins in lanes 2, 7, and 12 may
be due to the presence of residual amounts of SR proteins in the S100 and/or the 15-45% extracts (see “Experimental Procedures”). For B and C,

pre-mRNAs and spliced products are identified by drawings.

associated polypyrimidine sequences of the v8 and v9 exons are
very short, making U2AF recruitment one attractive candidate
target for v9b5-4-bound activators.

We identified the SR proteins 9G8, ASF/SF2, and SRp20 as
proteins that bind to v9b5-4, and can activate splicing of an
exon carrying the v9b5-4 motif in vitro. In addition, an ~40-
kDa protein, which we have not identified but which does not
appear to be an SR protein, cross-linked to v9b5-4 in nuclear
extract. Of the three SR proteins, 9G8 appears to be the major
activator of splicing in vitro, activating splicing via v9b5-4 2- or
3-fold more efficiently than ASF/SF2 or SRp20. It is interesting
in this respect to note that part of v9b5-4, which we termed

v9bda (GGAAGAAGAUAAAGAQC) is quite similar to part of a
natural ESE from exon 4 of the 9G8 gene (GGAAGGCGAUA),
which interacts preferentially with 9G8 (40). Our results
strongly suggest that 9G8, and to a lesser extent ASF/SF2 and
SRp20, possibly together with non-SR proteins, participate in
activating a v9 ESE to induce splicing of the v9 exon in vivo.
The list of cellular exons known to contain SR protein-de-
pendent ESEs is quite short (4), and our data add an important
new member, the CD44 v9 exon, to this list. Indeed, if the
notion that SR proteins can activate exon splicing by binding to
ESEs is widely accepted, much of the experimental evidence
supporting this notion stems from analysis of sequences se-
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lected in vitro from pools of random sequences, based on their
ability to bind SR proteins or to activate splicing in vitro (see
Ref. 39 for a review). We have identified RNA sequences on a
genuine exon that bind SR proteins for splicing activation. How
do these sequences compare with the in vitro selected
sequences?

RNA sequences selected in a SELEX approach by 9G8 (30)
conform to consensus AGAC(G/U)ACGA(C/U) and ACGAGA-
GA(C/U). v9b6-5-4 (UACAUCACAUGAAGGCUUGGAAGAA-
GAUAAAGAC), v9b5-4, and v9b4a all cross-link to 9G8, and all
contain several repeats of the motif GAN. They are thus rea-
sonably similar to the first SELEX consensus. 9G8 cross-links
more strongly to v9b6-5-4 than to v9b5-4 or v9b4a, and this
may be because of its cross-linking to the UACAUCACAUG
motif present in v9b6-5-4 (although binding of 9G8 to this motif
does not appear to participate in splicing activation). This motif
is similar to one of the consensus motifs (AC(A/U)(A/U)C) pro-
posed for SRp20-binding sites (30), and there is some evidence
that 9G8 and SRp20 can bind to the same RNA sequences, even
if their respective high affinity targets are significantly differ-
ent (30). The RNA binding domains of 9G8 and SRp20 are
similar, although 9G8 differs from SRp20 in that it contains a
zinc knuckle (41), and it has been shown that a 9G8 variant
mutated in its zinc knuckle is a functional homologue of SRp20
(30). As a further example, RBP1, the Drosophila homologue of
SRp20, binds with other proteins to a doublesex enhancer in
Drosophila extracts, whereas if binding is carried out in HeLa
cell nuclear extract, it is 9G8 that binds instead (42).

One SELEX sequence for ASF/SF2 is RGAAGAAC, and the
motif GGAAGAAG is present in v9b6-5-4, v9b5-4, and v9b4a
(all of which cross-link to ASF/SF2). As was observed for 9G8,
cross-linking to SRp20 is significantly stronger to v9b6-5-4
than to v9b5-4 or v9b4a when SRp20 is tested alone. This is
probably because, as discussed above, the v9b6 sequence (UA-
CAUCACAUGAA) conforms to one of the consensus motifs
(AC(A/U)(A/U)C) proposed for SRp20-binding sites (30). There
is no significant similarity between the purine-rich v9b5-4 and
v9b4a and consensus motifs proposed for SRp20-binding sites,
which are generally pyrimidine-rich (29). However, SRp20
cross-links weakly to v9b5-4 and activates splicing in vitro via
this motif, although less effectively than 9G8. SRp20 cross-
links significantly more efficiently to v9b5-4 and v9b4a in nu-
clear extract or when part of a preparation of total SR proteins
than when tested alone, suggesting that other proteins, present
in the SR protein preparation, improve SRp20 interaction with
v9b5-4 and v9b4a. It is thus possible that the ability of SRp20
to activate v9 exon splicing via v9b5-4 may be underestimated
by the in vitro analysis testing SRp20 alone, as it may be more
effective in the presence of other proteins.

The v9 exon is spliced in a cell type-specific manner. Could
9G8, SRp20, or ASF/SF2 binding to the v9 ESE be implicated?
A difference in 9G8, SRp20, or ASF/SF2 protein levels cannot
explain the difference in v9 exon splicing we have observed
between the two cell lines used here (Western blot analysis
detects similar levels of the three proteins in the two lines).? In
agreement with this, overexpression of SRp20 in vivo does not
increase v9 exon splicing in 293 cells; we have not been able to
analyze the effect of 9G8 or ASF/SF2 overexpression, as over-
expression of either protein activates very efficiently a cryptic
splice site within FGFR-2 intron sequences of our minigene.?
However, protein levels do not necessarily reflect activity levels
with proteins such as SR proteins, which are known to undergo
phosphorylation (43). It remains possible that the activity lev-
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els of 9G8, ASF/SF2, or SRp20 differ between the cell lines.
This could contribute to the observed difference in v9 exon
splicing. It is equally possible that various negative influences,
including large intron sizes, and various positive influences,
including 9G8/SRp20/ASF/SF2 bound to the v9 ESE, are used
to poise the v9 exon on the brink of splicing. Cell type-specific
input from yet to be identified sequences would then tip the
balance in favor of splicing or splicing repression.

Differences in the relative levels of individual SR proteins
and their inhibitors have been observed during tumorigenesis,
and attempts have been made to correlate these changes with
changes in CD44 pre-mRNA splicing (44, 45). To the best of our
knowledge, our results with the v9 exon are the first indication
that individual SR proteins are involved in splicing regulation
of any CD44 v exon (previous work has identified proteins
activating splicing of exons v4 and v5, but the proteins in
question are not members of the SR protein family (22, 24, 27,
28)). It is thus unfortunate that v9 splicing was not analyzed
directly in any of the studies. However, it is intriguing that
SRp20 is one of the SR proteins induced upon tumorigenesis in
a mouse mammary gland model, with a progressive increase in
expression as normal cells progress to pre-neoplasias and then
to tumors (48). Inclusion of CD44 exon v8 was only detected in
RNA from tumor cells. Exons v8, v9, and v10 are frequently
spliced as a block (34), and so it is conceivable that v9 exon
splicing is also elevated in the tumor cells, possibly as a result
of high level expression of SRp20.
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