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Although the splicing of transcripts from most eukaryotic genes occurs in a constitutive fashion, some genes
can undergo a process of alternative splicing. This is a genetically economical process which allows a single
gene to give rise to several protein isoforms by the inclusion or exclusion of sequences into or from the mature
mRNA. CD44 provides a unique example; more than 1,000 possible isoforms can be produced by the inclusion
or exclusion of a central tandem array of 10 alternatively spliced exons. Certain alternatively spliced exons have
been ascribed specific functions; however, independent regulation of the inclusion or skipping of each of these
exons would clearly demand an extremely complex regulatory network. Such a network would involve the
interaction of many exon-specific frans-acting factors with the pre-mRNA. Therefore, to assess whether the
exons are indeed independently regulated, we have examined the alternative exon content of a large number of
individual CD44 cDNA isoforms. This analysis shows that the downstream alternatively spliced exons are
favored over those lying upstream and that alternative exons are often included in blocks rather than singly.
Using a novel in vivo alternative splicing assay, we show that intron length has a major influence upon the
alternative splicing of CD44. We propose a kinetic model in which short introns may overcome the poor
recognition of alternatively spliced exons. These observations suggest that for CD44, intron length has been
exploited in the evolution of the genomic structure to enable tissue-specific patterns of splicing to be main-

tained.

Alternative pre-mRNA splicing allows a single gene to direct
the synthesis of several structurally and functionally distinct
protein isoforms. A number of patterns of alternative splicing
have been described and include the use of alternative 5’ or 3’
splice sites, mutually exclusive use of exons, failure to remove
introns, and the inclusion or skipping of whole exons (16, 25,
33). In some cases, alternative splicing results in dramatic
changes in the polypeptide chain either by altering the tran-
scriptional frame or by leading to premature termination. In
other cases, the changes are more subtle, leading to the addi-
tion or deletion of one or more protein domains by exon
skipping.

A particularly noteworthy example is the case of the lym-
phocyte homing receptor CD44, which is expressed on lym-
phocytes and at a variety of nonlymphoid sites and is believed
to act primarily as an adhesion molecule with an affinity for
extracellular matrix components, including hyaluronic acid,
collagen, and fibronectin (22, 35, 43). It is perhaps one of the
most impressive examples of alternative splicing yet described
because the central 10 of a total of 20 exons can be included or
skipped to produce over 1,000 potential isoforms (Fig. 1) (31,
32, 41). The most frequently found isoform is the so-called
hematopoietic variant (CD44H), in which all of the alternative
exons are omitted. Isoforms containing alternative exons have
been estimated to amount to 1 to 10% of all CD44 isoforms.
Distinct functions for some of these isoforms have been de-
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scribed. Isoforms containing exon V6 promote tumor metas-
tasis (13) and are upregulated upon lymphocyte activation so
that they can augment immune responses (1). Alternative
splicing may also regulate the affinity of CD44 for hyaluronic
acid, its major ligand (2, 4). CD44 isoforms containing exon V3
also promote tumor metastasis (4) and carry modified glycos-
aminoglycans, which can bind growth factors (5). The CD44
gene is large, spanning more than 50 kb of genomic DNA. This
size has made the study of CD44 splicing difficult, although cell
fusion experiments have indicated the existence of dominant
trans-acting factors promoting exon inclusion (23).

The development of in vitro and in vivo splicing systems has
allowed many of the principal mechanisms governing constitu-
tive and alternative splicing to be elucidated. These mecha-
nisms can be divided into cis-acting sequence elements within
the pre-mRNA and frans-acting protein factors. Alternatively
spliced exons often have suboptimal splice sites, and mutation
of these toward consensus at the 5" and 3’ sites, polypyrimidine
tracts, and branch points increases the utilization of alterna-
tively spliced exons (8, 9, 11). A further sequence element, the
exon recognition element (ERE) (24, 34, 37, 40), was recently
defined. EREs are frequently purine rich and are thought to
interact with the serine-arginine (SR) family of pre-mRNA
splicing factors in a sequence-specific fashion. Mutation of a 5’
splice site not only abolishes splicing of the downstream intron
but also inhibits removal of the upstream intron, leading to
skipping of an internal exon (38, 42). These observations have
led to the exon definition model of splicing, in which it is
proposed that splicing factors binding to the 5’ splice site
recruit other factors to define the exon as a unit for splicing
(30).

Many of these analyses have been performed with in vitro
splicing reactions and have allowed the minimal intron and
exon sizes compatible with splicing to be delineated (7, 44).
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FIG. 1. Alternative splicing of CD44. (A) Map of the CD44 gene. Exon 1 encodes the leader peptide (LP), and exon 18 encodes the transmembrane domain (TM).
Exons 6 to 15 correspond to the alternatively spliced exons (V1 to V10). Exon 19 encodes a short cytoplasmic domain (32). (B) Examples of some previously observed
isoforms of CD44: 1, basic, or hematopoietic, variant CD44H; 2, V10 only; 3, epithelial variant (35); 4, META-1 variant (13). (C) Scale map of the genomic locus
encompassing the alternatively spliced exons. Intron sizes are given in kilobases. The exon 5-V1 intron size has not been directly measured but is at least 8 kb.

However, because these systems do not allow the examination
of RNAs of more than some hundreds of nucleotides in size,
they shed little light onto the functional significance of the very
large introns, often kilobases in length, found in many verte-
brate genes. In this report, we first analyze splicing patterns of
individual CD44 transcripts in normal mouse tissues to deter-
mine some basic rules governing the repertoire of CD44 iso-
forms. Using a novel in vivo alternative splicing assay, we
demonstrate a dramatic effect of intron length upon CD44
alternative splicing. As introns are shortened, exon inclusion
increases, suggesting a kinetic proximity model for the splicing
of alternative exons. Alternatively spliced exons are frequently
included in contiguous blocks, a fact which may suggest that all
of these exons may not each have a separate function. Instead,
they may act as stuffers, extending the N-terminal hyaluronic
acid binding domain from the cell surface.

MATERIALS AND METHODS

Plasmid construction. All plasmids are shown in Fig. 2. p3-10cDNA, a CD44
c¢DNA which contains all the alternatively spliced exons from V3 and V10, was
a gift from David Jackson (18). pL53-In was a gift from Michael Reth (3). A 9-kb
genomic fragment encompassing CD44 exons V1 to V3 was cloned into pL53-In
from a yeast artificial chromosome (YAC) clone encompassing the CD44 locus
to form pV1-V3 (32). Sequencing of the introns surrounding the alternatively
spliced exons allowed the design of oligonucleotides to amplify cassettes con-
taining single CD44 alternative exons flanked by 200 bp of intron. These products
were cloned into pL53-In to give pV3, pV6, pVS8, pV9, and pV10 and rese-
quenced to ensure the absence of mutations introduced by amplification.

The CD44 splicing vector p44 was constructed in two halves. A PCR product
encompassing exons 1 to 5 derived from cDNA was fused to a genomic PCR
product encompassing exon 5 followed by 200 bp of intron. This product was
cloned into pCDNA3 (Invitrogen). A similar fusion of genomic exon 16 and its
flanking 3’ intron was made with cDNA for exons 16 to 20. This product was
cloned into the 3’ end of the polylinker of pCDNA3 to create the full-length

CD44 splicing vector. CD44 expression from this construct was verified by im-
munofluorescence of transiently transfected COS-7 cells with an anti-CD44
monoclonal antibody and by reverse transcription (RT)-PCR. Derivatives of this
basic construct were made by insertions of genomic and bacteriophage lambda
stuffer fragments into the multiple cloning site. The stuffer fragments were
amplified from phage lambda (nucleotides 23448 to 24415) and cloned direc-
tionally on either side of V3 to form the series p44:V3AAAANN to p44:]NANANAV3.
Constitutive exon 4 with 200 bp of flanking intron was amplified from genomic
DNA and introduced upstream or downstream of V3 in the construct p44:
MAV3ANN to form p44:NANE4V3ANN and p44:AANV3E4ANN. Modifications of
the purine-rich element within V3 were introduced by PCR with modified oli-
gonucleotides. In all of these constructs, the donor and acceptor exons were
flanked by 200 bp of their natural introns and the alternatively spliced exon
cassettes were likewise flanked by at least 200 bp of their natural introns.

Amplification of murine CD44. Normal mouse tissue RNAs (kidney, liver,
stomach, spleen, small and large intestines, and skeletal muscle) were transcribed
separately with avian myeloblastosis virus reverse transcriptase. The cDNAs
were amplified separately in a 35-cycle PCR with a pair of primers flanking the
alternatively spliced region (FCD44: ACC CCA GAA GGC TAC ATT TTG
CAC; RCD44: TTC CGG GTC TCG TCA GCT GTC ATA). Products from this
amplification were TA cloned into pBluescript KS—. Replica filters from the
transformation plate were hybridized to two probes: first, an oligonucleotide
which hybridizes to all CD44 isoforms, and second, a cDNA probe containing all
the alternatively spliced exons (V1 to V10). Colonies which contained alterna-
tively spliced exons were picked and placed in grids in 96-well plates. Replicas of
these were transferred to nylon membranes and probed with oligonucleotides
specific for each alternative exon (31) in order to establish their precise exon
composition.

Transfections. COS-7 cells were cultured in Dulbecco modified Eagle medium
supplemented with 10% fetal calf serum in 10-cm tissue culture plates. At 50%
confluence, the cells were transiently transfected with 10 pg of purified plasmid
DNA by use of either Lipofectin (Gibco-BRL) or the DEAE-dextran method.
Cells were harvested 48 h after transfection and stained for fluorescence-acti-
vated cell sorter (FACS) analyses. RNA from the remaining cells was extracted
with RNAzol B (Cinna Biotecx Laboratories).

Antibodies and FACS analysis. Anti-human CD44-phycoerythrin conjugate,
which detects all isoforms of CD44, was purchased from Sigma. Anti-CD44V3
and anti-CD44V6 were gifts from David Jackson. Fluorescein isothiocyanate-
conjugated Fc-specific goat anti-mouse immunoglobulin G was purchased from
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FIG. 2. Plasmid constructs. (A) Exon map of the CD44 gene. (B) Diagrammatic representation of the constructs used in this work. pV3, pV6, pV8, pV9, and pV10 were constructed in pL53-In. For p44 and its
derivatives, shaded areas represent the 5’ and 3’ constant regions of human CD44, consisting of exons 1 to 5 and exons 16 to 18 or 20, respectively. CMV, cytomegalovirus promoter; LTR, Rous sarcoma virus long terminal
repeat promoter; LP, leader peptide; GT, start of intron following exon 5; AG, end of intron prior to exon 15; TM, transmembrane domain; PA, polyadenylation signal.
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DAKO and preabsorbed with mouse serum before use in double staining. FACS
analysis was carried out with a FACSCalibur apparatus driven from the
CellQuest software package (Becton-Dickinson).

¢DNA synthesis and RT-PCR. RNA (10 pg) was used in cDNA synthesis with
avian myeloblastosis virus reverse transcriptase. Synthesis was primed with oli-
go(dT) for amplification of preproinsulin or by use of a primer annealing to
3’-untranslated sequences in pPCDNA3 (CAG TCG AGG CTG ATC AGC GAG
CT) to prevent the priming of endogenous CD44 transcripts. Five percent of the
¢DNA was used in a 30-cycle PCR amplification with Tag polymerase. Oligonu-
cleotide primer pairs which anneal to the donor and acceptor exons of rat
preproinsulin (CCC GGA ATT CTG GAA CCG CGA G and AGC AGA TCT
TGG TGC AGC ACT GAT CCA) or CD44 exons 5 and 16, flanking the
alternatively spliced region (AGT GAA AGG AGC AGC ACT TCA GG and
TCA GAT CCA TGA GTG GTA TGG GAC), were chosen. Reaction products
were resolved by electrophoresis on 1% agarose or 6% polyacrylamide gels.
DNA was transferred to Hybond N+ (Amersham) and probed with y->*P-end-
labelled oligonucleotides specific for the donor rat preproinsulin exon or CD44
exon 5. Autoradiograms were examined by laser densitometry for quantitation.

RESULTS

CD44 exons are not chosen at random. CD44 contains 10
alternatively spliced exons arranged in a central tandem array
which, by free inclusion or exclusion, could produce 1,024
isoforms. However, sequencing of a number of alternatively
spliced isoforms in our laboratory suggested that some iso-
forms are represented more commonly than others. To con-
firm these initial observations, we performed a systematic sur-
vey of CD44 isoforms expressed in seven normal mouse tissues
(kidney, liver, stomach, spleen, small and large intestines, and
skeletal muscle). CD44 was amplified from mouse cDNA with
primers directed to exons 5 and 20 (Fig. 1), which lie on
opposite sides of the alternatively spliced region (Fig. 3A,
panel 1). These products were cloned, and the exon composi-
tion of about 1 to 2,000 clones from each tissue was determined
by oligonucleotide probing with primers for each of the 10
alternatively spliced exons.

The cloned isoforms were examined in two ways. First, a
general survey of alternative exon inclusion frequencies re-
vealed that CD44H is the predominant variant (Fig. 3A, panel
2). The percentage of variants which contained the alterna-
tively spliced exons varied from 24% in the colon to 0% in
skeletal muscle. In addition, in isoforms which contained al-
ternative exons, there was a clear hierarchy of expression, with
the most 3" alternative exons being included more frequently
than the 5" exons (Fig. 3A, panels 3 to 8). Thus, for a combi-
nation of all the tissues examined, V10 was observed approx-
imately 100 times more frequently than V1 (Fig. 3A, panel 9).
Second, we examined the alternative exon content of each
alternatively spliced isoform. These data indicated that alter-
native exons were not chosen independently of each other. If
an alternative exon was selected, it was most likely to be in-
cluded together with all the alternative exons found down-
stream. Thus, isoforms such as variant 5 (Fig. 1B), which in-
cluded an alternatively spliced exon, skipped the next, and then
included others downstream, were comparatively rare, ac-
counting for 16, 12, 14, and 18% of the alternatively spliced
isoforms from the colon, stomach, kidney, and liver, respec-
tively. Only one isoform (containing V5 and V7) in the kidney
included, skipped, included, and then skipped exons again. The
exon compositions of the alternatively spliced CD44 isoforms
are shown in Fig. 3B.

Although it was possible that this strategy favored the am-
plification of shorter isoforms, previous analyses comparing
PCR and immunoprecipitation showed the PCR to be repre-
sentative (20, 21). Furthermore, the patterns of splicing ob-
served, i.e., a bias toward the use of the most 3’ alternative
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exons together with a propensity to include exons in contiguous
blocks, would not result from a bias toward preferential am-
plification of shorter cDNAs.

Minigenes containing large genomic fragments of CD44 are
spliced faithfully in vivo. We chose to study the control of
splicing of exon V3, which has been shown to bind growth
factors and promote tumor metastasis. V3 is used infrequently
in normal tissues but is expressed by many tumor cell lines (15,
19). Genomic fragments of human CD44 were cloned into the
exon trap vector pL53-In (3) between donor and acceptor
exons from the rat preproinsulin gene (Fig. 2). Splicing was
assayed by RT-PCR following transient transfection into
COS-7 cells, which show almost exclusively CD44H (no alter-
natively spliced exons) and no expression of exon V3 in RT-
PCR analysis (data not shown).

A 9-kb fragment of the human CD44 gene containing exons
V1 to V3 was cloned into pL53-In to generate pV1-V3 (this
and all other plasmid constructs are drawn to scale in Fig. 2).
When transfected into COS-7 cells, this construct mimicked
the COS-7 endogenous pattern of CD44 splicing, in which
none of the alternatively spliced exons were used (Fig. 4, lane
2). The 5" and 3’ introns flanking V3 were 1.5 and 4 kb,
respectively. This construct was large, so to allow study of the
cis-acting sequence elements controlling the splicing of V3, we
constructed a minigene, pV3. This construct has a 500-bp frag-
ment containing V3 flanked on each side by 300 bp of intron
(100 bp from the preproinsulin vector and 200 bp from CD44
itself). To our surprise, when the introns were reduced to 300
bp, V3 became included constitutively (Fig. 4, lane 5). Smaller
deletions made in the 9-kb clone pV1-V3 also led to an in-
crease in V3 inclusion, with some inclusion of V2 (Fig. 4, lanes
3 and 4).

Construction of a CD44 reporter minigene. The upregula-
tion of V3 inclusion observed when the surrounding introns
were shortened could be explained in a variety of ways. First,
splicing could be a function of intron length. Second, negative
regulatory sequences within the introns could have been de-
leted. Finally, the result might have been an artifact generated
by the chimeric construct in which human CD44 exons were
flanked by rat preproinsulin exons.

To test these possibilities, we designed a CD44 reporter in
which exons 1 to 5 and 16 to 20 are fused as cDNA (designated
p44; Fig. 2). Exons 5 and 16 flank the alternatively spliced
region of the CD44 gene (Fig. 1), so these are included with
200 bp of their flanking intron sequences to form the donor
and acceptor sites, respectively, in this construct. Genomic
fragments from CD44 can be cloned between these exons. This
construct produces a pre-mRNA which, when spliced, encodes
a full-length CD44 open reading frame, allowing the protein to
reach the cell surface. This fact allows splicing to be assayed in
vivo by FACS analysis as well as by RT-PCR. An antibody to
an epitope encoded by alternatively spliced exon V3 is used in
combination with an antibody which detects all isoforms of
CD44. Therefore, in a double-staining procedure, the ratio of
V3 staining to total CD44 staining reflects the degree of inclu-
sion of V3 in alternatively spliced transcripts.

Figure 5A shows total CD44 staining plotted on the y axis
and V3 staining plotted on the x axis. Cells positive for both
appear in the upper right quadrant, and cells in which CD44
skips V3 appear in the upper left quadrant. Cells which appear
in the lower left quadrant are untransfected cells. Construct
p44 is spliced to form CD44H and shows only total CD44
staining (upper left quadrant). Conversely, p3-10cDNA, which
is a cloned cDNA containing all exons from V3 to V10, shows
approximately 100% double staining, as expected (upper right
quadrant).
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FIG. 3. Murine CD44 splicing patterns. (A) CD44 was amplified from normal mouse tissue cDNAs and, following Southern transfer, probed with an oligonucleotide
which detects all CD44 isoforms (panel 1). A total of 1,000 to 2,000 CD44-containing clones from each tissue were analyzed. The majority of these clones were CD44H,
containing no alternative exons (panel 2). The exon compositions of 328 alternative exon-containing variants were determined (panels 3 to 8) (liver [n = 28], kidney
[n = 77], spleen [n = 4], colon [n = 80], small (Sm) intestine (Intest) [n = 51], and stomach [rn = 88]). No alternatively spliced isoforms were observed in skeletal (Sk)
muscle. (B) Schematic of the alternative exon compositions of alternatively spliced cDNA clones included in this study. The numbers at the left represent alternative

exons V1 to V10. Exons scored as present are indicated by black dots.

When the genomic fragment containing exons V1 to V3 was
introduced into p44, the results were similar to those obtained
with the preproinsulin reporter. p44:V1-V3 is spliced in the
same manner as endogenous COS-7 CD44, leading to skipping
of V3. Shortening the natural introns surrounding V3 by use of
convenient restriction sites in the upstream intron (p44:V1-
3ASpel) or downstream intron (p44:V1-3AApal) led to an
increase in the inclusion of V3. V3 was included constitutively
when the flanking introns were shortened to 400 bp. These
data are given in scatter plots in Fig. SA and are represented
graphically in Fig. 5B.

To test whether this result was unique to exon V3 or was

applicable to other CD44 alternatively spliced exons, we made
constructs with pL53-In and p44 in which the introns flanking
exons V6, V8, V9, and V10 were shortened to approximately
400 bp (pV6, pV8, pV9, and pV10, respectively; Fig. 2). The
splicing of these constructs was analyzed by RT-PCR (Fig. 6)
and by FACS analysis for p44:V6 and p44:V3 by use of anti-
bodies directed to epitopes encoded by these exons (data not
shown). In each case, shortening of the introns had the same
effect upon inclusion of these exons, which are normally
skipped in COS-7 CD44. Splicing of these exons became con-
stitutive, except for pV10, in which a minor fraction of tran-
scripts skipped the exon (Fig. 6, lane 2).
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FIG. 4. Shortening of introns activates the splicing of V3. RT-PCR analysis
of splicing from the heterologous reporter pL53-In is shown. Lane 1, no insert;
lane 2, 9-kb genomic fragment of CD44 with exons V1 to V3; lanes 3 to 5,
shortening of the introns surrounding V3. Fragment sizes are indicated in base
pairs. The fragment migrating at 550 bp in lane 3 was shown by Southern analysis
to contain either exon V3 or exon V2.

Splicing of exon V3 is strictly controlled by intron length.
Since shortening of the introns surrounding a range of CD44
alternative exons promoted exon inclusion, we chose to exam-
ine whether splicing efficiency was a function of intron length.
To this end, we created artificial introns by using a prokaryotic
stuffer sequence. A series of constructs were created by cloning
multiple copies of a 1-kb section of phage lambda DNA direc-
tionally into either 5’ or 3’ introns of construct p44:V3 to make
seven constructs, p44:V3ANAAAN to p44:NANNANV3. Each con-
struct contained six repeats of this stuffer fragment surround-
ing exon V3 and flanked by 200 bp of the natural CD44 intron
sequence on each side (Fig. 2).

These constructs were transfected into COS-7 cells, and the
results were analyzed by FACS analysis and RT-PCR (Fig. 7A
and B). When V3 lay at either end of the stuffer DNA (Fig. 7A
and B, p44:V3XNANAN [lane 4] or p44:ANANANV3 [lane 10]),
the shortest intron was 400 bp and the longest was 6.4 kbp. In
this position, such as in lane 2, where both introns were short
(p44:V3), V3 was included almost constitutively. There ap-
peared to be no polarity to the effect, as it was seen equally in
constructs with either a short 5" intron or a short 3’ intron. As
V3 was moved toward the center of the stuffer fragment, its
inclusion was reduced in a titratable fashion. When V3 was
surrounded by 3.5 kbp of introns (p44:NANV3ANN; lane 7), it
became almost completely lost, mimicking the splicing of the
endogenous COS-7 CD44 gene. The reduction in CD44 splic-
ing appeared to be exponential, and a plot of percentage of V3
inclusion versus the natural logarithm of the length of the
shortest intron demonstrated this relationship (Fig. 7C). The
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results obtained from the FACS analysis mirrored those ob-
tained by RT-PCR; laser densitometry provided confirmation
that RT-PCR was quantitative in its representation of CD44
splicing.

Constitutive exons can overcome the restraint of long in-
trons. Many vertebrate genes which have introns many tens of
kilobases in length have been described, implying that the
splicing of constitutive exons in these genes cannot be limited
by flanking intron length. We cloned exon 4, a constitutive
exon from CD44, into the center of the lambda stuffer frag-
ment to form p44:NANE4X\A. This construct contains exon 4
surrounded by 200 bp of its own introns and 3 kbp of lambda
stuffer DNA on each side. Exon 4 was chosen because it does
not interrupt the translational frame of CD44, so we could
avoid potential interference from nonsense codon-mediated
decay (26) and exon skipping mediated by nonsense codon-
containing exons (17).

Because no antibody which is specific for epitopes encoded
by exon 4 exists, the results were examined only by RT-PCR.
As expected, constitutive exon 4 was spliced faithfully in this
construct and was included in 95% of transcripts, while in
construct p44:ANAV3ANN, exon V3 was skipped (Fig. 8, lanes 3
and 1, respectively). To confirm the requirement of proximity
to a constitutive exon, we introduced V3 either 400 bp up-
stream (p44:M\AE4V3AAN) or 400 bp downstream (p44:
MV3E4N\N) of constitutive exon 4. In both of these con-
structs, V3 and exon 4 lay in the middle of the 6-kb lambda
stuffer fragment, yet V3 splicing was efficiently rescued by its
proximity to the constitutive exon.

V3 contains a purine-rich element which is essential for
splicing. Examination of the sequences of many of the alter-
natively spliced CD44 exons reveals purine-rich stretches
consistent with exon recognition elements. V3 contains the
sequence TGAAGAAAATGAAGATGAAAGAGACAGA,
encoding a stretch of acidic amino acids. This sequence was
mutated to a pyrimidine-rich stretch by replacement with
serine codons TCT and TCC. We made three constructs in
which the 5’ half (p44:V3APuS5’; TCTTCCTCTTCCTCTGAT
GAAAGAGACAGA), the 3’ half (p44:V3APu3’; AATGAA
GAAAATGAATCTTCCTCTTCCTCT), or both halves (p44:
V3APu; TCTTCCTCTTCCTCTTCTTCCTCTTCCTCT) of the
purine-rich stretch were mutated; boldfacing indicates the mu-
tated sequence. These mutations were made in p44:V3, which
has two short introns flanking V3 and constitutively includes
V3 (see above).

Both the 5’ and the 3’ mutations reduced exon inclusion
from approximately 100 to 70%, and the double mutation
completely abolished V3 inclusion (Fig. 9). SR proteins are
known to bind purine-rich EREs and have been shown to
enhance the splicing of some alternatively spliced exons both in
vitro and by cotransfection in vivo (6, 27). Despite the clear
dependence of V3 splicing on the integrity of a purine-rich
splicing enhancer, we were unable to enhance V3 inclusion in
the construct p44:NANV3ANN by cotransfection with known SR
proteins SRp20, SF2, SC35, SRp30c, SRp40, and SRp55 (data
not shown).

DISCUSSION

Influence of intron length upon alternative splicing. A num-
ber of fundamental rules governing splicing have been eluci-
dated by use of in vitro and in vivo splicing systems. Because of
difficulties in cloning, mutating, and transcribing large tracts of
DNA, most of these analyses have concentrated upon the
definition of minimal intron and exon sizes and the effects of
mutations in and around exons (7, 44). There has been no
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FIG. 6. Alternative exons flanked by short introns are spliced constitutively.
RT-PCR analysis of splicing from several single-exon reporter constructs sur-
rounded by short, 400-bp introns in pL53-In is shown. Fragment sizes are indi-
cated in base pairs.

systematic analysis of the function of the large introns, often
many kilobases, found in many vertebrate genes. Some hints of
an effect of intron length on alternative splicing have come
from shortening of the intron preceding the transmembrane
domain in the immunoglobulin genes. Although this analysis
was complicated by competition between the processes of poly-
adenylation and splicing, it does seem that shorter introns
promote splicing to generate isoforms including a transmem-
brane domain (29).

Mutational inactivation of the 5’ splice site represses splicing
not only to the mutated site but also of the upstream intron.
Thus, the splicing machinery often fails to remove an appar-
ently normal intron upstream of the mutated 5’ splice site (38,
42). This observation led to the exon definition model of splic-
ing, which proposes that splicing factors assembled on both 5’
and 3’ splice sites communicate with each other to define an
exon for splicing (30). This model holds true for most verte-
brate genes, in which, as a general rule, exons are relatively
small (<300 bp) and introns are large (14). However, in inver-
tebrates, such as Drosophila melanogaster, the situation is re-
versed, so that in many cases, large exons are flanked by small
introns (14, 28). In this situation, a rule of intron definition
seems to hold, in which the unit of recognition for splicing is
the intron (39). Thus, the splicing machinery appears to define
units for splicing based upon the shortest distance between two
splice sites. There does appear to be a reciprocal relationship
between intron and exon sizes, such that shortened introns can
compensate for a reduction in splicing efficiency caused by
larger exons (36).

Our results demonstrate a relationship between intron
length and splicing of a variety of CD44 alternatively spliced

FIG. 5. In vivo splicing with a CD44 reporter. (A) Scatter plots from FACS
analyses of V3 splicing from p44, which has no insert; p3-10cDNA, a CD44
c¢DNA control containing all exons from V3 to V10; p44:V3, V3 surrounded by
short, 400-bp introns; and p44:V1-V3, containing a 9-kbp genome DNA frag-
ment encompassing exons V1 to V3. Total CD44 is shown on the y axis; V3 is
shown on the x axis. Cells positive for both are in the upper right quadrant;
V3-negative, CD44-positive cells (V3 skipping) are in the upper left quadrant;
and cells negative for both (untransfected) are in the lower left quadrant. (B)
Histogram illustrating the data from panel A and the results obtained with the
9-kb p44V1-V3 genomic insert and two restriction fragments shortening the
introns surrounding V3. Bars represent V3-positive cells expressed as a ratio to
total CD44-positive cells.
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FIG. 7. Effect of intron size on alternative splicing of V3. (A) FACS analysis
of splicing is shown. Black box, V3; gray boxes, donor and acceptor sequences;
open circles, 1-kb lambda DNA repeats. Column designated cDNA, control
¢DNA (V3 to V10); column 1, empty vector; column 2, p44:V3 (V3 with short,
400-bp introns); columns 3 to 9, V3 moved sequentially across a 6-kbp lambda
stuffer segment. (B) RT-PCR analysis of the same transfectants is shown. The
ratio of V3 to total CD44, as measured by laser densitometry, is illustrated
graphically. Fragment sizes are indicated in base pairs. (C) V3 inclusion is
exponentially related to intron length.

exons. This effect was examined closely for exon V3, which is
skipped in isoforms present in most normal tissues but is in-
cluded in a number of tumors. We showed that the splicing of
V3 is reduced as intron length is increased. One interpretation
of these results is that the effects can be explained by intron,
rather than exon, definition, similar to that observed in inver-
tebrates. However, this is probably not the case, since V3 is not
a long exon (126 bp) and the shortest intron used in these
experiments was 500 bp, too large for intron definition (39)
and within the range of average sizes for mammalian genes in
which exon definition is believed to operate.

Based upon our observations, we propose a kinetic proba-
bility model for splicing in CD44, which may have applicability
to other vertebrate genes. Thus, constitutive exons which have
strong splice sites are well defined. Contact between two such
exons results in a high probability of productive spliceosome
formation. Conversely, alternatively spliced exons are normally
poorly defined and, upon contact with well-defined constitutive
exons, have a low probability of productive spliceosome for-
mation. The definition of such exons may be promoted by the
presence of factors, such as SR proteins either singly or in
combination, which may bind in a sequence-specific manner to
EREs (24, 34, 37, 40) or other, as-yet-undefined enhancer
elements. It has been shown that the binding of such factors
improves exon recognition, due in part to the enhancement of
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FIG. 8. V3 splicing is rescued by proximity to a “strong” exon. Exon 4 of
CD44 (light gray boxes) was cloned on either side of V3 (dark gray boxes) in the
Pp44:NANV3ANN construct, and data were obtained by RT-PCR. Fragment sizes
are indicated in base pairs.

the binding of U1-snRNP to the alternative 5 splice site (10).
We propose that intron length determines the frequency of
contact between two exons such that long introns result in
infrequent contact and short introns result in a proportionately
higher frequency of contact. In this way, a short intron may
overcome the disadvantage of a poorly defined alternative
exon by giving rise to an increase in the likelihood of contact
between it and its neighbor, increasing the probability of spli-
ceosome formation. This model predicts that the probability of
contact and hence splicing will decrease exponentially with
intron length. This prediction is supported by our observation

177

1 2 3 4
FIG. 9. Mutation of a putative ERE affects V3 splicing. RT-PCR analysis of
splicing from constructs in which the purine-rich stretch of V3 was replaced by
pyrimidines is shown. Lane 1, unmutated pV3; lanes 2 and 3, mutation of 5" and

3’ halves, respectively; lane 4, double mutant. Fragment sizes are indicated in
base pairs.
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on the reduction in V3 splicing as introns are artificially en-
larged. Furthermore, since mRNA secondary structures have
been shown to affect the choice of alternative 5’ splice sites
(12), another effect of intron enlargement is the additional
potential for secondary and tertiary structures in the pre-
mRNA which could obscure the already poorly defined exon.

CD44 isoforms are not generated at random, and this prop-
erty may be influenced by intron length. Our analysis of CD44
alternative splicing in the normal mouse led to three observa-
tions. First, and as had been previously thought, the most
frequently found isoform (90 to 95%) is CD44H, which skips
all the alternatively spliced exons. Second, in other isoforms
there is a clear hierarchy of expression of the alternatively
spliced exons, so that V10 is found most frequently and V1 is
found least frequently. Third, detailed examination of these
isoforms shows that once a 5’ alternatively spliced exon is
chosen, it frequently is followed by all the alternatively spliced
exons lying downstream. Eighty percent of the isoforms con-
taining alternatively spliced exons are of this type, and isoforms
containing a single exon are rare. These rules are not hard and
fast, and several isoforms which contain single, centrally placed
exons, such as V6 in isolation, have been reported, particularly
from lymphoid tissues (1). However, overall the isoforms re-
ported by others are in keeping with our findings.

The genomic structure of CD44 is highly conserved between
humans and mice. In particular, the lengths of the introns in
the alternatively spliced region are almost identical (32, 41).
All the introns in this region are 1.5 to 3.5 kb, with two excep-
tions, the intron between V4 and V5, which is approximately
0.5 kb, and the intron preceding the first alternatively spliced
exon, V1. This intron is at least 8 kb in length (Fig. 1A), and
because we have so far been unable to span this intron with
cloned genomic DNA, this figure may represent a conservative
estimate.

The intron length model predicts that the splicing of alter-
native exons is enhanced by proximity to a constitutive exon.
Exon V10 is the alternatively spliced exon located most prox-
imal to a constitutive exon (3.5 kb) and would therefore be
predicted to be found most frequently. As mentioned above,
the most 5" of the alternatively spliced exons, V1, is preceded
by a very long intron, a fact which would be predicted to reduce
its splicing efficiency. Apart from the intron preceding V1, all
the other introns are in the range of 0.5 to 3.5 kb. Thus, once
V10 is selected, its neighbor, V9, becomes the most proximal
exon and is favored above the others. Similarly, V8 is enhanced
by the selection of V9, and so on. At any point, however, the
splicing can jump to the next constitutive exon, exon 5, termi-
nating alternative exon inclusion. This model explains the find-
ing that the frequency of exon expression falls in a hierarchy
from V10 to V1. It also explains why 80% of isoforms contain
a contiguous string of exons downstream of the first selected
exon. If a contiguous string of exons is included, then the
effective intron sizes are kept to a minimum, whereas if one or
more exons in the string are skipped, then a much larger
intron, formed by the sum of intron and exon lengths to be
excluded, has to be overcome.

Further evidence of the strength of this model comes from
an examination of isoforms containing exons V4 and V5. These
two exons are separated by a short, 0.5-kb intron. Because of
their close proximity, the intron length model would predict
that if V5 is used, then V4 would be likely to follow. Indeed, V4
is included in 86% of transcripts containing V5. V3 is sepa-
rated from V4 by a 3-kb intron, and only 14% of isoforms
containing V4 also contain V3, again consistent with the intron
length model.

In this paper, we have examined the splicing patterns of the
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CD44 gene and have demonstrated a clear hierarchy and con-
nectivity in the patterns of alternative splicing. We have also
demonstrated the influence of intron length upon alternative
splicing, with short introns favoring exon inclusion. From these
observations, we propose a kinetic model for the alternative
splicing of CD44 in which short introns promote more frequent
collisions between a poorly defined alternatively spliced exon
and a neighboring constitutive exon, thus enhancing splicing
efficiency.

Alternative splicing has been demonstrated in many genes,
and in many instances, such as CD44, has been shown to have
functional sequelae for the individual cell and organism. Phy-
logenetic comparisons show many of the spliceosomal compo-
nents to be highly conserved among species as diverse as hu-
mans, mice, yeast, Drosophila, and Caenorhabditis elegans. In
contrast, many alternatively spliced mammalian genes, such as
the cell surface receptors CD44 and CD45, are found only in
higher vertebrates and not in invertebrates. This fact implies
that the alternative splicing of these genes has evolved within
a predetermined background of splicing factors. In other
words, genes may well have evolved to suit the available splic-
ing factors rather than that the splicing factors have evolved to
meet the splicing needs of the genes. To develop alternative
splicing in a gene, evolution may mutate sequences in and
around the exons to either enhance or reduce exon definition
and hence splicing efficiency. This process is necessarily con-
strained by the requirement to conserve the primary coding
potential. A complementary and perhaps more powerful mech-
anism for this objective is the modulation of intron length.
Subtle changes in intron length can result from unequal mei-
otic crossover, and such events do not disrupt the primary
sequence of the gene. A number of alternatively spliced genes,
such as CD44 and CD45, have alternative exons surrounded by
introns of 1 to 4 kb, which may be the optimum distance over
which this effect operates. If these observations hold true for
other large, alternatively spliced genes, then intron length
could allow rapid fine-tuning of alternative splicing to comply
with phylogenetically ancient patterns of splicing factor expres-
sion. Put another way, we propose that intron length is mod-
ulated so as to place an alternative exon within a window so
that its expression may be modulated by tissue-specific patterns
of trans-acting protein factors.
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