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Two alternative exons, BEK and K-SAM, code for part of the ligand binding site of fibroblast growth factor
receptor 2. Splicing of these exons is mutually exclusive, and the choice between them is made in a tissue-
specific manner. We identify here pre-mRNA sequences involved in controlling splicing of the K-SAM exon.
The short K-SAM exon sequence 5'-TAGGGCAGGC-3’ inhibits splicing of the exon. This inhibition can be
overcome by mutating either the exon’s 5’ or 3’ splice site to make it correspond more closely to the relevant
consensus sequence. Two separate sequence elements in the intron immediately downstream of the K-SAM
exon, one of which is a sequence rich in pyrimidines, are both needed for efficient K-SAM exon splicing. This
is no longer the case if either the exon’s 5’ or 3’ splice site is reinforced. Furthermore, if the exon inhibitory
sequence is removed, the intron sequences are not required for splicing of the K-SAM exon in a cell line which
normally splices this exon. At least three elements are thus involved in controlling splicing of the K-SAM exon:
suboptimal 5’ and 3’ splice sites, an exon inhibitory sequence, and intron activating sequences.

Alternative splicing is a mechanism frequently used by cells
for the production of several proteins from one gene (29, 33).
When subject to control, this mechanism allows the production
of similar but distinct versions of a protein in a cell-type-
specific manner. Alternative splicing of the fibroblast growth
factor receptor 2 (FGFR-2) gene pre-mRNA is a particularly
attractive example of this phenomenon (9, 21, 30, 50). The
FGFR-2 extracellular domain is composed of three immuno-
globulin-like domains, the third of which is particularly impor-
tant for ligand binding (30, 50). The carboxy-terminal moiety
of the third immunoglobulin-like domain is encoded by two
alternative exons (9, 30, 50), K-SAM (or IIIb) and BEK (or
IIIc). Splicing of these exons is mutually exclusive and is con-
trolled both in cell lines and during development (9, 30, 31).
Epithelial cells use mainly the K-SAM exon and synthesize a
receptor with high affinity for keratinocyte growth factor.
Other cell types use mainly the BEK exon and synthesize a
high-affinity receptor for basic fibroblast growth factor. That
the splicing choice is linked to the cell type is illustrated by the
observation that oncoprotein fos activation in epithelial cells
induces an epithelio-mesenchymal conversion and changes the
exon spliced from K-SAM to BEK (36). Controlling the splic-
ing of the FGFR-2 pre-mRNA may be very important for the
cell, as a change in the splicing pattern has been correlated
with malignant progression of rat prostate cells (48).

This control is presumably exerted at the level of construc-
tion of the spliceosome, which is composed of four small nu-
clear ribonucleoproteins (snRNPs) as well as many associated
splicing factors (19, 37). Early steps in spliceosome formation
are the recognition of the 5’ splice site sequence by Ul snRNP
and the recognition of the branch point sequence, associated
with the 3’ splice site, by U2 snRNP. These steps are assisted
by other splicing factors, several of which contain a domain
rich in Arg-Ser dipeptides and are members of the SR protein
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family (28, 51). Thus the splicing factor U2AF, whose 35-kDa
U2AF subunit contains an SR domain (53), binds to the poly-
pyrimidine tract usually found immediately upstream of 3’
splice sites and helps binding of U2 snRNP to the branch point
sequence (52). On the other hand it has been shown recently
(23) that the SR protein ASF/SF2 directly recognizes the 5'
splice site and cooperates with Ul snRNP in binding to the
pre-mRNA.

SR proteins thus help to define individual 5" and 3’ splice
sites. The exon definition model for splicing (34) proposes that
the exon is recognized as an entity, and this requires coupled
definition of the 5’ and 3’ splice sites. The SR proteins SC35
and ASF/SF2 can interact specifically with both U1 snRNP and
U2AF and could thus be involved in coordinating the binding
of appropriate snRNPs to 3’ and 5’ splice sites of an exon (46).
Such coordinated binding occurs in the splicing of a rat pre-
protachykinin gene exon (17), in which Ul snRNP bound to
the 5’ splice site facilitates the binding of U2AF to the 3’ splice
site.

Splicing thus appears to involve the organization of a net-
work of protein-protein and protein-RNA interactions span-
ning exons. Splicing could clearly be controlled by blocking or
accelerating the setup of these complex interactions. In Dro-
sophila melanogaster, sex-lethal (sxl) protein represses a male-
specific 3’ splice site on the transformer (tra) pre-mRNA by
binding to its associated polypyrimidine sequence and blocking
binding of U2AF (44). The tra and tra-2 proteins activate a
female-specific 3’ splice site on the doublesex (dsx) pre-mRNA
by binding of a multiprotein complex containing SR proteins to
a repeated sequence within the downstream exon. The result-
ing complex of tra, tra-2, and SR proteins stabilizes the binding
of U2AF to the 3’ splice site polypyrimidine sequence (2, 42,
46). In mammals, purine-rich exonic splicing enhancer se-
quences may function similarly (25, 40).

The heterogeneous nuclear RNP (hnRNP) Al protein coun-
teracts the effects of the SR protein ASF/SF2 in a concentra-
tion-dependent manner both in vivo and in vitro (7, 11, 24, 27,
49). ASF/SF2 promotes the use of proximal 5’ splice sites and
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exon inclusion, while hnRNP A1 promotes the use of distal 5’
splice sites and exon exclusion. The relative levels of the two
proteins may vary in different cell types and be partly respon-
sible for controlling alternative splicing of some pre-mRNAs.
Exactly how hnRNP Al counteracts the effects of ASF/SF2 is
unknown; however, hnRNP Al is a sequence-specific RNA-
binding protein (6) and could disrupt or prevent interactions
between SR proteins such as ASF/SF2 and other spliceosome
components.

For the FGFR-2 pre-mRNA, we have shown previously that
control is exerted on both the alternative exons (12). Deletion
of the K-SAM exon does not lead to efficient use of the BEK
exon in its place and vice versa. The K-SAM exon 3’ splice site
is associated with a polypyrimidine sequence containing sev-
eral purines, and thus it is unlikely to bind U2AF efficiently.
Changing these purines to pyrimidines, or replacing the K-
SAM exon polypyrimidine tract with that of the BEK exon,
leads to efficient splicing of the K-SAM exon in cells which
normally use preferentially the BEK exon. In this case the
K-SAM exon is spliced to the BEK exon. These observations
led us to hypothesize that efficient splicing of the K-SAM exon
requires the action of an activator, which could be a sequence-
specific RNA-binding protein capable of recruiting U2AF to
the 3’ splice site, for example. We set out to test this hypothesis
by searching for cis-acting RNA sequences whose mutations
block splicing of the K-SAM exon. While cis-acting sequences
necessary for K-SAM exon splicing do indeed exist, we discov-
ered in the course of this work an additional level of complex-
ity: another cis-acting sequence inhibits splicing of the K-SAM
exon.

MATERIALS AND METHODS

Minigenes. A Pyull fragment containing the neomycin resistance gene was
deleted from pRcRSV (Invitrogen) to make pRKI1. The 5.6-kb BamHI-EcoRI
fragment from pBK3 (12), which contains the C1, K-SAM, BEK, and C2 exons,
was subcloned into the corresponding sites of pBluescript (Stratagene). A
BamHI-Sall fragment of the resulting plasmid was cloned between the BamHI
and Xhol sites of pRKI1 to make pRK3 (see Fig. 1). To generate pRK2, an
Aval-Xbal fragment from pRK3, containing most of the K-SAM exon and some
downstream intron sequences (see Fig. 1), was cloned between the Aval and
Xbal sites of a pBluescript derivative in which the Kpnl-BamHI polylinker
fragment had been replaced by a new polylinker containing a compatible Aval
site. To make pRK4, a Sall site was introduced into the K-SAM exon of pRK2
with the Transformer site-directed mutagenesis kit from Clontech and the mu-
tation oligonucleotide 5'-ACCTTGCTGTTTTGGGTCGACAGTGAGCCAG
GC-3'.

A variety of other minigenes were made from pRK2 or pRK4. The Aval-Xbal
fragments of all mutated versions of these plasmids were verified by sequencing
and then transferred back into pRK3 to make mutated minigenes. For pRKS8 and
pRK11, the Aval-Sall fragment of pRK4 was replaced, respectively, by Aval-Sall
fragments obtained by PCR amplification of (i) a rabbit beta-globin gene (32)
(amplified with the primers 5'-GGCTCGGGGCTGGTTGTCTACCCAT-3’ and
5'-GGGTCGACGAAGGCAGCCAGCACCT-3") and (ii) a bacterial chloram-
phenicol acetyltransferase (CAT) gene (pCAT-Basic plasmid; Promega) (ampli-
fied with the primers 5'-GGCTCGGGCTTTATTCACATTCTTG-3’ and 5'-GG
GTCGACTTGCTCATGGAAAACGG-3') followed by Aval and Sall digestion.
PRKS thus contains bp 4 to 125 of the second exon of the globin gene between
the Aval and Sall sites of the K-SAM exon, while pRK11 contains codons 59 to
98 of the CAT gene similarly placed. pRK10 was made by site-directed mutagen-
esis of the K-SAM exon-intron junction in pRK2 with the mutation oligonucle-
otide 5'-GACAAAAATGAAAGCTTACTTACCTTGCTGT-3'. pRKI12 was
made from pRK11 by site-directed mutagenesis with the mutation oligonucleo-
tide 5'-GAGCTGGTGATATCGGATAGTGTTCA-3' to introduce an EcoRV
site in the CAT sequences. pRK13, pRK14, and pRK15 (and derivatives thereof)
were made by replacing, respectively, the Aval-EcoRI, EcoRI-EcoRV, and
EcoRV-Sall fragments of pRK12 with double-stranded oligonucleotides with
compatible extremities derived from the K-SAM exon sequences as described in
the legend to Fig. 2. pRKS10 was made with appropriate oligonucleotides by
replacing 10 bp of the CAT sequences carried by the EcoRV-Sall fragment of
pRK12 with the K-SAM exon sequence 5'-TAGGGCAGGC-3' (in double-
stranded form). In pRKS10, the K-SAM sequence is situated relative to the
exon’s 5’ and 3’ splice sites as it is in pRK3, but in pRKS10 it is surrounded by
CAT sequences. pRK18 was made by replacing the Aval-Xbal fragment of pRK2
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with a fragment obtained by PCR amplification of pRK3 with the primers
5'-CTGTTCTAGCACTCGGGG-3" and 5'-CCTCTAGACATTGTTACCTTG
CTGTT-3' followed by Aval and Xbal digestion. pRK20 was made by annealing
5'-CCATGCATTCGCGTGCCATGCCATTGTTACCTTGCTGTTTTGGC-3’
and 5'-TCGAGCCAAAACAGCAAGGTAACAATGGCATGGCACGCGAA
TGCATGG-3' and ligating them to a Sall-Dral digest of pRK4. pRK22 was
made similarly, with 5-TAATAATGACAATAATGATAGCATTGTTACCTT
GCTGTTTTGGC-3' and 5'-TCGAGCCAAAACAGCAAGGTAACAATGC
TATCATTATTGTCATTATTA-3'. pRK21 was made by replacing a Dral-Pstl
fragment of pRK2 with a polylinker fragment sequence of the same size. pRK23
was made by PstI and Xbal digestion of a fragment obtained by PCR amplifica-
tion of an elongation factor 1 alpha (43) gene intron (bp 417 to 827) with the
oligonucleotides 5'-GGTCTAGACGCACGCGGCGGCCCCAG-3’ and 5'-AC
AGTCCCCGAGAAGTT-3' followed by ligation of the digest to a PstI-Xbal
digest of pRK2.

pRK9 was made by replacing the BamHI-Aval fragment of pRK3 with the
corresponding fragment of s(t)SbB (12). pRK16 was made from RK3 by deleting
a KpnI-BglII fragment (bp 24 to 686) of the 1,149-bp intron between exons Cl1
and K-SAM. pRK17 was made from s(g)SbB (12) by deleting a Bg/II-Sall frag-
ment (bp 690 to 1105) of the 1,149-bp intron between exons C1 and K-SAM
followed by cloning of the BamHI-Aval fragment containing exon C1, the de-
leted intron, and the start of the K-SAM exon, between the corresponding sites
of pRK3. A fragment obtained by PCR amplification of pRK3 with the oligo-
nucleotide 5'-TGTCTAGATTTTTGTCTTTTTTTAAAAAG-3' and T3 primer
was digested with Xbal and ligated to XbalI-digested pRK18 to make pRK19. To
make pRK25, the Aval-Hpal fragment of pRK18 replaced the corresponding
Aval-Hpal fragment of pRK9 containing a reinforced K-SAM exon polypyrimi-
dine sequence. A HindIlI-Xbal fragment of pRK10 was deleted to make pRK26
(in pRK10 there is a HindIII site just downstream of the K-SAM exon 5’ splice
site [see the legend to Fig. 4]). pRK27 and pRK28 were made by ligation of
oligonucleotides 5'-CTAGACATTGTTACCTTGCTGTTTTGGC-3' and 5'-
TCGAGCCAAAACAGCAAGGTAACAATGT-3' to Sall-Xbal digests of
pRKS8 and pRKI11, respectively.

RNA analysis. SVK14 or HeLa cells (as described in reference 12) were
transfected by the calcium phosphate coprecipitation technique (3). For stable
transfections, minigenes (20 pg) and pSGneo (2 pg) were cotransfected into
cells. Geneticin (800 wg/ml) was added to culture medium at 18 h posttransfec-
tion. RNA was harvested from bulk cultures of geneticin-resistant cells by a rapid
cytoplasmic RNA extraction technique (15). For transient transfections of HeLa
cells, cells were transfected with 20 g of minigenes, and RNA was harvested at
60 h posttransfection.

The reverse transcription PCR (RT-PCR) protocol used was as described
previously, except that primers P1 (5'-GGAATTCACGAGCGATCGCCTCAC
CGG-3', from the C1 sequence) and P2 (5'-GGCAACTAGAAGGCACAG-3',
from the bovine growth hormone [BGH] sequence) were used and 20 cycles of
amplification were routinely used, so as to remain within the exponential range
of amplification. The results obtained remained, however, essentially unchanged
if 30 cycles of amplification were carried out. This was done to obtain amounts
of DNA visible by ethidium bromide staining to facilitate the subcloning of PCR
products into pBluescript for sequencing. Otherwise, Southern blotting was used
to visualize the PCR products as described previously (12). For some experi-
ments, suitably exposed autoradiograms were scanned with an LKB Ul-
troScanXL laser densitometer to determine the percentage of the hybridization
signal represented by each PCR product. For key experiments, RT-PCR results
were confirmed by Northern (RNA) blotting. Analysis of RNA samples sepa-
rated by electrophoresis on a denaturing agarose gel was carried out according to
established procedures (3).

RESULTS

We have previously described the minigenes BK1 and BK3,
containing the alternative K-SAM and BEK exons together
with flanking exon sequences (12). We used these minigenes to
investigate the splicing of the FGFR-2 pre-mRNA following
the transient transfection of BK1 and BK3 into HeLa cells
(which splice preferentially the BEK exon) or SVK14 cells
(which splice preferentially the K-SAM exon). Correct splicing
of minigene-derived pre-mRNA in SVK14 cells required the
presence of an open reading frame. Subsequent experiments
showed that this requirement was linked to the transfection
technique used: minigenes stably transfected into SVK14 cells
showed no such requirement (data not shown). We can pro-
pose no satisfactory explanation for this difference. Conse-
quently, we decided in our further work to stably transfect
SVK14 cells. To facilitate these experiments, we prepared a
new minigene, RK3 (Fig. 1A). In RK3, the simian virus 40
early promoter and beta-globin gene polyadenylation site of
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FIG. 1. Minigene RK3 and possible spliced transcripts derived from it. (A)
Minigene RK3. RSV is the Rous sarcoma virus long terminal repeat promoter.
BGH is the BGH polyadenylation site. K-SAM, BEK, C1, and C2 exons as
described in reference 12 are shown. The sizes of introns between the C1 and
K-SAM exons, between the K-SAM and BEK exons, and between the BEK and
C2 exons are marked below the map. The sizes of the BEK and K-SAM exons are
marked above the map. FGFR-2 cDNA sequences (12) lie between the RSV and
C1 sequences. The origins of primers P1 and P2 used for RT-PCR analysis of
minigene transcripts are shown. pu indicates a long purine-rich sequence in the
C2 exon discussed in the text. For the BEK exon, two alternative 5’ splice sites
are shown. The downstream site (5'-CAGgtatat-3") is used most frequently; the
upstream site (5'-CGGgtaatt-3") is a minor alternative site whose use has been
described occasionally (35). A, Aval; B, BamHI; G, Bglll; H, Hincll; K, Kpnl; P,
Hpal; E, EcoRI; V, EcoRV; X, Xbal. The EcoRYV site between the C2 exon and
the BGH sequence is shown in parentheses as it does not exist in all minigenes
(Table 1). (B) Structures and sizes of various possible spliced transcripts of
minigene RK3 and its derivatives. The transcripts are represented as double-
stranded cDNAs. Note the existence of two BEK transcripts and two SAMBEK
transcripts, linked to the use of the two alternative BEK exon 5’ splice sites.
Restriction enzyme abbreviations are as listed above for panel A.

BK3 were replaced with the stronger Rous sarcoma virus long
terminal repeat promoter and the BGH polyadenylation site,
respectively.

In our search for cis-acting sequences implicated in the splic-
ing of the K-SAM exon, various versions of RK3, carrying
different mutations in the K-SAM exon and flanking intron
sequences, were made. These minigenes were transfected into
SVKI14 or HeLa cells. RNA was harvested and subjected to
RT-PCR. Primers used were from the upstream flanking exon
(P1) or the BGH sequences (P2) and were designed to amplify
specifically cDNA derived from minigene transcripts. A num-
ber of such transcripts are possible, depending on the splicing
choices (Fig. 1B). Note that for the BEK exon, two alternative
5’ splice sites are available (Fig. 1A; see also reference 35). The
downstream 5’ splice site is, however, used preferentially.

The calculated sizes of the PCR product obtained from each
transcript and those of the fragments obtained on digestion of
the PCR products with the restriction enzymes Aval, Hincll,
Hpal, and EcoRV are listed in Table 1. All four enzymes
recognize sites in either the K-SAM or the BEK exon (Fig. 1).
This information was used for the identification of PCR prod-
ucts actually obtained in the experiments described below. The
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TABLE 1. PCR products obtained from minigene transcripts®

PCR Size (kb) Size (kb) after digestion with:
before
product digestion Aval EcoRV Hincll-Hpal

c1cz 0.32 0.32 0.32° 0.32

SAM 0.46 0.26 +0.20 0.46° 0.46¢

BEK 0.46 0.46 031 +0.15> 021 + 0.13* + 0.12¢
0.41 0.41 0.41° 0.21 +0.20

SAMBEK 0.61 0.41+0.20 046 +0.15° 0.36° + 0.137 + 0.12¢

0.56 0.36 +0.20  0.56” 0.36° + 0.20

“ Minigene transcripts are shown in Fig. 1.

® This fragment is further cleaved to liberate a 0.07-kb fragment, representing
the BGH sequence, for minigenes RKS8, RK10, RK17, and RK18.

¢ This fragment is further cleaved by HinclI to liberate a 0.13-kb fragment for
minigenes with a Sall site in the K-SAM exon (RK4, RKS, RK7, RK8, RK11,
RK12, RK13, RK14, RK15, RK20, RK22, RK27, and RK28).

4 This fragment is replaced with a 0.25-kb fragment in Hpal digests.

¢ This fragment is further cleaved by Hincll to liberate a 0.03-kb fragment for
minigenes with a Sall site in the K-SAM exon (see footnote c).

Aval and Hpal sites are particularly useful, as only PCR prod-
ucts containing the K-SAM exon will be digested by Aval
(yielding a characteristic 0.20-kb fragment), while only PCR
products containing the BEK exon will be digested by Hpal.
On the other hand, PCR products containing neither exon are
not cut by Aval, Hpal, or Hincll.

No evidence that internal K-SAM exon sequences are
needed for splicing. We began by searching for exon sequences
which might be involved in splicing of the K-SAM exon, as
some purine-rich sequences within exons have been shown to
act as splicing enhancers. One such sequence (AAAACAGC
AAG) can be found juxtaposed to the K-SAM exon 5’ splice
site (Fig. 2). Another such sequence (GGAAGAGAAAAGG
AGA) lies in the downstream C2 exon, 5 nucleotides from the
3" splice site (Fig. 1A). While each sequence could work on its
own, splicing of the K-SAM exon’s 5’ splice site to the C2
exon’s 3’ splice site creates an even longer purine-rich stretch,
which might be involved in the activation of the K-SAM exon’s
3" splice site. These purine-rich sequences were deleted from
RK3 (Fig. 3A) either individually or together. RK3 and these
mutated minigenes were stably transfected into SVK14 cells
and the RT-PCR analysis described above was carried out.
Results (Fig. 3B) were interpreted (Fig. 3C) by using the data
provided in Table 1. Levels of PCR products were expressed as
the percentage of the total hybridization signal (see Materials
and Methods).

With the RK3 minigene, 0.46-kb PCR products containing
an Aval site and thus representing SAM transcripts predomi-
nated, although some 0.32-kb products representing C1C2
transcripts (less than 5% of the hybridization signal) were also
detected. The deletion of either the K-SAM or the C2 exon’s
purine-rich sequence or both of these sequences had no very
marked effect on K-SAM exon splicing, as PCR products of
0.46-kb with an Aval site continued to predominate (data not
shown).

To search for possible cis-acting activating sequences else-
where in the K-SAM exon, a Sall site (and thus also a Hincll
site) was first introduced into the K-SAM exon (Fig. 2) to
generate the minigene RK4. We replaced the Aval-Sall frag-
ment of RK4 with a globin exon sequence of the same size
(Fig. 3A, minigene RKS8). The reading frames of the K-SAM
exon and the globin exon were conserved. Results of the RT-
PCR analysis carried out on RNA from SVK14 cells stably
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Aval EcoRL
4 tcggggataaatagttccaatgcagaagtgctggctctgttcaatg Seg. 1

EcoRI
AATT
50 tgaccgaggcggatgctggggaatatatatgtaaggt

ECoRV
A

Seg. 2

EcoRV

A Sall

87 ctccaattatatagggcaggccaaccagtctgectggctcactg Seg. 3
3 5

GAC
135 tcctgccaaaacagcaag

Purines

FIG. 2. Sequence of K-SAM exon. This presentation is designed to facilitate
the identification of K-SAM exon features and segments discussed in the text.
The true exon sequence is shown in lowercase letters. The position of the pRK4
Sall site, as well as that of the mutation introduced to create it (GAC), is shown
above the sequence. The purine-rich sequence deleted in pRKS is indicated with
dashes and the word “Purines” below. The K-SAM exon segments (Seg.) 1, 2,
and 3, present in pRK13, pRK14, and pRK15, respectively, are identified to the
right. Segments 2 and 3 do not have exactly the same sequence as the K-SAM
exon. To obtain the actual sequences of segments 2 and 3, replace the bases in
lowercase letters with the bases in uppercase letters immediately above them.
These replacements create the EcoRI, Sall, and EcoRV sites shown. In
pRKI15-1, -2, -3, -4, and -5, the sequences of segment 3 (correspondingly num-
bered), indicated with dashes below, have been replaced with 5’-gcttaggee-3',
5'-caaggat-3’, 5'-agctgg-3’, 5'-aagcttga-3’, and 5’-atcgataac-3', respectively.

transfected with RK8 are shown in Fig. 3B. Once again, the
K-SAM exon was efficiently spliced (Fig. 3C, 0.46-kb PCR
products with an Aval site). Taken together, the above exper-
iments suggest that no internal K-SAM exon sequence is re-
quired absolutely for splicing in SVK14 cells.

A K-SAM exon sequence represses splicing. We then stably
transfected the RK3 and RKS8 minigenes into HeLa cells. Re-
sults of the RT-PCR analysis carried out on RNA from the
resulting cells are shown in Fig. 3B. With the RK3 minigene,
0.46-kb PCR products which contain Hincll and EcoRV sites,
but not Aval sites, predominate and represent BEK transcripts
(Fig. 3C). PCR products of 0.32 kb, representing C1C2 tran-
scripts, were also detected at a low level (less than 5% of the
hybridization signal). Different results were obtained for the
RKS8 minigene (Fig. 3B), in which globin sequences replace the
K-SAM exon internal sequences (Fig. 3A). PCR products of
0.61 and 0.56 kb were detected and together made up about
60% of the hybridization signal, the remainder of the signal
being made up by 0.46-kb fragments. In marked contrast to the
results obtained with RK3, most of these PCR products con-
tained an Aval site. The results of digestion with Aval, EcoRV,
and Hincll suggested that the 0.61- and 0.56-kb products de-
rived from the two SAMBEK transcripts (Fig. 1B and 3C).
This was confirmed by sequencing of subcloned PCR products
(data not shown). Purification of the 0.46-kb PCR product and
digestion with Aval or Hpal showed that it derived mainly from
K-SAM transcripts, with only a minor contribution from BEK
transcripts (data not shown).

Replacement of internal K-SAM exon sequences by globin
exon sequences thus activates splicing of the K-SAM exon in
HeLa cells. Indeed, this replacement has an effect very similar
to that seen with RK3 minigenes in which the K-SAM exon
polypyrimidine sequence (RK9) or 5’ splice site (RK10) has
been mutated to make these sequences conform more closely
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FIG. 3. Effects of K-SAM exon sequences on splicing of K-SAM exon in
SVK14 and HeLa cells. (A) Schematic representations of the mutations in
K-SAM exon and flanking intron sequences in different minigenes. A, Aval; H,
Hincll; V, EcoRV. GLO in RKS represents a globin exon sequence introduced
between the Aval and Sall sites of pRK4. For RKO9, the asterisks represent three
pyrimidines which replace three purines in the K-SAM polypyrimidine sequence.
In RK10, the 5" splice site has been changed (three asterisks) from 5'-AAGg
taacaatgctt-3' to 5'-AAGgtaagtaagcett-3’ (exon sequence in uppercase letters,
intron sequence in lowercase letters). Note that this mutation creates a HindIII
site (aagctt) just downstream of the K-SAM exon. CAT in RK11 represents a
CAT sequence introduced between the Aval and Sall sites of pRK4. (B) RNA
from minigenes stably transfected into SVK14 or HeLa cells was subjected to
RT-PCR as described in the text. PCR products were left undigested (O) or were
digested with Hincll (H), EcoRV (V), or Aval (A) before Southern blotting.
Autoradiograms of blots obtained are shown. The sizes of certain fragments are
given in kb (see Table 1). The 0.20-kb Aval fragment characteristic of K-SAM
exon use is identified to the right of each autoradiogram. (C) Structures of PCR
products. The EcoRV site (V) after the C2 sequence is present only in RKS- and
RK10-derived PCR products. The origin of the 0.20-kb Aval fragment is indi-
cated.

to the corresponding consensus sequences (Fig. 3A). Both of
these mutations activate K-SAM exon splicing in HeLa cells
and lead to efficient production of SAMBEK and SAM tran-
scripts. This is seen most clearly by comparing lanes O and A
of Fig. 3B for the minigenes RKS8, RK9, and RK10 and con-
trasting the corresponding lanes for RK3. Comparison of the
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FIG. 4. Northern blot analysis of effects of minigene mutations on splicing of
K-SAM exon. For HeLa cells, analysis of RNA from cells transiently transfected
with RK3, RKS, or RK11 is shown. The 1.70-kb mRNA is the SAMBEK tran-
script (Fig. 1B), while the 1.55 kb mRNAs are mixtures of SAM and BEK
mRNAs. For SVK14 cells, analysis of RNA from cells stably transfected with
RK3, RK18, RK21 or RK23 is shown. The 1.40-kb mRNA is the C1C2 transcript
(Fig. 1B), while the 1.55-kb mRNAs are SAM or BEK mRNA:s.

other lanes is complicated by the presence of variable numbers
of Hincll and EcoRYV sites in the different minigenes (Fig. 3A).

Is there a splicing enhancer in the globin sequence or a
splicing repressor in the K-SAM sequence? To distinguish
between these two possibilities, we constructed a further de-
rivative of RK4, RK11 (Fig. 3A), in which the Aval-Sall se-
quence was replaced by a sequence of the same size from the
protein coding region of a bacterial CAT gene. The reading
frames of the K-SAM exon and the CAT sequences were
conserved. The RT-PCR analysis carried out with RNA from
HeLa cells stably transfected with RK11 yielded results similar
to those obtained with RK8 (Fig. 3B): the 0.61- and 0.56-kb
PCR products corresponding to SAMBEK transcripts were
readily detectable. For both RK8 and RK11, results for both
transient transfections and stable transfections in HeLa cells
were identical (data not shown). Northern blotting of RNA
from cells transiently transfected with RK3, RKS8, and RK11
confirmed the RT-PCR analysis: a majority of the RKS8- and
RK11-derived transcripts are larger than the RK3-derived
transcripts (Fig. 4). It seemed unlikely to us that both a globin
gene exon and a bacterial gene would contain a splicing en-
hancer, and we concluded that the K-SAM exon probably
contains a sequence needed for inhibition of its splicing in
HeLa cells.

The K-SAM exon sequence 5'-TAGGGCAGGC-3’ inhibits
splicing. We set out to localize the K-SAM exon inhibitory
sequence. A derivative of RK11 (RK12) was made in which an
EcoRV site was introduced into the CAT sequences (Fig. 5A).
In RK12, the CAT sequences are divided into three segments
by Aval, EcoRI, EcoRV, and Sall sites. Each of these segments
was individually replaced with corresponding segments of the
K-SAM exon (Fig. 2) to generate minigenes RK13, RK14, and
RKI15 (Fig. 5A). These three minigenes were transiently trans-
fected into HeLa cells, and RT-PCR analysis was carried out
on RNA from the transfected cells. PCR products were di-
gested by Aval (specific for the K-SAM exon) or by Hpal
(specific for the BEK exon; the Hpal site corresponds to the
upstream Hincll site [Fig. 1A]). As shown in Fig. 5B, results
obtained with RK13 or RK14 were similar to those obtained
with RK11 (Fig. 3B). PCR products of 0.61 and 0.56 kb made
up 55% of the hybridization signal, while products of 0.46 kb
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FIG. 5. The K-SAM exon inhibitory element is localized to a short exon
sequence. (A) Schematic representations of mutated K-SAM exons in different
minigenes. A, Aval; E, EcoRI; L, Sall; P, Hpal; V, EcoRV. In RK12, K-SAM
internal exon sequences have been replaced with CAT sequences (identified by
vertical dotted lines). RK13, RK14, and RK15 were made from RK12 by replac-
ing parts of these CAT sequences with the K-SAM sequences S1, S2, and S3,
which correspond to segments 1, 2, and 3, respectively, as shown in Fig. 2.
RK15-1 to -5 are versions of RK15 in which different blocks of segment 3 have
been mutated (black boxes with diagonal white lines) as indicated in Fig. 2.
RKSI10 is identical to RK12 except that it contains the sequence 5'-TAGG
GCAGGC-3' from the K-SAM exon within the CAT sequences. (B) RNA from
minigenes transiently transfected into HeLa cells was subjected to RT-PCR as
described in the text. Abbreviations are as in the legend to Fig. 3B, except that
P stands for Hpal. (C) Structures of PCR products. The origin of the 0.20-kb
Aval fragment is indicated.

made up 45% of the signal. The 0.61- and 0.56-kb fragments
were digested by both Aval and Hpal. Sequencing of subcloned
0.61- and 0.56-kb fragments (data not shown) confirmed that
they represented SAMBEK transcripts (Fig. 1B and 5C). Dif-
ferent results were obtained with RK15: no 0.61- or 0.56-kb
PCR products were detected, while the 0.46-kb products that
were seen behaved as if they derived from BEK transcripts
(digestion by Hpal but not by Aval). We conclude that segment
3 of the K-SAM exon sequence (Fig. 2) contains most of the
activity responsible for repressing K-SAM exon splicing in
HelLa cells.
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The systematic mutation of blocks of nucleotides (Fig. 2) in
segment 3 of the K-SAM exon sequence in RK15 was under-
taken to further localize the repressing activity. Mutated mini-
genes RK15-1 to -5 (Fig. 5A) were transiently transfected into
HeLa cells, RNA was harvested, and RT-PCR analysis was
carried out. Minigenes in which block 1, 3, 4, or 5 (Fig. 2) had
been mutated behaved like RK15 (Fig. 5B, RK15-1, -3, -4, and
-5): few or no PCR products of 0.61 and 0.56 kb representing
SAMBEK transcripts (Fig. 5C) were detected, while PCR
products of 0.46 kb represented mainly BEK transcripts. How-
ever, the minigene in which block 2 was mutated (RK15-2,
mutation of the sequence 5'-GGGCAGG-3') behaved like
RK13 and RK14: PCR products of 0.61 and 0.56 kb, repre-
senting SAMBEK transcripts, made up 60% of the hybridiza-
tion signal. We conclude that the sequence 5'-GGGCAGG-3'
plays an important role in the repression of K-SAM exon
splicing in HeLa cells. None of the mutations introduced into
minigenes of the RK15 series had any detectable effect on
splicing of the K-SAM exon in SVK14 cells (data not shown).

None of the block mutations described above mutate the TA
base pairs immediately upstream of the 5'-GGGCAGG-3' se-
quence (Fig. 2) or the C immediately downstream from it. We
conclude that part or all of the sequence 5'-TAGGGCAGG
C-3’ appears to be the only element indispensable for inhibi-
tion of splicing of the K-SAM exon in HeLa cells. To verify
this, we constructed pRKS10 (Fig. 5A), which contains the
sequence 5'-TAGGGCAGGC-3' positioned relative to splice
sites as it is normally positioned in the K-SAM exon but in
which the other internal exon sequences are CAT sequences.
pRKS10 was transiently transfected into HeLa cells, RNA was
harvested, and RT-PCR analysis was carried out. PCR prod-
ucts of 0.46 kb (Fig. 5B), representing BEK transcripts (Fig.
5C), were obtained. The sequence 5'-TAGGGCAGGC-3’ is
thus the only internal exon sequence necessary to repress K-
SAM exon splicing.

Flanking intron sequences activate splicing. Having failed
to find a cis-acting activating sequence in the K-SAM exon, we
began to search for one in intron sequences. There are a
1.15-kb intron between the C1 and K-SAM exons (intron 1)
and a 1.22-kb intron between the K-SAM and BEK exons
(intron 2). We prepared minigenes (Fig. 6A) lacking bp 24 to
686 (RK16) or bp 690 to 1105 (RK17) of intron 1 or lacking bp
10 to 213 of intron 2 (RK18). RT-PCR analysis was carried out
on RNA from SVK14 cells stably transfected with these mini-
genes. Deletion of bp 24 to 686 of intron 1 did not block
splicing of the K-SAM exon (Fig. 6B, RK16; compare with Fig.
3B, RK3). PCR products of 0.46 kb with an Aval site, repre-
senting SAM transcripts (Fig. 6C), predominated. Only very
small amounts (less than 5% of the hybridization signal) of
0.32-kb PCR products, representing C1C2 transcripts, were
detected. When bp 690 to 1105 of intron 1 were deleted
(RK17), these 0.32-kb PCR products increased slightly in
abundance (to reach 8% of the hybridization signal) relative to
the 0.46-kb products, suggesting that this deletion removes
some sequences which play minor roles in splicing of the K-
SAM exon. This conclusion was confirmed by Northern blot-
ting of RNA from cells transfected with RK17: a small amount
of the 1.40-kb C1C2 transcript was detected (data not shown).

In marked contrast, deletion of bp 10 to 213 of intron 2 (Fig.
6A, RK18) blocked splicing of the K-SAM exon completely
(Fig. 6B). The major 0.32-kb PCR product corresponded to
C1C2 transcripts (Fig. 6C) (this was confirmed by sequencing
of subcloned 0.32-kb fragments), while the minor 0.46-kb PCR
product contained sites for Hincll and EcoRV but not Aval,
and thus corresponded to BEK transcripts. No 0.46-kb PCR
products containing an Aval site were detected. Similar results
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FIG. 6. An intron sequence is required for K-SAM exon splicing. (A) Sche-
matic representations of mutated introns in different minigenes. A, Aval; H,
Hincll; V, EcoRV. For RK16 to RK18, some intron sequences have been de-
leted. The boundaries of the intron deletions are described in the text. In RK19,
the orientation of an intron sequence has been reversed (black box with white
dots). (B) RNA from minigenes stably transfected into SVK14 cells was sub-
jected to RT-PCR as described in the text. Abbreviations are as in the legend to
Fig. 3B. (C) Structures of PCR products. The origin of the 0.20-kb Aval fragment
is indicated. The EcoRV site (V) after the C2 exon sequence exists only in RK17-
and RK18-derived PCR products.

were obtained when bp 10 to 213 of intron 2 were inverted
(Fig. 6A, RK19). The removal of an important sequence rather
than the shortening of intron 2 is thus responsible for blocking
K-SAM exon splicing. This effect is specific for the K-SAM
exon, as none of the mutations present in minigenes RK16 to
RK19 had any marked effect on splicing in HeLa cells, in which
the BEK exon is spliced correctly (data not shown). Northern
blotting of RNA from SVK14 cells stably transfected with RK3
or RK18 (Fig. 4) confirmed the PCR results, which show that
the deletion of bp 10 to 213 of intron 2 leads to skipping of the
K-SAM exon. The major FGFR-2 RNA species detected with
RK18 RNA is 0.15-kb shorter than the RK3 RNA.

The intron 2 sequence up to bp 219 (Fig. 7) can be divided
into three blocks: a zone rich in pyrimidines (from the 5’ splice
site to a Dral site), a zone rich in purines (from the Dral site
to a Pst1 site), and downstream sequences (from the PstI site to
the Xbal site). Minigenes were made in which each of these
blocks was mutated (Fig. 8A). In minigenes RK20 and RK21,
the pyrimidine- and purine-rich sequences were replaced with
random sequences. In minigene RK22, several pyrimidines in
the pyrimidine-rich sequence were mutated to purines. In
minigene RK23, the PstI-Xbal fragment was replaced with an
intron sequence of the same size from another gene. RT-PCR
analysis was carried out on RNA from SVK14 cells stably
transfected with these minigenes.

Randomization of the purine-rich sequence has no detect-
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PstI
cttggtgctttgggagactgcaggeagettataggataactcttgtggecttggtatattta 124

Ncol
taataatctttcttcggtgat tggtatgat 186
Xbal
acgttcaaagtgcttgctccaatttcttctaga 219

FIG. 7. Sequence of the first 219 bp of the intron separating the K-SAM and
BEK exons. The Xbal site shown corresponds to that shown in Fig. 1. A pyrim-
idine-rich sequence subjected to mutation is shown (indicated with dashes and
the word “Pyrimidines” above). This sequence is replaced by a random sequence
in RK20; in RK22, indicated t bases have been mutated to A. In RK18, bp 10 to
213 have been deleted. This brings the Xbal site up to bp 10 (represented by
TCTAGA). A purine-rich sequence subjected to mutation in RK21 is shown
(indicated with dashes and the word “Purines” below).

able effect on splicing of the K-SAM exon (Fig. 8B, RK21).
PCR products of 0.46 kb, representing SAM transcripts (Fig.
8C), predominate, and only minor amounts (less than 5% of
the hybridization signal) of the 0.32-kb products representing
CI1C2 transcripts are detected. However, when the pyrimidine-
rich sequence was replaced with a random sequence, splicing
of the K-SAM exon became less efficient (Fig. 8B, RK20). The
0.32-kb PCR products corresponding to the C1C2 transcript
were now more abundant (58% of the hybridization signal)
than the 0.46 kb products (42% of the signal). When some
pyrimidines of the pyrimidine-rich sequence were replaced by
purines (RK22), or when the PstI-Xbal fragment was replaced
by a fragment of intron sequence from another gene (RK23),
a similar though less marked effect was seen (Fig. 8B). North-
ern blotting of RNA from SVK14 cells stably transfected with
RK21 or RK23 confirmed the PCR results (Fig. 4). The RK21
transcripts corresponded in size to SAM transcripts (1.55 kb),
while the RK23 transcripts were composed of a mixture of
1.55- and 1.40-kb transcripts, the latter corresponding to C1C2
transcripts. None of the mutations present in minigenes RK20
to RK23 had any effect on splicing in HeLa cells, with the BEK
exon continuing to be spliced correctly (data not shown).

Two separate sequence elements in the intron downstream
of the K-SAM exon are thus needed for efficient exon splicing.
One of these is a pyrimidine-rich sequence. We observed that
deletion of the pyrimidine-rich sequence alone (RK24)
blocked splicing of the K-SAM exon completely (data not
shown). The explanation for this is probably that this deletion
has two effects: loss of an important sequence element and
repositioning of a second, downstream element such that it no
longer functions correctly.

The intron activating sequence is needed only in the pres-
ence of the exon repressing sequence. If the intron sequences
identified above really function to activate splicing of the K-
SAM exon, we would expect that they would no longer be
needed if K-SAM exon splicing was activated in other ways.
We have shown above (Fig. 3) and elsewhere (12) that splicing
of the K-SAM exon can be activated in HeLa cells by muta-
tions which reinforce the polypyrimidine sequence or the 5’
splice site sequence of the K-SAM exon. The minigenes car-
rying these mutations (RK9 and RK10, respectively) (Fig. 3A)
were made into minigenes RK25 and RK26, respectively (Fig.
9A), by the deletion of bp 10 to 213 of intron 2. These mini-
genes were stably transfected into SVK14 cells, and RNA was
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FIG. 8. The K-SAM intron activating sequence is bipartite. (A) Schematic
representations of mutated introns in different minigenes. D, Dral; T, PstI; X,
Xbal. The block mutations in RK20, RK21, and RK23 are shown as black boxes
with diagonal white lines. In RK20, a pyrimidine rich sequence has been mu-
tated. In RK21 a purine-rich sequence has been mutated. In RK22, individual
pyrimidines in the pyrimidine-rich sequence have been replaced by purines
(short vertical lines). Further details are given in the text and in the legend to Fig.
7. (B) RNA from minigenes stably transfected into SVK14 cells was subjected to
RT-PCR as described in the text. Abbreviations are as in the legend to Fig. 3B.
(C) Structures of PCR products. The origin of the 0.20-kb Aval fragment is
indicated.

harvested. The results of RT-PCR (Fig. 9B) demonstrate that,
in marked contrast to RK18 (Fig. 6A), whose K-SAM exon
carries the natural splice sites, for RK25 and RK26 the efficient
splicing of the K-SAM exon is no longer dependent on the
intron 2 sequence: 0.46-kb PCR products with an Aval site
(Fig. 9C) predominate. The intron 2 sequence thus functions
as a true activating sequence.

Finally, we asked whether the intron 2 activating sequence is
still needed for K-SAM exon splicing in SVK14 cells when the
K-SAM internal exon sequence which represses K-SAM exon
splicing in HeLa cells has been removed. To answer this ques-
tion we prepared RK3 derivatives in which this exon sequence
had been replaced with globin gene exon sequences or with
CAT sequences and which also had deletions of the intron 2
activating sequences (RK27 and RK28, respectively) (Fig. 9A).
These minigenes were stably transfected into SVK14 cells.
When RT-PCR analysis was carried out on RNA from the
resulting cells, 0.46-kb PCR products with an Aval site (Fig.
9B), representing SAM transcripts (Fig. 9C), predominated.
These results demonstrate that if the intron 2 activating se-
quence is normally needed for K-SAM exon splicing in SVK14
cells (Fig. 6A, RK18), it is no longer needed if the K-SAM
internal exon sequences are replaced with other sequences.

The intron activating sequences and the exon inhibitory
sequence are active in both SVK14 and HeLa cells. When the
minigene RK18, which contains the normal K-SAM exon but
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FIG. 9. Reinforcing the K-SAM exon splicing signals removes the intron
sequence requirement for splicing in SVK14 cells. (A) Schematic representation
of minigenes used. A, Aval; H, Hincll; V, EcoRV. For RK25, the asterisks
represent three pyrimidines which replace three purines in the K-SAM exon
polypyrimidine sequence. In RK26, the 5’ splice site has been changed from
5'-AAGgtaacaatgctt-3' to 5'-AAGgtaagtaagett-3', and this mutation is indicated
by an asterisk (exon sequence in uppercase letters, intron sequence in lowercase
letters). In RK27 and RK28, K-SAM internal exon sequences containing the
exon inhibitory sequence have been replaced by globin and CAT sequences,
respectively. For all the minigenes, the K-SAM intron activating sequences have
been deleted. (B) RNA from minigenes stably transfected into SVK14 cells or
transiently transfected into HeLa cells was subjected to RT-PCR as described in
the text. Abbreviations are as in the legend to Fig. 3B. (C) Structures of PCR
products. The origin of the 0.20-kb Aval fragment is indicated.

not the intron activating sequence (Fig. 6A), is transfected into
SVK14 cells, the K-SAM exon is not spliced (Fig. 6B). The
results obtained with RK27 and RK28 (Fig. 9B) show that
when the K-SAM exon internal sequences containing the in-
hibitory sequence are removed from RK18, the K-SAM exon is
spliced. This demonstrates that exon inhibitory sequences
function in SVK14 cells as well as in HeLa cells.

Is the same true for the intron activating sequences? Mini-
genes RK27 and RK28, which contain neither the exon inhib-
itory sequence nor the intron activating sequences (Fig. 9A),
were transiently transfected into HeLa cells, and RT-PCR
analysis was carried out on RNA from the transfected cells.
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PCR products were digested by Aval (specific for the K-SAM
exon) or by Hpal (specific for the BEK exon). As shown in Fig.
9B, 0.46-kb PCR products with an Hpal site, representing BEK
transcripts (Fig. 9C), predominated. The minigenes RK8 and
RK11 (Fig. 3), which do not contain the exon inhibitory se-
quence but do contain the intron activating sequences, use the
K-SAM exon efficiently in HeLa cells (and splice it to the BEK
exon). We thus conclude that the deletion of the intron acti-
vating sequence reduces the efficiency of K-SAM exon splicing
and therefore that this sequence is active in HeLa cells as well
as in SVK14 cells.

Note that we cannot compare the behaviors of minigenes
RK27 and RK28 in the two different cell lines used for the
transfections. In HeLa cells, the BEK exon is available for
splicing, and the K-SAM exon is in competition with the BEK
exon for splicing to the flanking C1 and C2 exons. In SVK14
cells, the BEK exon is not available for splicing and this com-
petition does not take place. The skipping of the K-SAM exon
of RK27 and RK28 in HeLa cells but not in SVK14 cells may
reflect this difference.

DISCUSSION

We show in this report that multiple sequence elements
influence splicing of the K-SAM exon. We have identified a
short K-SAM exon sequence (5'-TAGGGCAGGC-3") which
represses splicing of this exon and two downstream intron
sequences which activate splicing of the exon. These sequences
act in conjunction with the K-SAM exon’s suboptimal 5" and 3’
splice site sequences. Thus, when the K-SAM exon’s polypyri-
midine sequence or 5’ splice site is reinforced, the exon inhib-
itory element can no longer repress splicing in HeLa cells,
while the intron activating sequence is no longer needed for
splicing in SVK14 cells. Furthermore, in the absence of the
exon inhibitory sequence the intron activating sequence is not
necessary for splicing of the K-SAM exon in SVK14 cells
(which normally splice this exon). Positive and negative signals
are thus involved in the splicing of the K-SAM exon.

The description of a short, defined exon inhibitory sequence
seems particularly interesting to us, as while much recent work
has described purine-rich sequences which act as splicing en-
hancers in exons (8, 25, 40, 41, 45, 47), relatively few examples
of splicing-inhibitory sequences are known. Perhaps the best-
characterized example of the latter is an exon inhibitory se-
quence close to the 3’ splice site of a 3-tropomyosin alternative
exon, which functions by forming a secondary structure that
“hides” an important splicing signal at the 3’ splice site (10,
26). For K-SAM, we have been unable to detect any obvious
similar secondary structure which includes the exon inhibitory
sequence. Furthermore, the K-SAM exon inhibitory sequence
is more than 90 bp downstream from the 3’ splice site. The
formation of secondary structures with other K-SAM exon
internal sequences is not necessary either, as the inhibitory
sequence alone is sufficient to block splicing of a K-SAM exon
composed of bacterial CAT gene sequences.

Other examples of exon sequences for which mutation de-
represses splicing of the exon are known. These include a short
sequence (5'-CAAGG-3’) in the human fibronectin EDA exon
(8) and a 28-bp sequence in a human immunodeficiency virus
type 1 tat exon (1). The human a-tropomyosin gene SK exon
may also contain an inhibitory element (16). There is, however,
no obvious similarity between these sequences (the important
parts of which have often not been defined) and the K-SAM
exon inhibitory sequence. The mode of action of these se-
quences remains, furthermore, unknown.

The third intron of the Drosophila P-element transposase
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gene is spliced efficiently in germ line cells but not in the soma
(38). This control involves binding of multiprotein complexes,
including the hnRNP Al-like protein hrp48 (which may in fact
be the Drosophila homolog of mammalian hnRNP Al), to
specific nucleotides in a pseudo-5’ splice site within an exon
inhibitory element (39). U1 snRNP subsequently binds to the
pseudo-5’ splice site and no longer binds to the true 5’ splice
site. Implication of binding of an hnRNP Al-like protein to
specific exon sequences in the repression of splicing is partic-
ularly interesting, as hnRNP Al and SR proteins such as ASF/
SF2 are known to be antagonistic splicing factors (7, 11, 24, 27,
49). Thus, for example, while ASF/SF2 stimulates splicing of a
bovine growth hormone exon by binding to a purine-rich exon
sequence, hnRNP Al counteracts this stimulation (40). It ap-
pears likely that some exon inhibitory elements will block splic-
ing by binding hnRNP A1 or similar proteins. They would then
represent formal counterparts to the exon splicing enhancer
sequences which have been described, at least some of which
function by binding SR proteins (25, 40).

We have localized the K-SAM exon inhibitory element to
part or all of the sequence 5'-TAGGGCAGGC-3'. This se-
quence is similar to a 3’ splice site (two copies of the motif
YAGG) and could act as a decoy, like the P-element pseudo-5’
splice site. On the other hand, the K-SAM exon sequence
motif is also related to the consensus sequence proposed for
high-affinity hnRNP A1l binding sites (5'-UAGGGA-3’ and
5'-UAGGGU-3'"), as defined by the systematic evolution of
ligands by exponential enrichment (SELEX) approach (6). It is
thus tempting to speculate that binding of hnRNP Al or a
related protein to the K-SAM exon inhibitory element is in-
volved in inhibiting splicing of the K-SAM exon. This could in
turn hinder communication between the exon’s 5’ and 3’ splice
sites and block splicing.

We have also shown that sequences required for K-SAM
exon splicing exist in the intron downstream of this exon. The
deletion of sequences in the downstream intron blocks K-SAM
exon splicing completely. There appear to be at least two
elements involved in this intron. One is a pyrimidine-rich se-
quence lying immediately adjacent to the 5’ splice site. This is
separated from a second, downstream element by a purine-rich
sequence. The purine-rich sequence does not seem to be in-
volved in splicing control. The two elements may have partially
overlapping functions, as, while mutation of either element
alone reduces the efficiency of K-SAM exon splicing, mutation
of both elements is necessary to block K-SAM exon splicing
completely.

These intron sequences could in principle function by caus-
ing RNA polymerase II to pause during transcription, allowing
time for the K-SAM exon’s 3’ splice site to be spliced to the C1
exon’s 5’ splice site before transcription of the BEK exon takes
place. We believe this to be unlikely, as it would imply that the
upstream intron is always removed before the downstream
intron. Using a PCR-based technique developed to study the
order of intron removal during splicing of endogenous adenine
phosphoribosyltransferase and dihydrofolate reductase pre-
mRNAs (22), we have found no evidence for a defined order of
intron removal for the K-SAM introns (our unpublished data).
We prefer to hypothesize that the intron sequences represent
binding sites for proteins which interact with spliceosome com-
ponents. Several proteins have been described which bind to
pyrimidine-rich RNA sequences (for a review, see reference
29), and any one of these could be implicated in activation of
splicing, although their mechanisms of action remain to be
defined.

Several other examples of intron sequences which control
splicing are known. Thus several a- and B-tropomyosin genes
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contain intron sequences exerting a negative effect on splicing.
For example, the rat a-tropomyosin gene contains two alter-
native exons (2 and 3) which are spliced in a strict mutually
exclusive manner (14). Two conserved sequence elements, one
in each of the introns flanking exon 3, are responsible for the
repression of splicing of this exon in smooth muscle cells (14).
Similarly, sex-lethal protein needs to bind to multiple cis-acting
sequences both upstream and downstream of the male exon to
autoregulate splicing of its pre-mRNA (18). A negative regu-
lator of splicing within the gag gene of Rous sarcoma virus
binds snRNPs U1l and U12 and spliceosomal snRNPs and
controls the relative levels of spliced and unspliced viral
mRNAs (13).

On the other hand, several activating sequences in introns
have been described. A pyrimidine-rich sequence just down-
stream of one of a pair of chicken B-tropomyosin alternative
exons is involved in activation of splicing of this exon (4). This
sequence may play a role for the tropomyosin gene similar to
that played by the K-SAM intron pyrimidine-rich sequence,
although we have shown that it cannot replace it functionally,
at least not in the minigene that we have used here (our
unpublished observations). Another example of intron activat-
ing sequences is furnished by the neural-specific splicing of the
c-src gene N1 exon, which requires at least two elements in the
downstream intron (5). Splicing of exon IIIB of the rat fi-
bronectin gene depends on repeats of the motif 5-UGC
AUG-3' in the downstream intron (20). Interestingly, this mo-
tif can be found also in one of the c-src gene intron elements,
and its mutation reduces inclusion of the N1 exon (5, 20). Once
again, the mode of action of this sequence is not known, al-
though it could clearly represent a binding site for a protein
involved in splicing activation. However, the intron elements
required for K-SAM exon splicing contain neither this se-
quence nor any other similar repeated sequence.

Are the intron activating sequences and the exon inhibitory
sequence involved in the tissue-specific splicing of the K-SAM
exon? It is tempting to speculate that this is the case, because
tampering with these sequences leads to inappropriate splicing
choices. It may be that the combination of weak splice sites, an
exon inhibitory sequence, and intron activating sequences is
needed to allow tissue-specific signals received elsewhere on
the pre-mRNA to exert their effects on splicing of the K-SAM
exon. It is also possible that tissue-specific differences in the
levels of trans-acting factors which bind to the inhibitory and
activating sequences control splicing of the K-SAM exon. In-
sofar as both these sequences are active in HeLa cells (which
normally splice the BEK exon) and in SVK14 cells (which
normally splice the K-SAM exon), we can rule out the extreme
model for K-SAM exon splicing, which invokes the binding of
a repressor active only in HeLa cells to the exon inhibitory
sequence and the binding of an activator active only in SVK14
cells to the intron sequences. It remains possible that K-SAM
exon splicing is controlled by the relative levels of these puta-
tive trans-acting factors. HeLa cells might express relatively
higher levels of the repressor, and SVK14 cells might express
higher levels of the activator, for example. Now that pre-
mRNA target sequences have been identified, it will be possi-
ble to search for such regulatory proteins.
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