


2668 MURO ET AL.

MoL. CELL. BIOL.

FIG. 7. RNA secondary-structure determination by enzymatic digestion of the BA1/BA2 and BA7/BA8 chimeric constructs. (A) Enzymatic analysis of RNA
templates of the BA1/BA2 and BA7/BAS constructs. The digestion reaction conditions were the same as for Fig. 5. Symbols are as described in the legend to Fig. 5.
(B) The digestion data obtained from the digestion reactions shown in panel A was optimized by computer-assisted modelling (42), and the digestion sites are indicated.

The asterisks indicate the junctions between EDB and EDA sequences.

acting factors that determine the degree of inclusion or exclu-
sion of the alternatively spliced exon.

The silencer activity can be abolished by single base muta-
tions. The EDA exonic silencer element was the first reported
mammalian sequence to act as a negative modulator of splic-

ing. Deletion of the previously described ESS element, a 5-nu-
cleotide stretch (5'CAAGG3’), results in total EDA inclusion
(6). Here we have shown that single nucleotide substitutions
can induce the same effect and that the mutation of the two
cytosine residues downstream also increases exon inclusion,
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FIG. 7—Continued.

redefining the ESS element as a CAAGGCC sequence. This
sequence does not have common features with the human
immunodeficiency virus type 1 tat exon 2 and 3 ESS (1, 36) or
with the splicing silencer present in the K-SAM alternative
exon of fibroblast growth factor 2 (10), but it is remarkably
similar to a CAGACCT ESS in the bovine growth hormone
exon 5 (37). Nevertheless, when the EDA ESS was mutated to
match the core sequence of the latter repressor in the construct
pSVED-A ES.3A (Fig. 2A, lane 5), the EDA exon was includ-
ed in 100% of the final messengers, diminishing the signifi-
cance of the sequence homology and pointing more to struc-
tural elements as the basis of the observed functions.

Extra sequences besides the polypurine enhancer are re-
quired for efficient exon recognition. The FN ESE element

sequence (GAAGAAGA) contains the consensus obtained
for the ASF/SF2 splicing factor (38). It has been previously
shown that there is an interaction of the proteins recogniz-
ing the ESE with the splicing machinery recognizing the EDA
splicing sites (24, 30). However, the interaction with other cis-
and trans-acting regulatory elements and factors is not yet well
understood. When the EDA polypurine GAAGAAGA is mu-
tated to GACUACUA, the exon is still included in 15% of
the mRNA molecules, while deletion of the purine stretch
causes total exon exclusion (Fig. 2B). Further evidence that
the ESE sequence is not limited to the purine stretch is giv-
en by the comparison of the results obtained with the mini-
genes pSVED-A ASac-Stu and pSVED-A ESE-ESS-Mut (Fig.
2B) and with the BAS and BAG6 constructs (Fig. 3). In the first
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case, the complete deletion of the EDA regulatory region leads
to complete exclusion of the EDA exon, while the inactivation
of the ESS can partially overcome the effect due to the purine
mutations in the ESE (15% of inclusion in pSVED-A ESE-
Mut and 35% in pSVED-A ESE-ESS-Mut). In the second
case, a stimulatory effect in splicing was observed with the BAS
and BAG6 constructs despite the absence of the polypurinic
enhancer element in the chimeric EDB-EDA exon. Thus, the
splicing enhancement activity of the EDA splicing-regulatory
region is also exerted by sequences other than the GAAGAA
GA polypurinic enhancer. This is consistent with the observa-
tion that overlapping SRp40, ASF/SF2, and SRp55 binding
sites (as defined by the systematic evolution of ligands by
exponential enrichment [SELEX] methodology by Liu et al.
[27]) can be found in the region between the ESE and ESS ele-
ments. An increase in the EDA exon inclusion efficiency in the
A4, ES.3A, and ES.3U constructs may be the consequence of a
two- and three-dimensional structural modification. This change
may improve the exposure of the positive cis-acting elements to
the splicing machinery and may generate an increase in the
EDA exon inclusion rate. Furthermore, the complete regula-
tory region is dominant over the ESS inhibition, as we can see
from the ESE-Mut and ESE-ESS double-mutant transfection
experiments.

The splicing-regulatory region of the EDA exon is active in
the EDB exon and dominates over the EDB ISE and ESE ele-
ments. The cell-type-specific regulation of EDB splicing was
altered when the EDA regulatory element was introduced in-
side the EDB exon. This chimeric construct showed 100% exon
inclusion in both NT2D1 and HeLa cells, irrespective of the
wild-type pattern and independently of the presence or ab-
sence of the ISEs. The insertion of the 81-bp region from the
EDA exon in the antisense direction within the EDB exon
(BA3) did not have a considerable effect on the splicing pat-
tern, confirming that the enhancer effect is sequence specific.
Similar dominant effects of exonic splicing modulators were
also obtained when the negative TAGG element from the
FGFR2 K-SAM exon was inserted inside the rat FN EDB exon
(11). In spite of the presence of the enhancer positive elements
in the downstream intron, the EDB exon was skipped when the
TAGG silencer element was inserted in the exon, suggesting
that the exonic splicing-regulatory elements present in the FN
EDA exon and in the K-SAM exon of the FGFR-2 gene are
dominant over the intronic regulatory elements present in the
EDB downstream intron. In contrast, the activity of the exonic
splicing-regulatory elements present within the EDB exon is
dependent on the presence of the ISEs in the downstream
intron.

The ESS function strictly depends on the EDA exonic con-
text. The insertion of the ESS element in either a constitutively
or alternatively spliced exon (as a single or multiple element or
as a part of the entire EDA region) showed no effect on splic-
ing. These results suggest that the silencer element function
depends exclusively on the complete EDA exonic context. On
the other hand, we have shown that the ESE is functional in
different exonic contexts, confirming the results reported by
Staffa and Chochrane (36), who utilized a two-exon, one-intron
minigene system. This observation may be the consequence
of a peculiar characteristic of the enhancer sequence (a poly-
purine) that may facilitate its display in an RNA structure. It
should be noted that when the ESS element was deleted (BA7
and BAS constructs [Fig. 3]), the proportion of exon inclusion
paradoxically diminished. This effect is particularly visible in
the absence of the ISE elements (BAS construct). Again, this
result suggests that the recognition motifs are not only linear
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nucleotide sequences and that there may be structural features
whose conservation is essential for optimal exon recognition.

The EDA exon has a secondary structure that may mediate
its recognition by frans-acting factors. The secondary struc-
tures derived from computer modelling supported the data
obtained by enzymatic digestion of RNA templates within the
exonic region of the EDA exon. The presence of three stem-
loop structures in the first 118 bases of the exon has already
been suggested by Staffa et al. (35), who utilized computer
predictions and mutational analysis. We have confirmed these
structures, and we have further identified the presence of other
stem-loop structures in the rest of the exon. In our model, the
GAAGAAGA enhancer sequence resides within a terminal
loop in domain V of the exon (Fig. 5), a situation that may
facilitate interactions with trans-acting factors. It was recently
shown that the Drosophila SR proteins Tra/Tra2 and B52 in-
teract with hairpin-loop structures containing the ESE ele-
ments (17, 33) and that the RRM domain of the RNA binding
protein U1A, which is similar to that present in the SR pro-
teins, specifically interacts with the single-stranded region of a
hairpin structure formed by UlA snRNA (31). Furthermore,
Lavigueur et al. (24) demonstrated that SR proteins interact
with the polypurine element of the EDA exon. We propose
that the stem-loop structure where the enhancer resides may
be necessary for this interaction. Furthermore, the efficient
function of the ESE element depends on the maintenance of
the single-stranded configuration. This hypothesis is supported
by the in vivo data obtained by transfecting the BA series of
constructs and the ESS mutants. An unexpected decrease in
EDB exon inclusion was observed when the ESS was absent
from the EDB-EDA chimeric construct (compare results for
the BA1 and BA2 constructs with those for the BA7 and BAS
constructs). Detailed analysis of the RNA secondary structure
showed that the ESE element was displayed in a single-strand-
ed region when the wild-type EDA sequence was inserted into
the EDB exon (Fig. 7). In the case of the BA7 and BAS con-
structs, the ESE element was partially masked in a stem (Fig.
7), providing an explanation for the paradoxical behavior of
the hybrid minigene, which, notwithstanding the absence of the
ESS silencer, decreases significantly the inclusion of the exon.
In the case of the ESS mutants, there is an overall increase in
single-stranded cleavages in the ESE-ESS region, suggesting
an enhanced ability to interact with trans-acting factors. The
overlapping SRp40, ASF/SF2, and SRp55 binding sites found
in this region (see above) may be more accessible, and there-
fore there is an increase of exon inclusion.

The display of the ESE in a loop may be the main feature of
the exon identifier. The function of the silencer sequences,
which are so context dependent, may be to ensure the proper
structure that facilitates display of the SR binding sequences.
The understanding of this regulatory mechanism will be com-
plete after further characterization of the trans-acting fac-
tors that participate in EDA exon recognition. Experiments
to identify the proteins involved in the modulation of the
EDA exon splicing are under way.
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