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ABSTRACT

Cof®n±Lowry syndrome (CLS) is caused by muta-
tions in the RSK2 gene encoding a protein kinase of
the Ras signalling pathway. We have studied two
point mutations which cause aberrant splicing but
do not concern the invariant GT or AG nucleotides
of splice sites. The ®rst, an A®G transition at posi-
tion +3 of the 5¢ splice site of exon 6, results in vivo
and in vitro in exon skipping and premature transla-
tion termination. The natural 5¢ splice site, although
intrinsically weak, is not transactivated under
normal conditions. Consequently, replacement of
an A/U by a G/U base pairing with U1 snRNA
reduces its strength below a critical threshold. The
second mutation, an A®G transition 11 nt upstream
of exon 5, creates a new AG near the natural 3¢
splice site. In vitro this synthetic 3¢ AG is used
exclusively by the splicing machinery. In vivo this
splicing event is also observed, but is underestim-
ated because the resulting RSK2 mRNA contains
premature stop codons which trigger the nonsense-
mediated decay process. We show that a particular
mechanism is involved in the aberrant splicing of
exon 5, implying involvement of the natural 3¢ AG
during the ®rst catalytic step and the new 3¢ AG
during the second step. Thus, our results explain
how these mutations cause severe forms of CLS.

INTRODUCTION

Cof®n±Lowry syndrome (CLS) is a syndromic form of
X-linked mental retardation. Affected males are of short
stature and present moderate to severe psychomotor retard-
ation, associated with typical facial and hand aspects and
severe skeletal alterations which appear progressively through
the course of the disease (1±3). In most female carriers, only
minimal ®ndings are observed (4). CLS is caused by mutations
in the RSK2 (ribosomal S6 kinase 2) gene, encoding a serine/

threonine kinase acting in the Ras/MAP-ERK signalling
pathway (5).

To date >90 distinct mutations have been described, and
splicing defects account for 20% of them (6±8). Interestingly,
some splicing mutations are unusual since they do not affect
the consensus GT or AG nucleotides found in the 5¢ and 3¢
splice sites. In one patient, an A®G transition was observed at
position +3 of the 5¢ splice site of RSK2 exon 6. This mutation
resulted in complete skipping of exon 6 (8). This was
surprising, since A and G nucleotides are found with similar
frequencies at position +3 in 5¢ splice sites (60 and 40%,
respectively). A second patient carried an A®G transition
11 bp upstream from RSK2 exon 5. In a cell line derived from
this patient, two aberrant transcripts were observed: in the ®rst
one, 10 intronic nucleotides were included between exons 4
and 5, whereas the second one resulted from skipping of exon
5 (8).

Pre-mRNA splicing is performed within a macromolecular
complex, the spliceosome (9,10). Correct splicing requires
recognition of consensus sequences at the intron/exon bound-
aries, including 5¢ and 3¢ splice sites, the branch site and
auxiliary elements such as intronic or exonic splicing silencers
and enhancers. Factors acting in trans, including SR proteins
which are implicated in constitutive as well as alternative
splicing processes, bind to such auxiliary elements (11,12).

In the present study we have investigated the mechanisms
underlying the two aberrant splicing events described above.
The 5¢ splice site of exon 6 was interesting to consider because
under its natural form it represents an intrinsically weak splice
site, which could be activated by cis-acting enhancers. The
splicing events occurring in vivo on the transcripts containing
the mutation upstream of exon 5 could not be assessed
precisely due to involvement of the nonsense-mediated decay
(NMD) process and required further analysis. Importantly,
CLS clinical manifestations appear progressively during the
life of patients. Thus, CLS could be a good candidate disease
for gene therapy. Therefore, it is important to understand the
molecular basis of the splicing alterations occurring in the two
patients analysed. Our results give an insight into how two
unusual nucleotide substitutions, which would probably not be
considered as pathogenetic mutations in a screening by single-
strand conformation polymorphism analysis and without
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further analysis, dramatically affect pre-mRNA splicing of the
RSK2 gene and result in severe forms of CLS.

MATERIALS AND METHODS

Cell culture and RT±PCR analysis

Patient and control lymphoblastoid cell lines were grown in
RPMI medium supplemented with 10% fetal calf serum.
When required, they were treated with 7.5 mg/ml cyclo-
heximide for 6 h or incubated at 20 or 24°C before harvesting.
Total RNA was extracted from cells using the RNA-Solv
reagent (Omega Biotek). The ®rst-strand cDNA was synthe-
sized using random hexamers and oligo(dT) as primers.
Primers used for PCR ampli®cation of the RSK2 cDNA
sequence between exons 1 and 7 were: forward primer 5¢-
TGGCGCAGCTGGCGGA-3¢; reverse primer 5¢-ATTATT-
CCCAGGCTATGTAG-3¢. The human HPRT (hypoxanthine
guanine phosphoribosyl transferase) cDNA used as a gene
control was ampli®ed using: forward primer 5¢-CGTGGG-
GTCCTTTTCACCAGCAAG-3¢ and reverse primer 5¢-AAT-
TATGGACAGGACTGAACGTC-3¢. PCRs for the RSK2 and
HPRT cDNAs were run for 32 and 22 cycles, respectively, and
PCR products were resolved on 3% ethidium bromide-stained
agarose gels.

Constructs

A wild-type minigene to study RSK2 exon 6 expression in
transfected cells, pRSK2(6)wt, was obtained by insertion of a
PCR-ampli®ed fragment containing human genomic sequen-
ces from RSK2 exons 5±7 between the XhoI and BamHI sites
of the pXJ42 plasmid (13). The corresponding mutated
minigenes, pRSK2(6)A®G, corresponding to patient 1,
pRSK2(6)mt+T®A, pRSK2(6)mt+A®G, pRSK2(6)mt+
TA®AG, pRSK2(6)mt+insTCTC, pRSK2(6)D1±4 and
pRSK2(6)4mm (see the resulting sequences in Figs 2A and
3A and C), were obtained by site-directed mutagenesis
(QuickChange; Stratagene) using primers containing the
relevant mutations. The constructs for in vitro splicing assays
were obtained by insertion of PCR-ampli®ed exon 6 (wild-
type, patient 1, D1±D4 and 4mm), ¯anked by its upstream and
downstream intronic sequences (40 and 42 bp, respectively),
between the XbaI and SmaI sites of the BSSK HG2 vector
containing genomic sequences from exons 2±3 of the rabbit
b-globin gene (14). PCR-ampli®ed exon 5 (wild-type and
patient 2), ¯anked by its surrounding intronic nucleotides (205
and 236 bp, respectively), was cloned in the BSSK HG2
plasmid as described above. Corresponding constructs in
which the natural AG of patient 2 exon 5 was altered
(constructs DAG and mtpolyPy/AG; see resulting sequences in
Fig. 5A) were obtained by site-directed mutagenesis by
overlap extension, using appropriate primers. Minigenes for
exon 5 used in in vivo splicing assays [pRSK2(5)wt and
pRSK2(5)A®G] were obtained by insertion of the PCR-
ampli®ed insert for in vitro splicing assays between the XhoI
and EcoRI sites of the pXJ42 plasmid. All constructs were
veri®ed by sequencing.

In vivo splicing assays

HeLa cells were grown in DMEM supplemented with 2.5%
calf serum and 2.5% fetal calf serum. Cells were transfected

with 10 mg of the indicated RSK2 minigenes using the CaCl2
procedure. Total RNA was isolated 48 h after transfection
using the RNA-Solv Reagent (Omega Biotek) and treated with
DNase. Reverse transcription was performed in a total volume
of 50 ml using 5 mg of total RNA, 13 ®rst strand buffer
(Invitrogen Life Technologies), 0.25 mM each dNTP, 5 mM
DTT, 2.5 mM MgCl2, 100 U RNase inhibitor (Promega) and
200 U SuperScript II reverse transcriptase (Invitrogen Life
technologies), for 40 min at 37°C. To ensure that only
plasmid-derived RSK2 transcript was detected, the reverse
transcription was performed with a vector-speci®c primer (5¢-
AACCATTATAAGCTGCAAT-3¢) and the PCR with a RSK2
forward primer (5¢-TCGAGACCGAGTTCGGAC-3¢) and a
vector-speci®c reverse primer (5¢-AACCATTATAAGCTG-
CAATAAAC-3¢). The cycle number was kept to 30 and the
products were resolved on 3% ethidium bromide-stained
agarose gels.

In vitro splicing assays

HeLa nuclear extracts and cytoplasmic S100 extracts were
prepared as previously described and RNA substrates were
synthesized by T3 polymerase transcription of the cognate
DNA plasmids linearized with XhoI (15). In vitro splicing was
performed in 25 ml assays containing 33 fmol of 32P-labelled
pre-mRNA, 7 ml of nuclear extract, 5 ml of S100 and the basic
components for the splicing reaction in the presence of
48 mM KCl and 2.6 mM MgCl2, for 2 h at 30°C unless
otherwise stated (16). Splicing products were analysed on
5.2% denaturing polyacrylamide gels and visualized by
autoradiography.

Quanti®cation of splicing reactions in Table 1 was
performed as follows. Radioactive bands corresponding to
the lariat intron II and the two-exon mRNA were quanti®ed
with a Typhoon 8600 Imager (Amersham). Data were
corrected with respect to the number of cytosine nucleotides
in each splicing product, relative to the initial pre-mRNA.
Estimation of the recognition of exon 6 was expressed as
indicated in Table 1.

Debranching experiments were performed after in vitro
splicing. RNA products were separated on 6% denaturing
polyacrylamide gels and isolated by electroelution. The
debranching reaction was carried out in the presence of

Table 1. Quanti®cation of exon 6 inclusion from various mutant constructs
in in vitro splicing assays

Construct Experiment Mean SD
1 2 3

Wild-type 1 1 1 1 ±
D1 0.89 1.55 1.35 1.26 0.34
D2 0.89 1.30 1.41 1.20 0.27
D3 0.87 1.30 1.35 1.17 0.26
D4 0.55 0.6 ± 0.58 0.04
4mm ± 0.80 0.71 0.76 0.06

Columns 1±3 are the ratios between values of normalized radioactivity
obtained for lariat intron II (exon 6 inclusion) and the sum of lariat intron II
and the two-exon mRNA (exon 6 skipping), from three independent
experiments. To allow comparison between individual experiments, the
value of the ratio obtained for the wild-type construct in each experiment
was set to 1. Mean is the mean value for all experiments; SD is the standard
deviation from the mean value. ±, data not available.
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HeLa nuclear extracts as described previously (17). Products
were resolved on 5.2% denaturing polyacrylamide gels and
visualized by autoradiography.

RESULTS

Mutations causing aberrant splicing of RSK2 exons 6 and 5
were described in CLS patients 1 and 2, respectively (Fig. 1A
and B). RT±PCR analysis of RNA from a cell line derived
from patient 1 revealed complete skipping of exon 6, whereas
for patient 2, two abnormal transcripts were detected, one with
an insertion of 10 intronic nucleotides and one resulting from
skipping of exon 5 (Fig. 1C) (8). Both skipping of exon 6 and
insertion of 10 nt in front of exon 5 result in a frameshift and

premature translation termination. For both patients, the
resulting abnormal transcripts were present at lower amounts
compared with wild-type transcripts (Fig. 1C, compare lanes
1±3 with lanes 4 and 5). In patient 2, a small amount of a
shorter mRNA resulting from in-phase skipping of exon 5 was
also observed (Fig. 1C, lane 5). To determine whether the low
amounts of abnormal transcripts in patients 1 and 2 are due to
NMD (18,19), we exposed both patient and control cell lines
to a translation inhibitor which is known to inhibit this process
(20). RT±PCR analysis of RNA from cycloheximide-treated
or untreated cells is presented in Figure 1D. Cycloheximide
treatment had no signi®cant effect on the wild-type RSK2
mRNA (lanes 1 and 2 of the RSK2 panel) and on the HPRT
mRNA of all cell lines (lanes 1±6 of the HPRT panel). In

Figure 1. Effect of the IVS6 +3 A®G and the IVS4 ±11 A®G mutations in the patient cell lines. (A and B) Schematic diagrams of the localization of the muta-
tions in patients 1 and 2, respectively. Exons are indicated by boxes and introns by lines. Lower case letters are intron sequences and capital letters are exon
sequences. The arrow indicates the cryptic 3¢ AG generated by the mutation found in patient 2. (C) RT±PCR experiments on RNA from lymphoblastoid cell
lines derived from a control individual and patients 1 and 2. The primers used for PCR analysis are found in RSK2 exons 1 and 7 and they generate a 562 bp
cDNA fragment from the control RNA. The size and relative abundance of RT±PCR products for RSK2 and HPRT transcripts in patients were compared with
those of a control individual. Between 1 and 10 ml of PCR assays were analysed on agarose gels, as indicated above the lanes. The PCR fragment of ~450 bp
detected in lanes 4±6 could result from skipping of both exons 5 and 6 from the original mRNA molecule. (D) RT±PCR experiments on RNA from
lymphoblastoid cell lines derived from patient and control individuals and treated (+) or not (±) with cycloheximide. The analysis was carried out as in (C).
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contrast, we observed a signi®cant increase (roughly 3-fold) in
the amount of the skipped exon 6 transcripts of patient 1 and of
the abnormal exon 5-containing transcripts of patient 2
(Fig. 1D, lanes 3±4 and 5±6). As expected, the transcript
lacking exon 5 of patient 2, in which the natural coding phase
is preserved, was not affected by cycloheximide treatment
(Fig. 1D, lanes 5±6). These results strongly suggest that the
major splicing event in patient 1 is ef®cient skipping of exon
6, whereas strong splicing of the abnormal exon 5 occurs in
patient 2.

To check for the presence of truncated forms of RSK2 in the
cell lines of patients 1 and 2, we used antibodies directed
against the N- or C-terminus of the protein. In both cases, no
protein products were detected, indicating that if such
truncated RSK2 forms exist, they are either produced at low
levels and/or are unstable (8; data not shown).

To further understand the mechanisms underlying the
aberrant splicing events occuring in patients 1 and 2, we
®rst analysed splicing in vivo in HeLa cells transfected with
constructs containing exon 6 or exon 5. Splicing of the
pRSK2(6)A®G minigene (Fig. 2A) recapitulated the splicing
of the endogenous RSK2 pre-mRNA observed in the cell line

from patient 1, since complete skipping of exon 6 was
observed (Fig. 2C). Note that since the two transcripts do not
contain long open reading frames, they should not be subject
to NMD. The wild-type sequence of the 5¢ splice site of RSK2
exon 6 is AG/GTAtaT, where the residues at positions +4 and
+5 (lower case letters) represent discordant nucleotides
against the 5¢ end of U1 snRNA, keeping the number of
successive base pairs with U1 snRNA to only ®ve. We
hypothesized that the change of the A/U base pairing at
position +3 to a weaker G/U base pairing in the mutant
decreases the stability of the 5¢ splice site/U1 snRNA hybrid
below a critical threshold. To test this hypothesis, we replaced
the nucleotides at positions +4 and +5 by nucleotides which
are expected to reinforce the stability of the hybrid, in the
context of the mutant 5¢ splice site, and expressed the resulting
minigenes in HeLa cells (Fig. 3A and B). Introduction of the
concordant A nucleotide at position +4 or the concordant G
nucleotide at position +5 or both fully prevented aberrant
splicing (Fig. 3B, lanes 4±6). Conversely, increasing the
length of the polypyrimidine tract (insertion of a TCTC
sequence) upstream of the 3¢ splice site of exon 6 had no effect
(Fig. 3B, lane 7). These results strongly indicate that skipping
of exon 6 in the mutated transcript results exclusively from a
decrease in the strength of the 5¢ splice site below a threshold
which precludes its ef®cient recognition by the splicing
machinery.

There is now emerging evidence that alternative as well as
constitutive splicing processes may require, in addition to 5¢
and 3¢ splice sites, the presence of sequences that act as
enhancers. Particular attention has been given to exonic
splicing enhancers (ESEs) and mutations in such enhancers
have been associated with several human diseases (21±24).
Since, apparently, the strength of the 5¢ splice site of exon 6
lies just above a critical threshold, we asked whether splicing
of wild-type exon 6 requires the presence of a splicing
enhancer which might be present in exon 6 itself. To test this,
we performed in vivo splicing assays with four distinct
constructs, derived from pRSK2(6)wt. They include deletions
of four regions within exon 6, as indicated in Figure 3C. Only
a marginal increase in exon 6 skipping was observed when
regions 1, 2 and 3 were absent (Fig. 3D, compare lanes 4±6
with lane 2). This result was rather unexpected, especially in
the case of region 3, since it contains a GGAGGAGA motif,
which resembles exonic purine-rich sequences acting as ESEs
(25,26). In contrast, deletion of region 4 led to a signi®cant
decrease in exon 6 inclusion (Fig. 3D, lane 7). To further
investigate the existence of a putative splicing enhancer in the
3¢ part of exon 6, we mutated numerous residues in region 4
(Fig. 3C). However, this mutagenesis altered correct splicing
of exon 6 to a lesser extent (Fig. 3D, compare lanes 7 and 8), a
result which does not favour the existence of a strong splicing
enhancer in the 3¢ part of exon 6. In agreement with this, co-
transfection of the mutated minigene with expression vectors
encoding various SR proteins failed to restore correct splicing
of exon 6 (data not shown).

As splicing of exon 6 may be strongly dependent on the
¯anking genomic sequences, it was important to analyse
splicing of wild-type and mutant exon 6 outside the RSK2 gene
context. To this end, chimeric substrates containing exon 6
¯anked by short intronic sequences (described in Fig. 4A)
were processed in in vitro splicing assays. In vitro splicing of

Figure 2. Effect of the IVS6 +3 A®G and the IVS4 ±11 A®G mutations
in in vivo splicing assays. (A and B) Schematic representation of minigenes
for RSK2 exons 6 and 5, respectively. Annotations are as in Figure 1. In
(B), the genomic region of exon 5 was inserted between b-globin exons 2
and 3 represented by striped boxes. Chimeric introns upstream and down-
stream of exon 5, arbitrarily designated introns I and II, are 384 and 653 nt
long, respectively. (C and D) RT±PCR analysis on RNA from HeLa cells
transfected with exon 6 and exon 5 minigenes. In mock assays, cells were
transfected with an empty vector. In (C), pRSK2(6)A®G recapitulated the
splicing pattern of endogenous similarly mutated RSK2, producing complete
skipping of exon 6 (lane 3). In (D), no splicing product was detectable
when pRSK2(5)A®G was transfected into HeLa cells (lane 3).
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the wild-type chimeric substrate (Fig. 4B, lane 2) showed that
exon 6 can be included (in a three-exon mRNA) or skipped (in
a two-exon mRNA) during splicing and that these events are in
competition. However, the behaviour of the mutated or deleted
chimeric constructs, relative to the wild-type construct, was
very similar to that observed in vivo (Fig. 4B, lanes 2±7).
Whereas the mutation present in patient 1 resulted in complete
skipping of exon 6, little or no effect was observed with
deletions of regions 1±3 of exon 6. In contrast, deletion of
region 4 reduced the ef®ciency of exon 6 splicing by 2-fold.
Quantitative analysis of the in vitro splicing of all constructs,
shown in Table 1, is given as the ratio between splicing
products resulting from the recognition of exon 6 and the sum
of the splicing products resulting from recognition or skipping
of exon 6. Interestingly, results indicate that mutagenesis of
region 4 affects exon 6 recognition to a lesser extend
compared with deletion of the same region (Table 1), in
agreement with the results obtained in vivo (Fig. 3D).
Therefore, region 4 does not appear to function as a classical
splicing enhancer whose action is mediated by a trans-acting
factor. In agreement with this, in vitro splicing of the wild-type
construct was not altered by the presence of a high excess
(250-fold relative to the pre-mRNA) of a competitor RNA
corresponding to exon 6 region 4 (data not shown). Finally, we
have also veri®ed by mutational analysis that the intronic
sequences immediately ¯anking the 5¢ splice site of exon 6 do
not exhibit enhancer activity (data not shown).

For detailed analysis of altered splicing of RSK2 exon 5 in
patient 2, the large size of intron 4 (>10 kb) excluded the

insertion of the whole exon 4±exon 6 region in an expression
vector. Therefore, we have constructed a chimeric minigene in
which exon 5, ¯anked by at least 200 bp of intronic sequences,
was inserted between exons 2 and 3 of the b-globin gene
(Fig. 2B). Intriguingly, whereas the control chimeric pre-
mRNA was ef®ciently spliced in transfected HeLa cells
(Fig. 2D, lane 2), no spliced mRNA was detected in the
presence of the patient 2 mutation (Fig. 2D, lane 3). The
absence of mRNA was repeatedly obtained with two DNA
clones selected among clones from two independent construct
preparations. This result indicated that, for reasons that are not
well understood, the chimeric transcripts containing the
patient 2 mutation are either poorly synthesized and/or
unstable in HeLa cells.

To analyse further the splicing events occurring in patient 2,
we used an in vitro approach. The same kind of wild-type and
mutant substrates as for transfection experiments (Fig. 5A)
were spliced in vitro for between 0 and 120 min, the splicing
kinetics allowing a better identi®cation of intermediates and
®nal splicing products (Fig. 5B). The splicing products
designed along the gel have been unambiguously identi®ed
according to: (i) the size for linear or debranched RNA and the
apparent mobility for lariat species; (ii) the kinetics of
accumulation; (iii) the sequencing of ®nal mRNA products
after RT±PCR analysis. Note that introns I and II are
submitted to 3¢®5¢ exonuclease digestion, resulting in
shortening of their 3¢ tail and generation of an additional
band for each after 60 min of incubation (Fig. 5B, lanes 4, 5, 9
and 10).

Figure 3. Splicing pattern in HeLa cells transfected with minigene constructs harbouring mutations in the exon 6 region. (A) Schematic representation of
mutations generated at positions +4 and +5 (or both) of the 5¢ splice site and the insertion upstream of the 3¢ splice site of exon 6. Modi®ed nucleotides are
indicated in bold. (B) RT±PCR analysis on RNA from HeLa cells transfected with the minigenes described in (A). The minigenes used for transfection are
indicated above the lanes. (C) Representation of the minigenes carrying deletions D1±D4 (dotted lines) or multiple nucleotide changes (in bold and underlined)
in RSK2 exon 6. (D) RT±PCR analysis on RNA from HeLa cells transfected with the minigenes (indicated above the lanes) described in (C). In (C) and (D),
mock assays correspond to cells transfected with an empty vector.
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Whereas the majority of splicing products generated from
both substrates have the same electrophoretic mobility, the
three-exon mRNA (including RSK2 exon 5) resulting from the
mutated substrate is 10±15 nt longer than that resulting from
the wild-type substrate, whereas the mobility of intron I from
the mutated transcript is increased (Fig. 5B, compare lanes 5
and 10). Sequencing of the three-exon mRNA resulting from
the mutated substrate revealed that the splicing machinery
selected the AG generated by the mutation 10 nt upstream of
the wild-type 3¢ splice site, in agreement with one of the
splicing events detected in the cell line derived from the
patient (Fig. 1C).

Further analysis of the splicing kinetics of both wild-type
and mutated substrates showed additional interesting features
(Fig. 5B). First, although a cryptic AG is used in the mutated
transcript for splicing of RSK2 exon 5, the ef®ciency of
inclusion of this exon is very similar for both transcripts.

Indeed, for each transcript accumulation of the three-exon
mRNA or intron II is roughly equivalent (Fig. 5B, lanes 5 and
10; Fig. 5C, lanes 2 and 3). Second, in the mutated substrate
use of the normal AG is abolished, whereas accumulation of
the two-exon mRNA resulting from skipping of exon 5 does
not change under our splicing conditions (Fig. 5B and C). Both
these observations indicate that the major splicing event
occurring in patient 2 is splicing of the abnormal exon 5 rather
than skipping of this exon. Importantly, the shift from the
natural to the cryptic AG occurs although the latter is not
preceded by a pyrimidine-rich sequence (only two uridines
and three cytosines present in the 10 nt upstream of it). This
strongly suggests that occurrence of the cryptic AG does not
create a classical 3¢ splice site but rather, along with the
natural 3¢ splice site, a novel functional 3¢ region in which the
natural 3¢ splice site serves during the branching reaction
whereas the cryptic AG is selected only for the second step of
splicing. This mechanism, evident only in a few natural
examples (27,28), has two direct implications: (i) the natural 3¢
AG, although not physically used, should be absolutely
required for splicing of the mutated exon 5; (ii) the same
branch site should be used for splicing of the wild-type and the
mutated exon 5.

To address the ®rst statement, we studied the consequences
of two types of mutations altering the natural 3¢ AG of exon 5
in patient 2 (see Fig. 5A). Introduction of these two mutations
fully inhibited recognition of the mutated exon 5 (Fig. 5C,
compare lanes 4±5 with lane 3), demonstrating that presence
of the natural 3¢ AG is absolutely required for ef®cient use of
the cryptic AG found in patient 2. Concerning the second
statement, we recognized a putative TACAAT branch site
27 nt upstream of the intron/exon 5 junction (Fig. 5A). The
expected close proximity of the cryptic AG to the putative
branch site (16 nt) precluded the use of reverse transcription to
identify the branch site. Instead, we used a different approach
based on the observation that the aberrant migration of lariat
splicing products is very sensitive to the actual size of the
RNA loop and of the 3¢ tail. Indeed, we and others had
previously observed that lariats of the same intron for which
several branch sites spaced by only 2±4 nt are used could be
easily separated by PAGE (29,30). As shown in Figure 5C
(lanes 2 and 3), the putative intact intron I generated from the
mutant substrate migrated faster than the lariat intron I
obtained from the wild-type substrate, most likely due to its
smaller size. However, their putative shortened forms showed
exactly the same migration, suggesting that the same branch
site is selected for splicing of intron I of both transcripts and
that the 3¢®5¢ exonuclease digestion transforms them into the
same shortened lariat form.

To validate these results, we isolated the RNA bands
corresponding to the putative intact and shortened forms of
wild-type intron I separately, as well as the corresponding
species of mutant intron I together, submitted them to
debranching and analysed them by PAGE (Fig. 5D). We
observed that the linear forms of intact intron I, generated
from wild-type or mutant transcripts, have apparent sizes of
391 and 379 nt (difference 12 nt), which are very close to the
theoretical sizes of 384 and 374 nt, respectively (Fig. 5D, lanes
5 and 7). In contrast, after debranching the shortened intron I
was the same size (370 nt) for both transcripts, indicating that
the same branch site is used for splicing of both wild-type and

Figure 4. In vitro splicing assays of wild-type, patient 1 and deleted tran-
scripts speci®c for RSK2 exon 6. (A) RSK2 exon 6 and surrounding intronic
sequences were introduced between exons 2 and 3 of the b-globin gene
(striped boxes). The resulting introns upstream and downstream of exon 6
were arbitrarily called introns I and II and are 218 and 457 nt long, respect-
ively. (B) In vitro splicing assays with transcripts including wild-type exon
6 (wt), exon 6 mutated at the 5¢ splice site (patient 1) or with deletions D1±
D4 as described in Figure 3C, followed by PAGE analysis of the RNA pro-
ducts. Lane ns corresponds to non-spliced RNA. Selected splicing products
are indicated along the gel panel. The three-exon mRNA product marked
with an asterisk results from the use of a cryptic 3¢ splice site located 42 nt
upstream of exon 6.
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Figure 5. In vitro splicing assays of wild-type and patient 2 (IVS4 ±11 A®G) transcripts. (A) Chimeric constructs used in in vitro splicing assays are as in
Figure 2B. Chimeric introns upstream and downstream of exon 5, arbitrarily designated introns I and II, are 384 and 653 nt long, respectively. The site of the
mutation is indicated in bold and the consensus de®ning the branch site is underlined. The mutations altering the natural 3¢ AG of patient 2 are also indicated.
(B) Kinetic analysis of splicing. Splicing reactions were run for 15, 30, 60 and 120 min and RNA products were analysed by PAGE. Selected splicing
products are indicated along the gel panel. (C) Comparison of splicing products generated after 120 min of splicing from the wild-type transcript (wt) and
patient 2 transcripts carrying (lanes 4±5) or not (lane 3) mutations in the natural 3¢ AG. (D) Comparative analysis of lariat intron I molecules produced from
wild-type (wt) and mutant ("p. 2") transcripts. Isolated putative intron I wt (I wt), shortened intron I wt (I* wt) as well as intact and shortened forms of intron
I "p. 2" together (I+I* "p. 2") were analysed directly (lanes 1±3) or after debranching (lanes 5±7). A linear three-exon mRNA was also analysed as a control
before (lane 4) or after (lane 8) debranching. The size of the debranched RNAs was determined using DNA size markers (pBR322 cut by MspI), run in
parallel.
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mutated exon 5 and that the selected branch site lies at least
22 nt upstream of the natural AG, a distance compatible with
the 27 nt proposed above (Fig. 5D, lanes 6 and 7). Taken
together, these results reinforce the notion that a switch in
recognition of the natural and cryptic 3¢ AG pairs occurs
during splicing of exon 5 in the presence of the mutation of
patient 2.

DISCUSSION

This report provides insights into the mechanisms underlying
splicing defects caused by two deleterious mutations in the
RSK2 gene. The ®rst mutation (in patient 1) is an A®G
transition at position +3 of the 5¢ splice site downstream of
RSK2 exon 6. The resulting skipping of exon 6 was surprising,
since A and G nucleotides are found at similar frequencies at
this position of 5¢ splice sites (31,32). Our results indicate that
the strength of the wild-type 5¢ splice site of RSK2 exon 6,
which matches only ®ve consecutive residues of the consensus
sequence, lies just above a critical threshold. Indeed, replace-
ment of an A/U pairing by a less stable G/U pairing during
hybridization with U1 snRNA is suf®cient to shift the splicing
pattern towards weaker recognition and skipping of exon 6.
Several other intrinsically weak 5¢ splice sites with similar
mutations have been described, but detailed analysis of the
splicing events, which suggested that a 5¢ site with a G residue
at position +3 is ef®ciently used only if two of the residues at
positions +4 to +6 may base pair with U1 snRNA, was only
performed for one of them (32). Our results are in agreement
with this conclusion, since in the mutant 5¢ splice site of RSK2
exon 6 the residues at positions +4 and +5 differ from the
consensus. Recently, Roca et al. (33) have compared, by
several scoring methods, the relative strengths of authentic
and cryptic 5¢ splice sites. By using these methods, we have
observed that the scores obtained for the wild-type 5¢ splice
site of exon 6 are between the average values obtained for
authentic and cryptic 5¢ splice sites. Furthermore, the scores
for the exon 6 5¢ splice site of patient 1 are even lower than
those obtained for cryptic 5¢ splice sites.

Because the 5¢ splice site of exon 6 is intrinsically weak, it
was possible that RSK2 exon 6 splicing is activated by splicing
enhancers present in exon 6 itself or in surrounding sequences.
Indeed, such elements may be present in pre-mRNA regions
apparently submitted to constitutive splicing, such as the
b-globin or SMN pre-mRNAs (23,34,35). Analysis of exon 6
mutation/deletion constructs was not in favour of the
involvement of a classical splicing enhancer (Fig. 3). Taken
together, our results showed that splicing of exon 6 occurs
essentially according to a constitutive mode and that base
pairing with U1 snRNA by at least ®ve consecutive residues
(or a base pairing with equivalent stability) is required to
promote ef®cient inclusion of internal exons in the absence of
additional cis-activation. In some cases of mutations which
affect the strength of 5¢ splice sites or which activate cryptic
splice sites, it has been shown that incubation of cells derived
from patients carrying such mutations at 31 or 20±24°C
instead of 37°C partially reversed abnormal splicing (36,37).
However, this was not observed with RSK2 transcripts when
lymphoblastoid cells derived from patient 1 were incubated at
20±24°C (data not shown).

The mutation of patient 2 creates a new AG preceded by a C
residue upstream of exon 5 which is ef®ciently recognized by
the splicing machinery as a 3¢ splice site. We observed
quantitative differences in splicing between the lympho-
blastoid cell line of patient 2 and in vitro assays. Indeed, the
splicing machinery in vitro highly favoured the inclusion of a
longer exon 5 containing 10 intronic nucleotides relative to
skipping of exon 5, whereas both events are detected in vivo
(Figs 5 and 1, respectively). However, we show that in vivo
inclusion of 10 additional nucleotides upstream of exon 5,
which introduces a premature stop codon, triggers the NMD
process on the resulting mRNA, whereas the skipped exon 5
mRNA is unaffected by this process since the initial frame is
preserved. As a consequence, accumulation of the ®rst mRNA
species in vivo is strongly decreased and underestimated
relative to the second species. This is in agreement with the
fact that total RSK2 transcripts are less abundant in the cell
line derived from patient 2 compared with that of a normal
individual, as shown in Figure 1. Such a phenomenon was also
observed recently for a mutation in the ®brillin-1 gene and the
acetylcholine receptor e subunit gene (38,39).

The fact that the cryptic AG is not preceded by a
pyrimidine-rich tract, that use of the cryptic 3¢ AG is fully
dependent on the natural 3¢ AG and that the same branch site is
used for splicing of wild-type and mutated transcripts strongly
indicates that splicing in the context of the patient 2 mutation
occurs through a particular mechanism. According to this
mechanism, the natural AG with its polypyrimidine tract is
involved in the ®rst catalytic step of splicing, leading to use of
the natural branch site, whereas the AG introduced by the
mutation is selected only for the second catalytic step. The
occurrence of such a mechanism has been evident in only a
few natural splicing models. In the human b-globin gene, the
mutation b110 creates a new AG 18 nt upstream of the 3¢ end of
intron 1 which is selected by the splicing machinery according
to this mechanism (27). The regulation of Drosophila Sxl exon
3 alternative splicing depends on the immediately upstream
intronic region, which contains two 3¢ splice site AGs. Each of
these AGs has a speci®c role during each step of splicing (28).
Other mutations which create selected cryptic AG pairs
upstream of a natural AG have been identi®ed in human genes,
but their splicing was not further analysed (31). The mechan-
isms of selection of an AG site (generally the one which is
closest to the branch site), when several AG pairs are in
competition, have mainly been de®ned on chimeric transcripts
(40,41). However, how the AG is selected during the second
step of splicing is not well known. Available data suggest that
various splicing factors, including SLU7 and SPF45, are
involved in the selection of constitutive or alternative 3¢ splice
site AG pairs (42,43).

Analysis of splicing alterations caused by mutations allows
consideration of strategies for restoring correct splicing. The
pioneer work of Kole and colleagues, who used antisense
oligonucleotides to reduce the selection of cryptic splice sites
generated by mutations in the b-globin gene, was the ®rst
therapeutic approach to genetic diseases caused by aberrant
splicing (44,45). For instance, in the case of the b110 mutation
in the b-globin gene, ef®cient reversion of selection of the
cryptic AG was obtained in vitro by reducing the accessibility
of the natural branch site rather than that of the cryptic AG
(44). This strategy could be tested in the context of the
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mutation of patient 2, although in this case the relative
positions of the branch site and the natural and cryptic AG
pairs are different.

Another completely different approach, based on the
property of SR proteins to activate weak splice sites, has
recently been developed to restore in vitro the wild-type
splicing pattern of BRCA1 exon 18 and SMN2 exon 7, both of
which are skipped due to natural mutations in ESEs
controlling their splicing (46). The method involves the use
of small chimeric effectors containing a minimal RS domain
covalently linked to an antisense nucleic acid moiety that
targets the exonic region ¯anking a defective splice site.
Interestingly, this strategy could be used to correct splicing of
exon 6 in patient 1. However, this strategy would not be
appropriate to correct splicing of exon 5 in patient 2 since SR
proteins are apparently not involved in selection of the 3¢ AG
during the second step of splicing.

Detailed analysis of the consequences of mutations implic-
ated in human disorders on the molecular mechanisms of
splicing is important for con®rming a clinical diagnosis,
proper management of patients and genetic counselling. In
some cases, the nucleotide changes detected are not obvious
deleterious mutations and without further investigation they
could be considered as polymorphisms. Such appreciation
errors can have dramatic outcomes. We here report two such
mutations that result in severe forms of CLS. More import-
antly, we suggest a mechanism by which these aberrant
splicing events occur. In view of our results, more attention
should be given to unusual nucleotide changes where
molecular diagnosis of genetic diseases is concerned.
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