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Exonization of Alu elements creates primate-specific genomic diversity. Here we combine bioinformatic and
experimental methodologies to reconstruct the molecular changes leading to exon selection. Our analyses revealed
an intricate network involved in Alu exonization. A typical Alu element contains multiple sites with the potential to
serve as 5� splice sites (5�ss). First, we demonstrated the role of 5�ss strength in controlling exonization events.
Second, we found that a cryptic 5�ss enhances the selection of a more upstream site and demonstrate that this is
mediated by binding of U1 snRNA to the cryptic splice site, challenging the traditional role attributed to U1 snRNA
of binding the 5�ss only. Third, we used a simple algorithm to identify specific sequences that determine splice site
selection within specific Alu exons. Finally, by inserting identical exons within different sequences, we demonstrated
the importance of flanking genomic sequences in determining whether an Alu exon will undergo exonization.
Overall, our results demonstrate the complex interplay between at least four interacting layers that affect Alu
exonization. These results shed light on the mechanism through which Alu elements enrich the primate transcrip-
tome and allow a better understanding of the exonization process in general.

An average human mRNA precursor is 28,000 nucleotides
(nt) long, comprising nine exons separated by eight introns.
Internal exons are usually small (about 129 nt on average), and
exons account for only �5% of human precursor mRNA (22).
How does the splicing machinery find small exons embedded
within long intronic sequences? Four splicing signals direct the
splicing machinery to the correct exon-intron boundaries: the
5� and 3� splice sites (5�ss and 3�ss), located in the 5� and 3�
ends of introns, respectively; the polypyrimidine tract; and the
branch site sequence located upstream of the 3�ss. Intron re-
moval is catalyzed by the spliceosome, a complex containing
five snRNPs (U1, U2, U4/U6, and U5) and at least 150 non-
snRNP proteins (4). In higher eukaryotes, the 5�ss is a region
of 9 nt located across the exon-intron junction. The 5�ss se-
quence base pairs with a region of the U1 RNA. Most of the
nucleotides in these positions are degenerate (7, 27, 34), and
base pairing is not perfect between most pre-mRNAs and U1.
High complementarity to U1 typically leads to constitutive
splicing, whereas a low binding affinity of U1 for the 5�ss tends
to result in alternative splicing (2, 35, 42).

Alternative splicing produces more than one isoform of
mRNA from a single gene (14). Bioinformatic analysis indi-
cates that �70% of all human genes are alternatively spliced.
This contributes significantly to human proteome complexity
and explains the numerical disparity between the number of
genes in the human genome and the much larger number of
proteins produced (14, 18, 31). There are five different types
of alternative splicing; exon skipping is the most prevalent (20,
45, 50). In higher eukaryotes, the four consensus splicing sig-
nals are insufficient to define exon-intron boundaries (46).

Exon selection is also controlled by exonic and intronic splicing
regulatory elements (ESRs and ISRs, respectively). Proteins
such as SR and hnRNPs bind to these sites and presumably
assist the basal machinery in locating the correct splice junc-
tions (6, 8, 44, 49). Such auxiliary elements can also promote
the usage of cryptic (pseudo) splice sites, which are not se-
lected under normal conditions (10, 12, 43). Thus, exon selection
and alternative splicing regulation are outcomes of complex com-
binatorial effects that are largely uncharacterized (3, 5, 28, 39).

More than 5% of the alternatively spliced internal exons in the
human genome are derived from Alu elements (41). Alu elements
are short (�280 nt), primate-specific retrotransposons. More
than 1 million copies are dispersed throughout the human ge-
nome, with the majority located in introns (25, 36, 42). As far as
we know, all alternatively spliced Alu exons were created via
exonization of intronic elements. Most Alu elements have re-
mained silent, while a small subset has undergone exonization,
but there is high sequence similarity between exonized and non-
exonized counterparts. These features render Alu elements an
excellent platform for understanding the requirements of ex-
onization. Indeed, previous studies of the sequences of these
elements have determined the minimal conditions required for
exonization and demonstrated that selective pressure is applied to
maintain weak (suboptimal) splice sites that flank the alterna-
tively spliced Alu exons (2, 25, 42). In addition, exonization of Alu
sequences has been shown to be regulated not only by splice sites
but also by splicing regulatory sequences within the Alu elements
(24).

In this study, we have used bioinformatic and experimental
analysis of splicing of Alu sequences to extend our understand-
ing of the processes involved in selection of an exon. We began
with the bioinformatic observation that Alu sequences tend to
have multiple potential 5�ss. This led us to examine what de-
termines the selection of a specific splice site. Our analyses
revealed an intricate network. First, we demonstrated the role
of 5�ss strength in governing exonization events. Second, we
found that a cryptic 5�ss enhances the selection of a more
upstream site and demonstrate that this enhancing effect is
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mediated by binding of U1 snRNA to the cryptic splice site.
Third, we developed a simple algorithm for identifying specific
ESRs within a given Alu exon. We subsequently showed that
the identified ESRs cause certain splice sites to be selected.
Finally, by inserting identical exons within different sequences,
we demonstrated the importance of flanking sequences in de-
termining whether a particular Alu exon will undergo exoniza-
tion. Overall, our results shed light both on mechanistic aspects
pertaining to exon recognition by the splicing machinery and
on the evolutionary mechanisms allowing primate-specific
transcriptomic enrichment by means of exonization events
originating from Alu sequences.

MATERIALS AND METHODS

Compilation of exonizing and nonexonizing data sets. We were interested in
comparing typical Alu exons, which undergo exonization from the right arm in
the antisense orientation, with nonexonizing Alu elements. Two initial data sets
of exonizing and nonexonizing intronic Alu elements (exonic and intronic data
sets) in the antisense orientation were obtained by querying the TranspoGene
database (26). This yielded all Alu elements without and with an overlap of at
least one expressed sequence tag (EST), in the case of the intronic and exonic
data sets, respectively. Since a typical Alu exon is �300 nt in length, we next
filtered out all Alu elements shorter than 250 nt.

To obtain instances in which the exonizations originated exclusively from the
right arm, we performed pairwise global alignments between the Alu sequences
in each of the two data sets and between the Alu-Jo consensus sequence, which
was downloaded from Repbase (19) and is presented in Fig. 1B. These align-
ments were performed using the needle application with default parameters,
which implements the Needleman-Wunsch global alignment algorithm (21, 32).
We next filtered out all cases in the exonic data set in which the selected 3�ss and
5�ss were not located upstream of the poly(T) sequence which separates the two
Alu arms. Based on these alignments, we also searched for putative 3�ss and 5�ss
in the two data sets. For each of these two signals, we first empirically determined
the sequence window in which they were located in the exonic data set. Specif-
ically, we found that 97% of the 3�ss were located between positions 1 and 58
(relative to the consensus) and that �98% of the 5�ss were located between
positions 105 and 181; the few atypical cases which did not conform to these rules
were filtered out from the exonic data set. Within the 5�ss window, for each of the
two data sets, we identified and assigned Senapathy (37) scores to four 5�ss sites,
namely, each of sites A, B, and C (for the analyses presented in Fig. 2A, B, and
C) and the highest-scoring site (for the analysis in Fig. 2D). In addition, in the
case of the exonic data set, we also scored the biologically selected 5�ss (based on
EST evidence). Following the various filtrations, we ended up with 323 Alu
elements in the exonic data set and 177,410 Alu elements in the intronic data set.

Plasmid constructs. Minigenes were inserted into the pEGFP-C1 vector (Clon-
tech), which contains green fluorescent protein (GFP), as described previously (13).
Human genomic sequences were amplified using primers containing additional
sequences for restriction enzymes. The PCR products were restriction digested and
inserted into the vector, followed by DNA sequencing. We used the following three
minigenes: (i) the ADAR2 minigene (adenosine deaminase) contains the human
genomic sequence from the beginning of exon 7 through the end of exon 9 (2.2 kb);
(ii) the PGT minigene (putative glucosyltransferase) contains the human genomic

sequence from the beginning of exon 11 through the end of exon 13 (1.8 kb); and (iii)
IKBKAP, referenced also as the IKAP minigene (inhibitor of �-light polypeptide
gene enhancer in B cell kinase complex-associated protein), contains three consti-
tutive exons, i.e., exons 19 to 21 (1.87 kb). To prevent amplification of the endoge-
nous mRNA and to achieve amplification of the product originating solely from the
plasmid, we used a forward primer directed against the multiple cloning site of the
pEGFP-C3 plasmid and a reverse primer directed against the transcription termi-
nation site of the plasmid.

Site-directed mutagenesis. A supercoiled double-stranded DNA vector
(pEGFP-C3) with an insert of the desired minigene and two synthetic oligonu-
cleotide primers containing the desired mutations were extended by PCR anal-
ysis using Pfu Turbo DNA polymerase (Stratagene). The PCR machine was
programmed for 18 cycles, and the elongation time corresponded to 2 min for
each 1 kb. The PCR products were treated with 12 U DpnI (New England
Biolabs) for 1 h at 37°C. The resulting DNA (1 to 3 �l) was transformed into
Escherichia coli strain XL1. After transformation, the XL1 competent cells re-
paired the nicks in the mutated plasmids to generate the full-length plasmids. We
then performed a colony-picking and miniprep extraction (Gibco/BRL). All
plasmids were confirmed by sequencing (25). Plasmids containing deletions/
insertions were amplified using 5� phosphate-oligonucleotide primers comple-
mentary to flanking regions of the desired deletion/insertion sequences. The
PCR products were treated as described previously (13).

Transfection and RT-PCR. 293T cells were cultured in Dulbecco’s modified
Eagle medium supplemented with 4.5 g/ml glucose (Biological Industries) and
10% fetal calf serum in a six-well dish under standard conditions at 37°C with 5%
CO2. Cells were grown to 50% confluence, and transfection was performed using
Fugene 6 (Roche) with 1 �g of plasmid DNA. RNA was harvested after 48 h.
Total cytoplasmic RNA was extracted using TriReagent (Sigma), followed by
treatment with 1 U RNase-free DNase (Promega). Reverse transcription-PCR
(RT-PCR) amplification was performed for 1 h at 42°C, using an oligo(dT)
reverse primer and 2 U reverse transcriptase from avian myeloblastosis virus
(Roche). The spliced cDNA products derived from the expressed minigenes
were detected by PCR. For amplification of ADAR2 and PGT, we used a
pEGFP-specific reverse primer (CGCTTCTAACATTCCTATCCAAGCGT).
For the forward primers, we used an ADAR2 exon 7 primer (CCCAAGCTTT
TGTATGTGGTCTTTCTGTTCTGAAG) and a PGT exon 9 primer (AATCT
TACTCATGTTACTA). Amplification was performed for 30 cycles, consisting
of 30 s at 94°C, 50 s at 61°C, and 1 min at 72°C. The products were resolved in
a 2% agarose gel and confirmed by sequencing. Cytoplasmic RNAs from three
different transfection experiments were measured by gel electrophoresis, and the
intensities of the bands were quantified with Image-J 1.36 (pixel detection soft-
ware). The PCR remained in an exponential phase throughout 30 cycles, as
demonstrated by loading products of 18, 21, 25, 30, and 32 PCR cycles. In
addition, Image-J quantification of ADAR2 and PGT RT-PCR products corre-
lates with real-time RT-PCR quantification produced by the Roche LightCycler
PCR and detection system (13). The level of mRNA of the housekeeping gene
encoding glyceraldehyde-3-phosphate dehydrogenase was used as the internal
control for each transfection. Each RT-PCR experiment was performed at least
three times, and the fluctuation was �10% among the experiments.

RESULTS

Each Alu element is composed of two related but distinct
monomers, the left and right arms. Exonization of Alu se-

FIG. 1. 5�ss selection of Alu-derived exons. (A) Alignment of 50 exonized Alu elements in the antisense orientation with respect to the
pre-mRNA. This data set is based on previous studies (25, 36, 41) as well as on further literature (marked by asterisks; see Table S1 in the
supplemental material for references). The 26 nt presented contain three possible 5�ss selected during Alu exonization. The first two intronic
positions at each site are highlighted in dark gray and marked 5�ss A, B, and C. Consensus sequences of subfamilies S and Jo appear in the first
two rows. Single mutations differing from the ancestral S and Jo subfamilies are highlighted in light gray. Rows 48 to 50 represent the 5�ss of Alu
sequences whose constitutive exonization was shown to cause a genetic disease, either OAT deficiency (GYRATE), Alport syndrome (COL4A3),
or Sly syndrome (GUSB). The mutation that causes Alport syndrome is in the 3�ss region (�7G to T), as shown previously (25). The mutations
causing Sly syndrome and OAT deficiency are both in 5�ss regions: the mutation causing OAT syndrome is in row 48, position 176, and the
mutations resulting in Sly deficiency are in row 50, positions 110 and 111. See Table S1 in the supplemental material for references for these three
genetic diseases. Gene names are given according to RefSeq conventions, and the Alu exon number is the exon serial number for each gene.
(B) Most frequently used splice sites in Alu right-arm exonizations in the antisense orientation, mapped onto the Alu-Jo consensus sequence (19).
The 3�ss at positions 34 and 38 and the 5�ss at positions 108, 114, 140, 156, and 176 are indicated with arrowheads marking the exon-intron junctions
at these sites. (C) Frequencies of selection of the five main 5�ss resulting in Alu exonization.
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quences tends to occur predominantly from the right arm, in
the antisense orientation relative to the mRNA precursor (25).
We began by visually inspecting a multiple alignment of ex-
onizing Alu sequences (a sample can be viewed in Fig. 1A).
Despite the high degree of similarity between the sequences of
Alu monomers, the locations of the selected 3�ss and 5�ss were
found to be variable. Three of the main 5�ss sites, which we
termed sites A, B, and C, are shown in Fig. 1A; the site labeled
B was predominantly selected.

This raises intriguing questions. How does the splicing ma-
chinery “decide” which 5�ss to select? Do adjacent splicing
signals compete for selection by the splicing machinery? If so,
are evolutionary pressures exerted on adjacent splicing signals?
The last question was prompted by an observation, apparent in
Fig. 1A, that whenever site B or A was selected, there was not
a splice consensus sequence at site C. This may reflect a neg-
ative selective pressure that prevents the appearance of com-
peting adjacent splicing signals.

To obtain an overview of splice site selection within Alu
sequences, we began with a bioinformatic approach. We com-
piled two data sets, including a data set of 323 Alu elements in
the antisense orientation with EST evidence supporting ex-
onization from the right arm (exonic data set) and a data set of
�177,000 intronic Alu elements in the antisense orientation
that lack any EST evidence of exonization (intronic data set).
To allow direct comparison between specific positions within
different Alu sequences, we performed pairwise global align-
ments of each of the sequences from each of the two data sets
(intronic and exonic) against the Alu consensus. We next de-
termined which positions (relative to the consensus) within the
exonic data set served as splice sites. We then searched for
putative splicing signals within the right arms of the two data
sets (see Materials and Methods).

We found that within the exonic data set, the most fre-
quently selected 5�ss was at position 156 (referring to the first
intronic position of the 5�ss); this site was selected in 227 of the
323 (70%) right-arm Alu exons (labeled site B in Fig. 1A). The
second most frequently selected 5�ss was at position 176 (se-
lected in 27 cases; site C). Three other positions, positions 108
(site A), 114, and 140, were selected at approximately equal
frequencies (13 to 17 instances of each). The locations of these
five sites on the Alu consensus sequence are shown in Fig. 1B,
and their frequencies of selection are presented in Fig. 1C.
There were two main 3�ss, at positions 34 and 38 relative to the
consensus. These positions have been analyzed previously (25).

In our subsequent analyses, we decided to focus on sites A,
B, and C. Sites B and C were selected because they are the
most frequently selected splice sites. We focused on site A as
well, since aberrant selection of this site is implicated in the
pathogenesis of Alport syndrome and Sly syndrome (Fig. 1A,
rows 49 and 50; a deletion in row 50 is marked with dots) (33,
48). Notably, aberrant selection of site C is involved in the
pathogenesis of OAT deficiency (Fig. 1A, row 48) (29).

We sought to determine whether splicing signals at these
three sites formed part of the ancestral Alu sequence or
whether these regions became splice sites as a result of specific
mutations that subsequently led to exonization. We created
pictograms of sites A, B, and C, based on the sequences in the
exonic data set. In parallel, we created pictograms of these
three sites based on the sequences in the intronic data set.

These two sets of pictograms are presented in Fig. 2A. For all
three splice sites, various changes were observed between the
selected splice sites in the exonizing data set and those in the
nonexonizing one. All changes across the 9-nt 5�ss reflect a
strengthening of the splice sites. For site A, the predominant
changes were an increase in A at position �2 relative to the
same position in the nonexonized sequences (i.e., the second-
to-last position with respect to the exon-intron boundary) and
an increase in T at position �2; for site B, there was an
increase in T at position �2 and in G at position �5; and for
site C, there was an increase in A at position �2 and in G at
position �1. All of these changes result in stronger binding
between the 5�ss and U1 snRNA (7).

To complement this analysis, we next compared the frequen-
cies of occurrence of splice sites A, B, and C in the exonic and
intronic data sets (Fig. 2B). For a splice site to be defined as
existent, we demanded that there be a “GT” or “GC” at the
two intronic positions potentially serving as 5�ss. For sites A
and B, a 5�ss was found in the vast majority of Alu sequences
in both the exonic and intronic data sets. For site C, however,
the two data sets differed: a 5�ss was found in only 1.4% of the
Alu elements in the intronic data set but was found in 10.5% of
the Alu elements in the exonic data set. Thus, there was an
�8-fold increase in the number of splice sites at site C in the
exonic data set with respect to the intronic data set. This
indicates that once a mutation, from “C” to “G” at position �1
of site C (as can be inferred from Fig. 1A), creates a functional
splice site at site C, there is a tendency for the Alu element
containing this newly formed splice site to undergo exoniza-
tion. Notably, the scarcity of existent splice sites at site C
explains our observation (Fig. 1A) that in all instances in which
site B was selected, site C lacked a potential splice site. This
phenomenon, therefore, does not reflect a selection against the
coappearance of two splice sites but merely appears to reflect
the general nucleotide composition at site C.

To understand the balance of power among the three sites,
we compared the mean strengths of the selected splice sites in
the exonic data set to the mean splice site strengths for the
intronic data set in cases in which a splice site at the relevant
position was existent (Fig. 2C). Two phenomena were ob-
served. First, the selected splice sites were consistently stron-
ger, in all three sites, than their counterparts in the intronic
group, reflecting the fact that exonization of Alu sequences is
more likely to occur from stronger splice sites. Second, con-
siderable differences were found in terms of splice site
strength, as follows: site A is by far the weakest site, with a
mean Senapathy score, in cases in which it was selected, of
61.5; site B is of intermediate strength, with a mean score of
78.4; and site C is the strongest site, with a mean 5�ss score
of 83.6. The differences in strengths among the three splice
sites are due to the nucleotide compositions of the three sites,
which can also be observed directly in Fig. 1A. The “basal”
nucleotide composition of existent 5�ss at site A comprises five
positions optimal for base pairing with U1 snRNA (positions
�3 through �2), site B comprises six or seven optimal pairs
(positions �3 through �2, position �5, and position �6), and
site C comprises eight such positions (all positions except for
position �5).

How does the splicing machinery decide which splice site to
select? Are considerations of splice site strength sufficient to
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explain and to predict splice site selection? To test this, we
examined the sensitivity of splice site strength as a predictor of
selection. For each of the three sites, we calculated the fraction
of instances in which a splice site was strongest within the
sequence window in which 5�ss of Alu elements tended to

appear (see Materials and Methods) divided by the total num-
ber of instances in which it was selected (Fig. 2D). Splice site
strength was found to be a very sensitive measure for sites B
and C. In all 27 cases in which site C was selected, it was the
strongest splice site (sensitivity 	 100%). Of 227 cases in which

FIG. 2. Overview of sites A, B, and C in Alu elements. (A) Pictograms of sites A, B, and C in intronic Alu elements in the intronic data set
compared to pictograms for these three sites used as splice sites in sequences from the exonic data set. (B) Percentages of Alu elements in which
a minimal 5�ss (“GT” or “GC”) exists at sites A, B, and C in the exonic and intronic data sets. (C) Mean strengths of the three sites selected from
sequences in the exonic data set compared with those regions in sequences in the intronic data set. (D) Sensitivity of splice site strength as a
predictor of selection of the three sites. The y axis represents the number of cases in which a given splice site was strongest divided by the number
of cases in which it was selected.
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site B was selected, it was the strongest site in 219 cases (sen-
sitivity 	 96.5%). Splice site A, however, differed from these
two sites. Of the 13 instances in which it was selected, it was
strongest in only 4 (sensitivity 	 30.7%), indicating that in
�70% of the cases in which site A was selected, there was a
stronger candidate present that was not selected. These results
indicate that whereas selection of sites B and C is primarily a
function of their strength, selection of site A presumably in-
volves further factors.

Cross talk between different 5�ss. We next set out to analyze
5�ss selection in two ex vivo systems. For this purpose, we
cloned two minigenes, containing three exons separated by two
introns, in which the first and third exons are constitutively
spliced and the second exon is an alternatively spliced exon
originating from an Alu element. The first minigene is derived
from exons 7 to 9 of the human ADAR2 gene (Fig. 3A), and
the second minigene is derived from exons 9 to 11 of the
human PGT gene (Fig. 3C). The minigenes were transfected
into 293T cells. RNA was collected, and the splicing pattern of
the minigene mRNAs was examined by RT-PCR analysis, us-
ing specific primers for the exogenous mRNAs. The inclusion/
skipping ratio was measured by a densitometry program and
showed fluctuations of �10% in independent experiments (see
Materials and Methods).

The 5�ss of the ADAR2 Alu exon is of the GC type (Fig. 1A,
row 10) and is included in 55% of the minigene mRNAs (Fig.
3B, lane 1; the minigene and the endogenous ADAR2 mRNA
gave similar inclusion levels). In addition to the wild-type (wt)
5�ss B (marked B1), we created two different 5�ss at position C,
which differed in strength but were both considerably stronger

than site B1 (marked 5�ss C1 and C2; see Fig. 3A for the
sequences of these sites). The presence of either of the two
stronger 5�ss at position C resulted in a shift from alternative
selection of 5�ss B to constitutive selection of 5�ss C (Fig. 3B,
compare lane 1 with lanes 2 and 3), compatible with our pre-
vious conclusion that splice site strength strongly determines
splice site selection.

Mutations that considerably strengthened site B relative to
the wt 5�ss B1 (Fig. 3A) resulted in a shift from alternative to
constitutive selection of 5�ss B, suggesting that the inclusion
level of the Alu exon may be regulated by the strength of base
pairing between site B and U1 snRNA (Fig. 3B, lane 4) (42).
Under these conditions of constitutive selection of splice site
B, we examined whether splice sites at position C could com-
pete with site B. We added splice sites C1 and C2, both of
which are strong splice sites, to a transcript containing B3.
Although C1 and C2 are both stronger than B3, site B was
selected constitutively in both cases (Fig. 3B, lanes 5 and 6),
indicating that a medium or strong 5�ss at position C does not
affect the constitutive selection of a strong 5�ss at position B.

We next generated an intermediate 5�ss, site B2, which is
stronger than B1 but weaker than B3. Changing the wt site to
site B2 resulted in a 95% inclusion level of the Alu exon (Fig.
3B, lane 7). Surprisingly, when a potential site was added at
position C (5�ss C1), no skipping was observed, and B2 was
selected in a constitutive manner (Fig. 3B, lane 8). This sug-
gests that selection of site B was enhanced by the presence of
a downstream cryptic 5�ss at site C. In the presence of an even
stronger splice site (5�ss C2), site B was selected as the main
splice site in approximately 83% of cases, and site C was

FIG. 3. 5�ss selection in Alu exons. (A) Diagram of the ADAR2 minigene containing exons 7, 8, and 9. Exon 8 is an Alu-derived exon; the three
shades of gray represent the three potential 5�ss regions A, B, and C. The last three exonic and first six intronic nucleotides of the wt and mutated
5�ss are shown, marked as A to A2, B0 to B3, and C to C2. Senapathy scores of the 5�ss are given in parentheses. (B) Plasmids containing the
indicated mutants were introduced into 293T cells by transfection. Total cytoplasmic RNA was extracted, and splicing products were separated in
a 2% agarose gel after RT-PCR. Lane 1, splicing products of wt ADAR2 (marked B1 in panel A); lanes 2 to 11, splicing products of the indicated
mutants. The numbers above the lanes indicate the percentages of inclusion of exon 8. The three minigene mRNA products are shown on the right.
Empty boxes define constitutive exons, and the shaded boxes indicate the selection of either of the three 5�ss. (C) Diagram showing the PGT
minigene, containing exons 9, 10, and 11. Exon 10 does not exonize under endogenous conditions but constitutes an intronic Alu element on the
verge of exonization. The three shades of gray in exon 10 represent three potential 5�ss (sites A, B, and C). Exons 9 and 11, shown by empty boxes,
are constitutively spliced. The wt 5�ss (marked A1) and six mutated 5�ss are shown in the lower part, marked as A2, B to B3, and C to C2. Senapathy
scores of the 5�ss are presented as described above. (D) Analysis of in vivo splicing essentially as described for panel B. Lane 1, splicing products
of wt PGT (marked A1 in panel C); lane 2, splicing products of a 3�ss mutant (from GAG to TAG); lanes 3 to 12, splicing products of the indicated
mutants. The three minigene mRNA products are shown on the right. Empty boxes indicate constitutively spliced exons, whereas the boxes colored
in three shades of gray indicate selection of 5�ss A, B, or C. All PCR products were verified by sequencing.
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selected as a minor site, with approximately 17% selection
(Fig. 3B, lane 9). Taken together, these results suggest the
following. First, a strong predisposition to select splice site B
exists in the ADAR exon. Once the strength of the 5�ss at this
position is over a certain threshold, it is almost invariably
selected, regardless of the strength of 5�ss at downstream po-
sitions. This predisposition may explain why, in the vast ma-
jority of right-arm Alu exonizations, site B is selected as the
5�ss. Second, a cryptic splice site downstream of site B (at site
C) enhances the selection of site B.

We then determined whether we could shift the selected 5�ss
from site B to site A. When the relatively weak wt 5�ss B1 was
present, the addition of a 5�ss at position A did not shift
selection toward 5�ss A1 or A2 (not shown). Even a point
mutation that eliminated 5�ss B (G3A at position �1, indi-
cated as 5�ss B0 in Fig. 3A) did not result in the selection of
5�ss A1 or A2 (Fig. 3B, lanes 10 and 11), despite the fact that
both are stronger splice sites than B1. These results confirm
that there is a strong predisposition for the selection of site B
in the ADAR exon.

To confirm our observations regarding the interplay be-
tween sites B and C, we examined conditions leading to
exonization of the Alu exon in the PGT minigene (Fig. 3C).
The PGT Alu element is not exonized in its minigene environ-
ment (Fig. 3D, lane 1). However, mutating the third-to-last
position within the intron upstream of the PGT Alu exon from
G to T (Fig. 3C), thereby strengthening the 3�ss, results in
exonization of the Alu sequence, with site A being selected
(Fig. 3D, lane 2) (25). We found that such exonization can also
be achieved by a mutation that strengthens site A (mutation
A2) (Fig. 3D, lane 3). Notably, this 5�ss A2 is identical to the
5�ss A2 in the ADAR2 gene, yet in the PGT gene it was
alternatively selected and in ADAR2 it was invariably skipped.

Is site A influenced by other potential splice sites? To test
this, we created further mutations in sites B and C. Mutations
that created weak and medium-strength 5�ss at site B (sites B1
and B2, respectively) (Fig. 3B) were not sufficient to activate
exonization of the PGT Alu exon (Fig. 3D, lanes 4 and 6), even
when they were stronger than the selected A2 site (site B2 is
stronger than site A2). The same splice site sequences were
sufficient to cause alternative selection of site B in the ADAR
gene. However, these two potential 5�ss at position B had a
silencing effect on the selection of 5�ss A2 (Fig. 3D; note the
gradual decrease in inclusion level apparent in lanes 3, 5, and
7, correlating with the gradual increase in strength of the B
site). This demonstrates that a weak or medium-strength pu-
tative 5�ss at site B reduced selection of site A in the PGT gene.
However, further strengthening of site B (to B3) resulted in a
shift from full skipping to 70% inclusion (Fig. 3D, lane 8), with
site B being selected. Again, these findings demonstrate the
multiple factors underlying splice site selection; splice site
strength determines the outcome only up to a certain thresh-
old, and beneath it, interplay between the two sites is apparent.
In addition, the apparent predisposition for selection of site A
is indicative of the role played by surrounding sequences.

Under conditions where site B was alternatively selected
(using B3), we sought to determine whether in the PGT gene,
as in the ADAR gene, a putative splice site at site C would
increase the selection of site B. At site C, we created two
mutations, C1 and C2 (see Fig. 3B for details), that were

identical to the ones used in the ADAR minigene. Insertion of
C1 and C2 mutants resulted in 52% and 100% inclusion levels
in PGT Alu elements, respectively, with site C being selected
(Fig. 3D, lanes 11 and 12). However, a combination of 5�ss B3
and either C1 or C2 resulted in the selection of site B only (Fig.
3D, compare lane 8 with lanes 9 and 10). This indicates, as in
the case of the ADAR exon, that the presence of a downstream
5�ss at site C functions as an enhancer for the selection of site
B (compare with Fig. 3B, lanes 7 and 8).

Factors underlying predisposition for selection of site B in
ADAR. We next sought to determine what underlies the clear
predisposition for selection of site B in the ADAR minigene,
even when it is weak and in the presence of stronger candi-
dates. To find putative regions that enhance the selection of
site B, we compared the positions upstream of splice site B to
the corresponding positions in the �177,000 introns in the
intronic data set. We reasoned that a position differing con-
siderably in the exonizing ADAR gene with respect to non-
exonizing counterparts may be involved in the exonization of
the former. We found that position �15 upstream of site B in
the Alu exon presented the greatest change in comparison to
nonexonizing counterparts. The overwhelming majority of
nonexonizing Alu elements contain a T at this position,
whereas in the ADAR2 gene this position has a G (as illus-
trated in Fig. 4A). Further bioinformatic support for the po-
tential importance of this mutation was that analysis of this site
using ESRsearch revealed that without the mutation, namely,
as in the intronic Alu elements, position �15 overlaps with only
three predicted ESRs. However, with the T3 G change found
in the ADAR gene, this position overlaps with eight putative
ESRs.

Indeed, combining the wt 5�ss B1 (Fig. 4B) with a �15 G3T
mutation, the ADAR exon was fully skipped (Fig. 4D, lane 2),
validating our bioinformatic prediction. The same mutation
combined with the stronger 5�ss B2 also decreased the selec-
tion of this exon (Fig. 4D, compare lanes 3 and 4). Thus, this
position acts as an enhancer of site B. However, examination of
the 227 Alu exons resulting from selection of site B revealed
that only three cases shared this particular T3G mutation at
position �15; this was not different in a statistically significant
manner from the proportion of occurrences of this mutation in
the intronic data set. This suggests that in the course of evo-
lution, different mechanisms have independently developed
among different Alu elements, governing splice site selection.

U1 snRNA binding to site C enhances selection of site B.
Thus far, we have established that the existence of a splice site
at site C enhances selection of the more upstream site B. We
now sought to determine whether this enhancing effect is me-
diated by binding of U1 snRNA to site C. For this purpose, we
used a complementation assay with mutated U1 snRNAs that
have a higher affinity for site C than for site B (Fig. 4C). In
order to focus on cross talk between sites B and C without ESR
interference, we used an ADAR2 Alu exon, with 5�ss B2 and a
position �15 G3T point mutation. Although this mutation
lowered the inclusion level of the Alu exon from almost 100%
to 50%, combining it with C2 at site C restored a high inclusion
level (Fig. 4D, compare lanes 3, 4, and 5). Replacing the strong
5�ss C2 with the weaker C3 in the presence of endogenous U1
snRNA resulted in only approximately 50% skipping, indicat-
ing that 5�ss C3 is not recognized by the endogenous U1
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snRNA. However, complementation with U1C3 (Fig. 4C)
completely restored the high inclusion level (Fig. 4D, compare
lanes 6 and 7). The same results were obtained by using the
weaker C4 site (Fig. 4D, compare lanes 8 and 9). Thus, two
lines of evidence indicate that the enhancing function of site C
is mediated through U1 snRNA. First, mutations that en-
hanced binding of endogenous U1 snRNA to site C enhanced
site B selection (as evidenced by the increased inclusion with
C2 with respect to that with C3). Second, complementation
assays optimizing the base pairing between site C and U1
snRNA led to constitutive recognition of site B.

To further demonstrate the enhancing role of site C on the
selection of site B, we created a construct with an extremely
weak splice site, B4, followed by a weak splice site, C5 (Fig.
4B). This combination led to full skipping (Fig. 4D, lane 10).

When this minigene was cotransfected with a mutated U1
cDNA complementary to C5, both sites B and C were acti-
vated, with similar inclusion levels of both sites (Fig. 4D, lane
11). This emphasizes that the mechanism of U1-mediated en-
hancement is finely tuned. When U1 bound site C with an
affinity beneath a certain threshold, it led to enhancement of
the selection of the adjacent site B; once this threshold was
exceeded, binding of U1 to site C enhanced the selection of
both 5�ss.

Two ESRs enhance selection of site A. Whereas the ADAR
minigene showed a predisposition for the selection of site B,
PGT showed such a predisposition for site A. To understand
the molecular basis for this predisposition, we compared the
PGT Alu sequence to the �177,000 intronic Alu elements in
the intronic data set. This analysis detected two positions lo-

FIG. 4. Site B regulation and U1 complementation in ADAR2 Alu exon. (A) The upper sequence shows the last 20 nt and first 6 nt of the
exon-intron junction of site B of the ADAR2 Alu exon. Position �15 is marked above the exon sequence. The lower sequence is a pictogram of
the sequences at this site from an alignment of �177,000 intronic Alu elements in the intronic data set. (B) Diagram of ADAR2 minigene. 5�ss
B and C are marked above the box. wt and mutated 5�ss are shown in the lower part, marked as B1, B2, B4, C, and C2 to C5; Senapathy scores
are given in parentheses. Position �15 upstream of 5�ss B is marked above the box. (C) Mutated 5�ss with matching U1 snRNAs used for
complementation assays. Four complementary U1 snRNAs were created, to match sites C3, C4, B4, and C5. The highlighted nucleotides represent
complementary mutations. (D) In vivo splicing and complementation assay. Lane 1, splicing products of wt ADAR2 gene; lanes 2 to 11, splicing
products of exon 8 mutants; lanes 7, 9, and 11 are splicing products obtained after complementation with the indicated U1 snRNA. The three boxes
colored in shades of gray indicate the selection of either of the two potential 5�ss.
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cated upstream of site A that differed considerably between the
two groups: positions �22 and �17 (relative to 5�ss A) are
both adenosines in PGT and cytosines in the intronic Alu
elements (Fig. 5A). As previously shown (Fig. 3D, lane 3),
activation of exonization in PGT, with site A selected, can be
achieved by the strengthening of the 5�ss at site A from wt site
A1 to site A2 (see Fig. 5B for a diagram depicting 5�ss
strengths, and compare lanes 1 and 2 in Fig. 5C). An A3C
point mutation at position �17 considerably decreased the
inclusion level of the Alu exon (Fig. 5C, lane 3), and this effect
was further enhanced when this mutation was combined with
an additional one at position �22 (Fig. 5C, lane 4). Thus, these
findings validate our bioinformatic prediction and further dem-
onstrate the existence of a fine-tuned mechanism controlling
splice site selection mediated by specific ESRs. Of the 13
instances in the exonic data set in which site A was selected,
none were characterized by these two mutations, emphasizing,
once again, the idiosyncratic nature of different Alu exoniza-
tion events.

To further validate these findings, we created a 5�ss at site A
of the ADAR2 Alu exon (Fig. 5D, A1 or A2) and eliminated

the functional 5�ss at site B (by mutation from 5�ss B1 to B0).
Creation of sites A1 and A2 was not sufficient for exonization
(Fig. 5E, lanes 2 and 3), and neither was a single C3A muta-
tion at position �22 (Fig. 5E, lane 4). However, a single C3A
mutation at position �17 did result in a low level of alternative
selection of site A in the ADAR minigene (Fig. 5E, lane 5).
The alternative selection of site A was greatly increased when
the mutations at positions �17 and �22 were combined (Fig.
5E, lane 7). This validates our findings regarding the ability of
these two positions to enhance the selection of site A.

Having achieved alternative exonization of site A in the
ADAR minigene, we next sought to determine how this site
interacts with the wt, alternatively selected site B. The pres-
ence of a 5�ss at site A had little effect on 5�ss selection at site
B (Fig. 5E, lanes 9 and 10, respectively). Interestingly, C3A
mutations at positions �17 and �22 (as in the PGT Alu exon)
resulted in constitutive selection of 5�ss B1, regardless of the
presence of 5�ss A1 (Fig. 5E, compare lanes 11 and 12). This
suggests that these two positions have a general silencing role
that is not restricted to site A only but can also act upon site B,
although to a lesser extent.

FIG. 5. Selection of 5�ss A in ADAR2 Alu exon. (A) The upper sequence shows the last 26 nt and first 6 nt of the exon-intron junction of 5�ss
A of the PGT Alu exon. The lower sequence is the sequence in the corresponding region of the alignment of �177,000 introns in the intronic data
set. Positions �22 and �17 and a putative ESR are indicated above the exon sequence. (B) Diagram of PGT minigene. 5�ss A, selected for this
experiment, is marked above the box. wt and mutated 5�ss are shown in the lower part, marked A1 and A2; Senapathy scores are given in
parentheses. Position �17A upstream of 5�ss A is marked above the box. (C) Analysis of in vivo splicing assay as described in the legends of
previous figures. Lane 1, splicing products of wt PGT gene; lanes 2 to 4, splicing products of exon 10 mutants containing an A2 site with the
indicated mutations. (D) Diagram of ADAR2 minigene. The two alternative 5�ss positions (A and B) selected in this experiment are marked above
the box. wt and mutated 5�ss, marked as A to A2, B0, and B1, are shown in the lower part; Senapathy scores are given in parentheses. (E) In vivo
splicing assay as described for panel C. Lane 1, splicing products of wt ADAR2 gene; lanes 2 to 8, splicing products of exon 8 after mutation to
eliminate 5�ss B (indicated as 5�ss B0), together with the indicated mutations; lanes 9 to 12, splicing products of exon 8 mutants containing 5�ss
B1, together with the indicated mutations.
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Environmental effect on exonization. We next sought to fur-
ther validate the importance of position �15 (upstream of 5�ss
B) and the region surrounding it. In order to do so, we cloned
another minigene generated from the human genomic se-
quence of the IKAP gene (IKBKAP). The IKAP minigene
contains three constitutively spliced exons, exons 19 to 21, with
an Alu sequence in intron 20 (Fig. 6A; the intronic Alu element
is marked as an empty box with dashed borders). A mutation
from T to C at position 6 in intron 20 of the IKAP gene leads
to a tissue-specific skipping of exon 20, resulting in familial
dysautonomia disease (1, 38).

The IKAP Alu element contains a 3�ss identical to the

ADAR2 Alu exon 3�ss and a stronger 5�ss at site B (Fig. 6A).
Yet the IKAP Alu element does not undergo exonization ei-
ther under endogenous conditions or in the minigene (Fig. 6B,
lane 1). We attempted to enhance the recognition of site B by
introducing a T3G mutation at position �15, but this was not
sufficient to achieve exonization (Fig. 6B, lane 2). A slight
amount of exonization was achieved upon strengthening of the
5�ss at site B from B2 to B3 (Fig. 6B, lane 3), and we were able
to substantially increase the selection of site B (from 9% to
45%) after introducing a T3G mutation at position �15 (Fig.
6B, lane 4). Additional strengthening of the 5�ss B site from B3
to B4 increased the inclusion level, and a combination of this

FIG. 6. Exonization of intronic Alu exon. (A) Diagram of the IKAP minigene, containing exons 19 to 21 (empty boxes) and an intronic Alu exon,
shown by an empty dashed box in intron 20. The gray box represents the ADAR2 Alu exon. The five different B sites are listed to the right of the
Alu box. The nucleotide at position �15 of 5�ss B is shown. (B) In vivo splicing assay as described in the legend to Fig. 2. Lane 1, splicing products
of wt IKAP containing 5�ss B2; lanes 2 to 6, splicing products of IKAP minigene with the indicated mutations; lanes 7 to 9, splicing products of
IKAP minigene in which the IKAP Alu intron was replaced with the ADAR2 Alu exon containing the wt 5�ss (B1), mutated B3, and B5,
respectively. (C) Diagram of the ADAR2 minigene, containing exons 7 to 9. The Alu intron of the IKAP minigene is shown as a dashed box in
the lower part of the panel. Two different 5�ss sequences are listed to the right of the Alu box. (D) In vivo splicing assay as described for panel
B. Lane 1, splicing products of wt ADAR2 minigene, in which exon 8 contains 5�ss B1; lane 2, splicing products of ADAR2 minigene in which the
Alu intron contains a �15 G3T mutation; lanes 3 and 4, splicing products of ADAR2 minigene in which the ADAR2 Alu exon was replaced with
the potential IKAP Alu exon containing the indicated 5�ss and the position �15 G3T mutation.
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strengthened 5�ss with the T3G mutation resulted in consti-
tutive splicing of the Alu exon in the IKAP minigene (Fig. 6B,
lanes 5 and 6, respectively). These results demonstrate two
phenomena. First, position �15 relative to site B has a strong
effect on selection of this site, and mutations at this position
can result in exonization of an otherwise silent, intronic Alu
element. Second, the fact that splice site B was not selected in
the IKAP gene, even following a mutation at position �15,
whereas its weaker counterpart in the ADAR gene was se-
lected, suggests that factors other than site B and position �15
are involved in determining exonization.

To confirm this conclusion, we replaced the Alu exon resid-
ing within the IKAP minigene with its counterpart from the
ADAR2 minigene (including its weak wt 5�ss B1). This re-
sulted in full skipping of the ADAR2 Alu exon in the IKAP
minigene, in stark contrast with its alternatively spliced pattern
in the wt environment (Fig. 6B, lane 7). As in the case of the
IKAP minigene, gradual strengthening of the ADAR2 Alu
exon 5�ss (from 5�ss B1 to B3 and B5) resulted in gradual
increases in its selection (from 0% to 21% to 100%) (Fig. 6B,
lanes 7 to 9). To complement our findings, we replaced the Alu
exon of the ADAR2 gene with the corresponding IKAP Alu
sequence, including its putative wt 5�ss B2 (Fig. 6C). This exon
was skipped (Fig. 6D, lane 3). However, exon selection was
achieved via a T3 G mutation at position �15 (Fig. 6D, lane
4). This strongly contrasts with the complete skipping observed
in the wt environment of the IKAP minigene. These two anal-
yses demonstrate that while 5�ss strength, strongly modulated
by position �15, has an important effect on inclusion levels,
further factors not residing within the Alu exon, but presum-
ably in sequences adjacent to it, determine the profile of the
final transcript.

DISCUSSION

With over 1 million copies, Alu elements are the most abun-
dant repetitive element in the human genome, comprising
more than 10% of the human genome (22, 36). Alu elements
enrich and diversify the primate transcriptome (2, 9) through
exonization events (16, 25, 36, 42). Such events occur as a
consequence of mutations accumulating within intronic Alu
elements that lead the splicing machinery to select them as
alternatively spliced, internal exons (36, 40). Close regulation
of these exonization events is vital. Very low inclusion levels of
the Alu exon will not serve to enrich the transcriptome,
whereas very high inclusion levels will be deleterious since they
will compromise the original transcriptomic repertoire.

Here we have combined bioinformatic and molecular meth-
odologies to understand the requirements for Alu exonization
events. Specifically, we have concentrated on the factors gov-
erning 5�ss selection, and we have found four main levels
controlling 5�ss selection. The first, presumably most domi-
nant, is 5�ss strength. The importance of 5�ss strength was
underscored in our initial bioinformatic analysis, which showed
that the strongest splice site tended to be selected. In the
course of our molecular analysis, we consistently enhanced 5�ss
selection by strengthening the 5�ss, in agreement with many
previous studies (e.g. see references 24, 35, and 42). The sec-
ond level is a U1-mediated interplay between adjacent splice
sites. Such interplay was observed between sites B and C, with

the latter enhancing the former, and also between sites A and
B, with the latter repressing the former. U1 complementation
assays demonstrated that these effects were mediated by the
strength of base pairing between U1 and the 5�ss. The third
level is specific ESRs. By means of a simple but efficient bioin-
formatic approach, we were able to identify several exonic
positions that strongly affect splice site selection. The fact that
the ESRs we identified in a particular Alu exon usually do not
tend to appear among other, similarly characterized Alu exons
suggests that different ESRs have evolved independently
among different Alu exons. Finally, we have shown that within
different environments, otherwise identical exons differ in their
susceptibility to exonization.

The major discovery of this study is the U1-mediated inter-
play between the different splice sites. Scanning the literature,
we found one previous study by Hwang and Cohen that impli-
cated U1 snRNA in such a mechanism (17). In this study, the
authors used complementation assays to demonstrate that U1
binding to a sequence downstream of the 5�ss enhances the
selection of the 5�ss. However, in their study, they used an
artificial exogenous U1 snRNA devoid of a GT/GC-binding
catalytic site, and therefore the applicability of these findings
to the choice of two adjacent splice sites under endogenous
conditions was unclear. Our results strongly support and com-
plement the model proposed by Hwang and Cohen by indicat-
ing that binding of U1 snRNA with an intact catalytic site to a
potential splice site enhanced selection of a more upstream
one. It appears that U1 snRNA may act to enhance the selec-
tion of an upstream 5�ss by binding a more downstream one,
but once the strength of the downstream site has exceeded a
certain threshold, U1 snRNA may also lead to selection—
albeit not necessarily exclusive—of the more downstream site.

Thus, the impact of these findings may well exceed the rel-
atively limited scope of Alu exonization. An analysis of
�60,000 constitutive exons and �3,000 alternative exons in the
human genome revealed that 5.6% of constitutive and 5% of
alternative exons contain a 5�ss with a Senapathy strength of
�70 within 20 nt of the selected 5�ss (the distance between 5�ss
B and C is 20 nt). In these cases, as in Alu exons, binding of U1
snRNA to the downstream 5�ss may well play a part in deter-
mining 5�ss selection. Moreover, in a recent study searching for
putative intronic splicing regulators based on sequence conser-
vation across seven mammals in the 100 nt downstream of
introns, a cluster of motifs highly resembling the 5�ss was found
and was associated with alternative splicing (47). Based on
these bioinformatic findings, it was suggested that U1 snRNP
may be involved in the recognition of this motif, in the context
of regulation of alternative splicing. Our analysis is in line with
this prediction and validates it in the case of Alu exons.

Our work emphasizes the interplay between the above-men-
tioned factors determining exonization. We have demon-
strated the interaction between strengths of splice sites and the
presence of adjacent splice sites. Beyond a certain threshold,
splice sites are selected regardless of the existence of a further
splice site downstream. Beneath a certain threshold, splice
sites are not selected regardless of the existence of a further
splice site downstream. Between these two thresholds, an in-
terplay exists, with the existence of one splice site affecting the
selection of the other. We also demonstrated the complex
interaction between strength, adjacent splice sites, and ESRs.
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ESRs can independently lead to alternative exonization, as can
an interaction between adjacent splice sites, but when these
two factors work in tandem they can lead to constitutive ex-
onization, which can also be achieved by manipulation of splice
site strength alone. Finally, we have shown how splice site
strengths, interplay between adjacent splice sites, and ESRs
lead to different results when superimposed upon different
pre-mRNA environments. Within different environments, the
thresholds of the various factors governing exonization may
differ (e.g., the threshold governing exonization of a given
splice site was shown to vary in two different minigenes). The
ultimate profile of the transcript is determined by a combina-
tion of these four factors.

Combinatorial control of splicing, involving various levels of
regulation, has been observed in other studies. Modafferi and
Black examined how individual elements from the src gene
combine to regulate splicing of a reporting exon and thus to
determine its tissue specificity (30). Lee et al. characterized the
splicing of NMDAR1 exon 21 and found that two RNA ele-
ments within this exon coregulated splicing repression of this
exon in response to a neuronal stimulus (23). Similar results
were found by Han et al.; they defined the roles of hnRNP
proteins and the association of exon silencing with the UAGG
and GGGG motifs, concluding that the multicomponent si-
lencing code may play an important role in the tissue-specific
regulation of the CI cassette exon (15). The interaction be-
tween weak splice sites and ESRs has also been the basis for
computational prediction of exonic splicing enhancers (11).

The examples described above, as well as our findings in this
study, indicate that splicing of every exon is a result of a
complex interaction between multiple factors. This network
can usually not be inferred using bioinformatic means, since
sequences governing exonization events may differ from one
exon to another. Alu exonization events provide a unique op-
portunity for understanding the minimal steps required for
intronic Alu elements to become exonic sequences and there-
fore serve as an ideal platform with which to analyze multifac-
torial elements that govern exon selection. We have success-
fully taken advantage of this platform to bioinformatically
identify specific ESRs leading to specific exonization events.
Such techniques may be of particular importance for under-
standing the pathogenesis of Alu exonizations leading to dis-
eases such as Alport syndrome, SLY syndrome, and OAT
deficiency. Better understanding of the factors leading to
exonization in these diseases may be of both diagnostic and,
ultimately, therapeutic value.
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