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activation threshold, but also enables the chan-
nel to be dynamically modulated by inflamma-
tory products that activate PLC. Finally, it is
interesting to note that the C-terminal domain
of TRPV3, a warm-sensitive channel with an
activation threshold of ~35°C (21-23), con-
spicuously lacks a region corresponding to the
777-792 domain of TRPVI1, the minimal es-
sential core of the predicted PIP, binding site.
Thus, modification of this PIP, regulatory do-
main by genetic, biochemical, or pharmacolog-
ical mechanisms may have profound effects on
sensitivity of primary afferent nerve fibers to
chemical and thermal stimuli under normal or
pathological conditions.
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The Birth of an Alternatively
Spliced Exon: 3’ Splice-Site
Selection in Alu Exons

Galit Lev-Maor,”* Rotem Sorek,’?* Noam Shomron,? Gil Ast’}

Alu repetitive elements can be inserted into mature messenger RNAs via a
splicing-mediated process termed exonization. To understand the molecular
basis and the regulation of the process of turning intronic Alus into new exons,
we compiled and analyzed a data set of human exonized Alus. We revealed a
mechanism that governs 3’ splice-site selection in these exons during alter-
native splicing. On the basis of these findings, we identified mutations that
activated the exonization of a silent intronic Alu.

Alu elements are short (about 300 nucleotides
in length), interspersed elements that amplify
in primate genomes through a process of
retroposition (/-3). These elements have
reached a copy number of about 1.4 million
in the human genome, composing more than
10% of it (4). A typical Alu is a dimer, built
of two similar sequence elements (left and
right arms) that are separated by a short
A-rich linker. Most Alus have a long poly-A
tail of about 20 to 100 bases (5).

Parts of Alu elements, predominantly on
their antisense orientation, can be inserted
into mature mRNAs by way of splicing (“ex-
onization”). Presumably, the exonization pro-
cess is facilitated by sequence motifs that
resemble splice sites, which are found within
the Alu sequence (6—9) (see fig. S1 for a
model of exonization). Because Alus are
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found in primate genomes only, A/u-derived
exons might contribute to some of the char-
acteristically unique features of primates.

We have previously shown that more than
5% of human alternatively spliced exons are
Alu-derived and that most, if not all, Alu-
containing exons are alternatively spliced (9).
We therefore hypothesized that mutations
causing a constitutive splicing of intronic
Alus would cause genetic diseases, and in-
deed we found in the literature several in-
stances in which a constitutive A/u insertion
caused a genetic disorder (/0—12).

To study the alternative splicing regula-
tion of exonized Alus, we compiled a data set
of exonized Alus from the human genome.
An analysis of this data set revealed that two
positions along the inverted A/u sequence are
most commonly used as 3’ splice sites
(3'SSs) in Alu exonizations: position 279
(“proximal AG”) and position 275 (“distal
AG”). The relationships between two near
AGs in a 3'SS were well characterized pre-
viously in the context of constitutive splicing
(13, 14). To pinpoint the sequence determi-
nants by which the spliceosome selects one of
the two possible AGs in the context of alter-
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native splicing, we aligned the exonized 4/us
that use either of these AGs to their ancestor.

The 3'SS regions of these instances are
shown in Fig. 1. Figure 1 also shows that the
proximal AG is selected mostly in exonized
Alus of S subfamilies (9 times out of 13),
whereas the distal AG is mainly selected in
exonized Alus belonging to J subfamilies (12
times out of 16). This differential usage of
AG selection in Alu subfamilies is probably
because of the polymorphism between the J
and S subfamilies in position 277 (Fig. 1,
colored yellow), which eliminates the distal
AG in Alus of the S subfamilies. As a result,
the proximal AG is selected. Although anoth-
er polymorphism at position 275 creates a
new distal AG in the S subfamilies, this new
AG is six nucleotides downstream from the
proximal AG, a distance that was shown to be
out of the effective range for selecting a distal
AG in constitutive splicing (/4). Indeed, the
cases where Alus of the S subfamilies used
the distal AG required mutations that short-
ened the distance between AGs back to four
nucleotides (Fig. 1, colored green). This in-
dicates that when the range between the two
AGs is four nucleotides or less the distal AG
is preferred and when the distance is six
nucleotides or more the proximal is preferred.

However, in five cases (Fig. 1, rows 25 to
29), the proximal AG was selected, even
though a distal AG existed less than six nu-
cleotides in range; in all these cases, the G in
position —7 (colored purple) was mutated to
either A (two cases) or T (three cases). Re-
markably, a mutation in the same position in
intron 5 of the COL4A3 gene leads to ex-
onization of a silent intronic Alu. This Alu
exon is constitutively spliced, resulting in an
Alport syndrome phenotype (/0). This im-
plies that the G in position —7 suppresses the
selection of the proximal AG, causing a shift
toward selection of the distal AG. When this
G is mutated, the proximal AG is preferred.
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This is supported by the finding that GAG
triplets at ends of introns are poorly cleaved
in vitro and extremely rare in vivo (15).

To examine the above hypotheses, we
cloned a minigene of the ADAR2 gene (aden-
osine deaminase, involved in RNA editing)
(Fig. 1, row 1). Previously, exon 8 [denoted
as exon 5a in (/6)] of this gene was found to
be an alternatively spliced 4/u-derived exon,
adding 40 amino acids in frame to the protein
(17). In this exon, the distal AG is used as the
3'SS. Trying to characterize the relationship
between proximal and distal AGs in the con-
text of alternative splicing, we generated a set
of mutations within the 3'SS.

Whereas the Alu exon in the wild-type
ADAR2 was included in 40% of the tran-
scripts (Fig. 2B, lane 3), replacement of the G
in position —7 to A, U, or C (Fig. 2B, lanes 10
to 12) had two effects. First, as predicted
from Fig. 1, the replacement shifted the se-
lection from the distal AG to the proximal
one. Second, the replacement resulted in a
shift from alternative splicing of the Alu exon
toward a nearly constitutive inclusion of the
exon in the mature transcript. Our results
point to the important role of the G in posi-

Fig. 1. The selection of AGs in the

tion —7 in shifting the selection toward the
distal AG, thus maintaining the alternative
splicing of the A/u-containing exon. Mutation
of that G will likely result in a constitutive
inclusion of the A/u exon and thus might
cause a disease, as occurs in the case of
Alport syndrome (/0).

To check whether the proximal AG af-
fects the selection of the distal AG, we
mutated the proximal AG to UC or GA
(Fig. 2B, lanes 8 and 9, respectively). The
GA mutation resulted in a higher ratio of
exon inclusion, reaching more than 85%
inclusion instead of 40% in the wild type.
The UC mutation caused the splicing of the
Alu exon to become constitutive, possibly
because it strengthened the polypyrimidine
tract (PPT) that was originally 18 bases
long (on average, the PPT length in ex-
onized Alus was 19 bases £3). These find-
ings indicate that the proximal AG presum-
ably weakens the selection of the distal AG
and is therefore required for maintaining al-
ternative rather than constitutive splicing of
the Alu exon. To summarize, when the distal
3’SS is used, the G at position —7 suppresses
the selection of the proximal AG, and the

REPORTS

proximal AG maintains the alternative splicing.

We then sought to understand whether
the nucleotide composition between the
two adjacent AGs affects 3'SS selection
and ratio of alternative splicing. The two
AGs are separated by an AC dinucleotide
(Fig. 2A). A deletion of both these nucle-
otides (position -3 and —4) or only the C
(Fig. 2B, lanes 5 and 7) resulted in an exon
skipping, pointing to the importance of the
C in position —3. Deletion or mutations of
the A in position —4 to G or C changed the
ratio between the two isoforms (Fig. 2B,
lanes 6, 13, and 14). This indicates that
position —4 also affects the inclusion ratio.

To test whether increased distance be-
tween the two AGs shifts the selection
toward the proximal AG, we introduced
additional nucleotides between the two
AGs (Fig. 3A). Increasing the distance be-
tween the proximal and distal 3’SS to six or
eight nucleotides resulted in A/u exon skip-
ping (Fig. 3B, lanes 7 and 8). However,
when the distance between the two AGs
grew to 10 nucleotides, a residual exon
inclusion was recovered in a little more
than 3% of the spliced transcripts (Fig. 3B,

3'3Ss of Alu-derived exons. Align- Alu exon position relative to distal 3'ss -7 6 -5-4-3-2-1

ment is shown for the regié)n near Gene name number subfam 290 280 288 287 286 285 28B4 283 282 281 280 279 278 277 276 275 274 273 272 271
the two most prevalent 3'SSs in the é $ $ 1 1 1 $ ¥ $ g i g 2 g g g E g ¥ g 1
right arm of exonized Alu sequences  ——grmy——p % T T I T TrT T CAOACAGCET CY
(in the antisense orientation). Data o

for 29 exonized Alus, compiled from 2 TFB2M 4 Jb TECTTTTTTGAGALAGGGTIGCT
the results of our previous study (9) 3 MVK 4 Jb TPTTI PTTT GABALBXECGGT T
as well as newly collected data 4 CBFA2TZ 3 Jo TTTTTTTTGAGALAGGGTOGCT
from the literature (22—26), are § NPD002 ¥ Jb TTTETTTTGAGACAGGGTO®CC
shown. The 20 nucleotides present- 6 MOG 9 b FFTITITETIrTT EAGA LA G TE T C T
ed are positions 290 to 271 in the 7 nla 5 Jb TTTATTTTGAGATLCATGAGTT CT
Alu sequence, according to the 8 PTGES 2 Jb TTTTTTT GG A GALCAGAGTCT
numbering in (27). The two possible 9 DAF* 10 Jb PTETTT IPTTTY CAGCACREGCETTEC T
AG dinucleotides (distal and proxi- 10 STK2 n/a Jb TTTTTTTTGAGACAGAGTIET
mal to the PPT) are marked in red. 11 MLANA 4 Jb FREFTET FE TS GRAAEBEARADBGHEAEAT
The selected AG dinucleotide, de- 12 n/a 24 Jb TTTTTTTTT @ARA:LANGECGTCT
fining the end of the intron, is 13 ITGB1* 7 Sx TTTATTTTGAGATCHENG - - TCT
underlined for each exonized Alu. 14 n/a 2 Sg TCTTTTTTTTGATCIHEEGAGTC CC
Selected AG dinucleotides were 16 MBD3 12 Sx TTTTTTTTOGTGACHENAGTT GCT
inferred with the use of alignments 16 CNN2 6 Sx TTTATTTTGAGATIERGGATUCGCT
of expressed sequences to the hu- 17 PGT 12 Sp T T FT T GAGAEGGAGT T T
man genome (9) (tab[e S']) Those 18 nfa 2 Sg CTTTTTTTGAGATGGAGTU GCT
marked by an asterisk next to the 19 RES4-22 18 Sg TTFTATTTTECGAGATGBGGEGAGTTT
gene name are additional Alu exons 20 LOC51193 5 Sg TTTTTTTTGAGATIGGAGTCT
found in the literature scan (22_ 21 nfa 3 Sx TTTTTTTTGAGAT GGAGT®EC
26) Consensus sequences of sub- 22 CHRNA3" 5] Sx TTFITTT“TTT GAGATGGAGTIET
families S and J appear in the first 23 PTDO11 2 Sx TTTTTTTTGAGACLCOGT CTCTCATGSG®G
two rows, with positions differing 24 HCAB6 18 Sg T ST I T REA e LG RGTTE W T
between subfamilies marked in yel- 25 CYP3A43 8 Sg TTTTTTTTINAGACAGAGT CT
low. Rows 30 to 32 represent the 26 LCAT" 6 Jo TTTTTTTOGCGHEEA GAGACAGGTGT
3'SSs of Alu sequences whose con- 27 KIAA1169 24 Jo T F ESE B T S T A GAGATGGTAT
stitutive exonization was shown to 28 SLC3A2 6 Jb TTGTTTTTHEEAGACAGCATTT
cause a genetic disease [Alport 29 ICAM2 0 Jb TTTGTTTTEEA GACAGOGGTU® CT
syndrome (COL4A3), Sly syndrome 30 COL4A3 6 Sx TTTTTCTTREBEAGATT GG GATGTTCT
(GUSB), and OAT deficiency 31 GUSB 9 Sge AT TTTTTITGGAT AT GCABTET
(OAT)]. The mutation causing Al- 32 OAT 4 Jo T TTT PTTH & A GAEGCAGBAGTTT
port syndrome is marked light blue —— m——

(position =7 G to T); exonization in proximal distal

AG AG

Sly syndrome and OAT deficiency

resulted from mutations in the 5'SS. Numbers on top mark the position relative to the distal 3'SS as referred to in this article. Gene names are as
given in RefSeq conventions, the Alu exon number is the serial number of the Alu-containing exon in the gene, and the subfam is the Alu subfamily

type, inferred with the use of RepeatMasker (28).
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A Z -1 B = &
ADRR2Z TTTTTTTTTTGAGACAGGGTCTCGCTCTT aé‘ . s %
-2G TTTTTTTTTTGAGACBGGGTCTCGCTCTT T = ROV
-3A TTTTTTTTTTGAGA-AGGGTCTCGCTCTT & v v "é it 8
-4A TTTTTTTTTTGAG-CAGGGTCTCGCTCTT S0 g2 %
-3, -4A TTTTTTTTTTGAG--AGGGTCTCGCTCTT <N T PW
-5,-6UC  TTTTTTTTTTGEEACAGGGTCTCGCTCTT
-5,-6G4 TTTTT'Z‘TTTI‘GGAACA_GGGTCTCGCTCTT
~-7a TTTTTTTTTTBAGACAGGGTCTCGCTCTT
-70 TTTTTTTTTTIAGACAGGGTCTCGCTCTT
=7C TTTT'ITTTTTCA_GACAGGGTCTCGCTCTT
-4G TTTTTTTTTTGAGEBCAGGGTCTCGCTCTT 1 2 3 456 7 8
-4C TTTTTTTTTTGAGECAGGGTCTCGCTCTT
-3G TTTTTTTTTTGAGABAGGGTCTCGCTCTT
-3U TTTTTTTTTTGAGABAGGGTCTCGCTCTT

Fig. 2. Splicing assays on ADAR2 minigene mutants. (A) The 3'SS sequence
of the wild type and 13 mutants of ADAR2. The proximal and distal AGs are
in bold, mutations are shaded, and the selected AGs are boldfaced and
underlined. (B) The indicated plasmid mutants were introduced into 293T
cells by transfection, total cytoplasmic RNA was extracted, and splicing
products were separated in 2% agarose gel after reverse transcription
polymerase chain reaction (RT-PCR) (78). Lane 1, DNA size marker;

Fig. 3. The effect of hSlu7 on AG A
selection. (A) The sequence of ADARZ
the 3'SS of ADAR2 and the three | 6b
insertion mutants. Both poten- 13
tial AGs are marked in bold, and ~ +8bp
the selected AG is boldfaced and  +1 0bp
underlined. bp, base-pair (B) The

indicated plasmid mutants were o

treated as described for Fig. 2B
(78). Lanes 4 to 6 represent co-
transfection of the insertion mu-
tants with a plasmid expressing
hSlu7; lanes 7 to 9 represent the
insertion mutants without addi- 1
tional hSlu7.

Fig. 4. Splicing assays on wt and
mutated PGT. (A) Sequences
from top to bottom are as fol-
lows: wt Alu 3'SS of ADAR2; wt
Alu 3'SS of PGT; mutant Alu 3'SS
of PGT; and mutant sequence of
COL4A3, which causes Alport
syndrome. Both potential AGs
are marked in bold, and the se-
lected 3’SS is boldfaced and un-
derlined. The mutated position is
shaded. (B) Transfection was
performed in HT1080 cell lines.
Total RNA and RT-PCR was per-
formed as mentioned in Fig. 2B
(78). Lane 1, DNA size marker;
lane 2, vector only (pEGFP); lane
3, splicing product of wt PGT;

ADARZ
PGT
=7
=
Alport

B

pEGFP
ADAR2

TTTTTGAGACAGGGTCT
TTTTTGAGACATAGGGTCT
TTTTTGAGACATCAAGGGTCT
TTTTTGAGACATCAACAGGGTCT

+hSiu7 -hSiu7

[ I I
+6 +8 +10 +6 +8 +10

-7 -1
TTTTTTTTTTGAGACAGGGTCTCGCTCTT
TTTTTTTTTTGAGACGGAGTTTCGCTCTT
TTTTTTTTTTHAGACGGAGTTTCGCTCTT
TTTTTTTTTTHAGACGGAGTTTCGCTCTT
TTTTTTTTTTEAGACGGAGTCTCGCTCTT

1 2

lanes 4 and 5, splicing products of mutated PGT minigenes, corresponding to the sequences in (A).
The two possible minigene mRNA isoforms are shown on the right. The results were reproducible

in 293T cell lines (79) as well.

lane 9). In these transcripts, the proximal
AG was selected even though it was pre-
ceded by G (Fig. 3A).

We further examined whether hSlu7 (hu-
man synergistic lethal with US small nuclear
RNA), a second-step splicing factor, might be
involved in the activation of the proximal AG.
This protein is known to be required for correct
AG identification when more than one possible
AG exists in the 3’SS region (/3). Cotransfec-

tion of 293 T cells with plasmids containing the
insertion mutants and with hSlu7 (10-fold high-
er than endogenous hSlu7 concentrations) (18)
led to an increase in the selection of the proxi-
mal AG by 10-fold, reaching 32% inclusion
when the distance between the proximal and
distal AGs was 10 bases (Fig. 3B, lane 6).
Presumably, hSIu7 activation of the weak splice
site may depend on the existence of a distal AG,
because elimination of the distal AG (mutant

-5,-6GA (87%)

9

et TE R )
TR ER
K Do ~ o « &
o @ om0 N T
O
b

[ 719 ]

10 11 12 13 16

14 15

lane 2, vector only (pEGFP); lane 3, splicing products of wild-type (wt)
ADAR2; and lanes 4 to 16, splicing products of mutated ADAR2 minigenes,
corresponding to the sequences in (A). The two possible minigene mRNA
isoforms are shown on the right. Numbers in parentheses indicate percent-
ages of the Alu-containing mRNA isoform as determined by quantified
RT-PCR (100% corresponds to the total of both mRNA isoforms). Identical
results were also obtained with Hela cells.

—2G, Fig. 2) resulted in an exon skipping that
was not reversed by increasing the concentra-
tion of hSlu7 (19). These results propose that
the distal AG can affect the selection of the
proximal one negatively when the proximal is
preceded by a G nucleotide. The proximal 3'SS
can be selected when hSlu7 is present, and the
efficiency of this selection is increased when
the distal AG is found far enough from the
splice site (in our case, 10 nucleotides into the
exon). This observation, therefore, indicates
that activation of the weak 3’'SS (GAG) de-
pends on hSlu7 concentration and suggests a
possible role for hSlu7 concentration in alterna-
tive-splicing regulation.

Rows 17 to 22 in Fig. 1 show instances
in which the proximal AG is selected even
though the distal AG is found six nucleo-
tides downstream. However, the +6 base-
pair mutant (Fig. 3B, lane 6) resulted in a
total exon skipping. The above results sug-
gest that these exonization instances might
occur with high hSlu7 concentrations with-
in certain cell types or with high local
concentration of hSlu7 within the subre-
gion of the nucleus. From this, we further
assumed that in normal conditions these
Alu exons would be skipped. We therefore
chose one of these genes, one encoding a
putative glucosyltransferase (PGT) (Fig. 1,
row 17), and cloned a minigene of its exons
11 to 13, including the introns in between
(the Alu exon being exon 12). Indeed, when
the PGT minigene was transfected into
HT1080 and 293T cell lines, only a single
mRNA isoform appeared, corresponding to
Alu-exon skipping (Fig. 4B, lane 3). Re-
peating the same experiment with the use of
endogenous PGT mRNA also showed Alu-
exon skipping (19).

To test if, as predicted from our results, a
mutation in position —7 of a completely silent
intronic 4/u element would result in exoniza-
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tion, we mutated this position in the PGT
minigene. As seen in Fig. 4B (lanes 4 and 5),
this point mutation was enough to activate the
nearly constitutive inclusion of the Alu exon
in the mature transcript. As indicated above,
the same mutation in the COL4A3 gene ac-
tivates a constitutive exonization of a silent
intronic A/lu, resulting in Alport syndrome
(10). To assess the importance of our find-
ings, we analyzed the entire content of A/us in
the human genome and found that there are at
least 238,000 antisense Alus located within
introns in the human genome (20). Of these,
52,935 Alus carry a potential ADAR2-like
3'SS, and 23,012 carry a potential PGT-like
3’SS. Our results suggest that many of these
silent intronic A/u elements might be suscep-
tible to exonization by the same single point
mutation and are thus under strict selective
pressure. Such point mutations in human
genomic antisense 4/us may, therefore, be the
molecular basis for predisposition to so-far
uncharacterized genetic diseases.

Because all Alu-containing exons are al-
ternatively spliced (9), they add splice vari-
ants to our transcriptome while maintaining
the original proteins intact. Exonized Alus
can, thus, acquire functionality and become
exapted, i.e., adapted to a function different
than their original (27). When the splicing of
an Alu exon is constitutive, however, the
transcript encoding to the original protein is
permanently disrupted, which could provide
the basis for a genetic disorder. Identification
of genomic A/us that are one point mutation
away from exonization might therefore en-
able the screening for predisposition for ge-
netic diseases that involve A/u exonization.
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Essential Role of Fkbp6 in Male
Fertility and Homologous
Chromosome Pairing in Meiosis
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Meiosis is a critical stage of gametogenesis in which alignment and synapsis of
chromosomal pairs occur, allowing for the recombination of maternal and
paternal genomes. Here we show that FK506 binding protein (Fkbp6) localizes
to meiotic chromosome cores and regions of homologous chromosome syn-
apsis. Targeted inactivation of Fkbp6 in mice results in aspermic males and the
absence of normal pachytene spermatocytes. Moreover, we identified the de-
letion of Fkbp6 exon 8 as the causative mutation in spontaneously male sterile
as/as mutant rats. Loss of Fkbp6 results in abnormal pairing and misalignments
between homologous chromosomes, nonhomologous partner switches, and
autosynapsis of X chromosome cores in meiotic spermatocytes. Fertility and
meiosis are normal in Fkbp6 mutant females. Thus, Fkbp6 is a component of
the synaptonemal complex essential for sex-specific fertility and for the fidelity
of homologous chromosome pairing in meiosis.

Meiosis is a fundamental process in sexually
reproducing species that allows genetic ex-
change between maternal and paternal ge-
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nomes (1, 2). Defects in high-fidelity meiotic
chromosome alignment or in genome segre-
gation in germ cells result in aneuploidies
such as trisomy 21 in Down syndrome. An-
euploidy is a leading cause of spontaneous
miscarriage in humans and a hallmark of
many human cancer cells (2). Once homologs
are paired, the chromosomes are connected
by a specific structure: the synaptonemal
complex (SC) (3). SCs are zipperlike struc-
tures assembled along the paired meiotic
chromosomes during the prophase of the first
meiotic division (3). Although SCs were first
discovered more than 45 years ago (4, 5),
only very few structural meiosis-specific
components of the SC have been identified in
mammals, such as SC proteins 1, 2, and 3
[Sepl (also known as Synl/Sycpl), Scp2,
and Scp3 (also known as Corl)] (3). Genetic
inactivation of the mouse Scp3 gene results in
male infertility due to a failure to form chro-
mosome synapsis in meiotic prophase (6).
Female Scp3~~ mice have reduced fertility,
and embryos from Scp3~~ mothers have in-
creased incidents of aneuploidy (7). To our
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