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ABSTRACT In studies of mutations causing deficiency of
ornithine -aminotransferase (EC 2.6.1.13), we found an allele
whose mature mRNA has a 142-nucleotide insertion at the
junction of sequences from exons 3 and 4. The insert derives
from an Alu element in ornithine 6aminotransferase intron 3
oriented in the direction opposite to transcription (an "anti-
sense Alu"). A guanine -* cytosine transversion creates a donor
splice site in this Alu, activating a cryptic acceptor spike site at
its 5' end and causing splice-mediated insertion of an Alu
fragment into the mature ornithine-8-aminotransferase
mRNA. We note that the complement of the Alu consensus
sequence has at least two cryptic acceptor sites and several
potential donor sequences and predict that similar mutations
will be found in other genes.

The human genome contains about 700,000 Alu sequences
comprising about 6% ofgenomicDNA (1-3). These reiterated
elements have been shown to play a role in human genetic
disease in two ways: (i) by providing sites for homologous
recombination that produce deletions and chromosomal re-
arrangements (4-8) and (ii) by de novo retroposition ofan Alu
sequence into genes (9). We document a third mechanism of
mutation involving Alu elements that entails splicing of a
portion of an intronic Alu element oriented in the direction
opposite that of the transcription of the resident gene (an
"antisense Alu element") into the mature transcript. We
discovered this mechanism of mutation during our molecular
studies of gyrate atrophy of the choroid and retina (GA), an
autosomal recessive chorioretinal degeneration caused by
deficiency of ornithine 8-aminotransferase (OAT; EC
2.6.1.13) (10).

MATERIALS AND METHODS
Designation ofAlu Residues. The numbering convention of

residues in Alu elements is as described (11). Thus, for an
antisense Alu, the 3'-most residue with respect to the direc-
tion of transcription of the resident gene is position 1 and the
most 5', not including the poly(A) tract, is position 282.
Plasmid Vectors and DNA Probes. pGEM-4 vector

(Promega Biotec) was used for cloning. As a cDNA template
for radiolabeled probe synthesis and polymerase chain reac-
tion (PCR) synthesis, we used phuOAT6 (12), which contains
a human OAT cDNA insert including the entire coding and 3'
nontranslated sequence of human OAT as well as 60 base
pairs (bp) of 5' nontranslated sequence inserted into the
EcoRI site of pGEM-4.

Cell Lines. Skin fibroblasts from GA patients and normal
individuals (controls) were cultured and harvested as de-
scribed (13).
Enzyme Assay. OAT activity was measured in fibroblast

extracts with a radioisotopic assay as described (14).
Western Blot Analysis. Determination of OAT protein in

fibroblast extracts was performed with a monospecific poly-
clonal rabbit anti-OAT antibody that was raised to a synthetic
peptide corresponding to amino acid residues 7-25 of mature
human OAT.
PCR Amplifications. For OAT cDNA synthesis and PCR

amplification 20 Ag ofwhole-cell patient RNA was pretreated
with 20 units ofDNase I (Pharmacia) in 40 mM Tris HCl, pH
7.5/6mM Mg C12/0.75 unit of Inhibit-ace, (5 Prime-*3 Prime,
Inc.) in a final volume of 15 A.l for 20 min at 370C. The DNase
was then inactivated by incubation at 920C for 5 min and
cDNA synthesis performed as follows: RNA (2 1.l of the
above reaction mixture) was incubated in 20 mM Tris-HCI,
pH 8.4 (at 210C)/50 mM KCI/2.5 mM MgCl2/1 mM dATP/1
mM dCTP/1 mM dGTP/1 mM dTTP (Pharmacia)/bovine
serum albumin (0.1 mg/ml)/Moloney murine leukemia virus
reverse transcriptase (Pharmacia; 13 units)/Inhibit-ace (0.75
unit) in a final volume of 15 1.l. The priming oligonucleotide
was 5'-GCTCTAGATGTTAAGGTCAAT1TTG-3' at 600 ng.
Incubation was at 420C for 30 min and then at 950C for 5 min.
For PCR amplification, 10 Al of the cDNA synthesis mixture
was added to a 40-Al solution containing 20mM Tris HCI (pH
8.3 at 210C), 1.5 mM MgCl, and 600 ng of the 5' oligonucle-
otide 5'-TCAGATCTGTGGTTlT- CTA-3'. Thirty cycles of
amplification were performed (940C, 15 sec; 460C, 15 sec;
720C, 20 sec) followed by a final elongation of 5 min at 720C.
For the gel shown in Fig. 1 B and C, 2 A.l of the reaction
mixture was reamplified using the same primers and ampli-
fication conditions, and 10 p.l of the reaction mixture was
electrophoresed in a 2% agarose gel and transferred to
Hybond (Amersham).
For the genomic PCR amplifications used to obtain the

DNA whose sequence is shown in Figs. 3 and 4, we amplified
100 ng of genomic DNA using standard reagents (GeneAmp,
Perkin-Elmer/Cetus). The priming oligonucleotides for the
amplification reaction were DV23 (5'-GGTGCACACAAC-
TACCAT-3'), which corresponds to the sense strand ofOAT
exon 3, and DV208 (5'-GCCTCCATAGCACCTAACACAG-
3'), which corresponds to intronic sequence 63 bp 3' of the
OAT intron 3 antisense Alu element. Thirty cycles were

Abbreviations: GA, gyrate atrophy of the choroid and retina; OAT,
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performed (94TC, 15 sec; 58TC, 15 sec) followed by a final
elongation of 5 min at 72TC.
DNA Sequencing. Dideoxy-nucleotide sequencing of

cloned DNA was performed after alkaline denaturation of
double-stranded plasmids. For direct sequencing of PCR-
amplified fragments, the amplified products were passed
twice through Centricon-30 filters (Amicon) and sequenced
directly using 32P-end-labeled DV208 as primer as described
(15).

RESULTS AND DISCUSSION
The patient (GA022) is a 12-year-old boy born to consan-
guineous Algerian parents. He presented with typical GA,
including chorioretinal degeneration and hyperornithinemia
(plasma ornithine, 780 ttM; normal, 60 ± 20 ILM). OAT
activity and immunoreactive material were undetectable in
extracts of his cultured skin fibroblasts (data not shown).
Northern blot analysis of fibroblast RNA showed an OAT
mRNA that was slightly larger than that of normal controls
and present at about 5% of the normal amount (Fig. lA).
To determine the molecular basis of this mutation, we

performed reverse transcription and cDNA amplification of
his fibroblast OAT mRNA. We found that the region of his
OAT cDNA corresponding to exons 3 and 4 was increased in
length (Fig. 1B). On sequence analysis we found a 142-bp
insertion precisely at thejunction ofthe sequence encoded by
these two exons. An in-frame stop codon (TAG) was present
108 bp into the insert that truncates the OAT peptide by 90%o,
explaining the lack of OAT activity and antigen.
Because this result suggested aberrant splicing, we wished

to determine if GA022 produced any normally sized OAT
mRNA. As shown in Fig. LA, none was detectable in North-
ern blots of his fibroblast poly(A)+ RNA; however, when we
amplified a segment of his OAT cDNA spanning exons 3 and
4, we detected a trace amount of normally sized product
(<3% of the mutant transcript) (Fig. 1C).

Interestingly, the sequence of the insertion corresponded
to the complement of the right half of an Alu element (Alu
consensus positions 279-138) (11). We determined by anal-
ysis of clones ofthe OAT structural gene (12) that a single Alu
element normally is present in the third intron of OAT, 150
bp from its 5' extremity (Fig. 2). Amplification and sequenc-
ing of this region in the patient and a control revealed
identical sequences except at the position immediately 3' to
the block of sequence inserted in the GA022 transcript
(position 137 of the Alu consensus) where the patient was
homozygous for a C -* G transversion (Fig. 3A). His parents
and one of two clinically unaffected siblings were heterozy-
gous for this mutation (Fig. 4). This nucleotide substitution
creates a donor splice site (AG/GTAATT) (Fig. 3B) that
activates an upstream cryptic acceptor site. The resulting
"exon" flanked by these sites accounts for the 142-bp inser-
tion and corresponds to bases 279-138 of the Alu consensus.
We designate this allele as OAT G67ins to indicate an
insertion at the glycine-67 codon. We know of three similar
donor site-creating mutations in humans, all of which occur
in intron 2 of 3-globin (18-20).
To determine if the involvement of an Alu element in our

patient's mutation was coincidental or if the sequence ofAlu
elements actually predisposed this event, we examined the
Alu consensus sequence for similarity to the sequences
necessary for splicing. As predicted by the consequences of
the GA022 mutation, the complement of the poly(A) tail and
the next three internal bases in an antisense Alu provides two
essential components of a splice acceptor site, a pyrimidine
tract followed by an AG dinucleotide (YGAG, where Y is a
pyrimidine) (Fig. 3B). This sequence, which results in splic-
ing 5' of base 278 in the Alu consensus, differs from the
consensus acceptor splice site sequence (YnNCAG/) only by
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FIG. 1. Degree of abnormal splicing of OAT mRNA in GA022.
(A) Northern blot analysis of fibroblast poly(A)+ RNA from patient
GA022 (3 ,g) and control (1 ,ug) probed with human OAT cDNA. A
5-fold longer exposure of the GA022 lane is shown on the right. The
arrow indicates the position of the normal 2.2-kilobase OAT mRNA.
OAT cDNA amplification products visualized by staining with
ethidium bromide (B) or hybridization to radiolabeled human OAT
cDNA (12) (C). Both B and C show the products of amplification of
a control OAT cDNA and of OAT cDNA synthesized from GA022
fibroblast RNA. No reverse transcriptase (-RTase) was added at the
cDNA synthesis step. The PCR primers were complementary to the
5' end of OAT exon 3 and the middle of exon 4 to yield a 376-bp
amplified fragment from a normal OAT cDNA and a 518-bp fragment
from cDNA with the 142-bp insert between exon 3 and 4.

the presence of a guanine in the -3 position. In splicing
assays, however, YnGAG/ has been shown to be a func-
tional, albeit inefficient, acceptor splice site (21, 22). The
length of the polypyrimidine tract is also important and must
be >10 bases to function effectively in splicing (21-23). A
recent survey of the sequence of 193 Alu elements found that
80%o had poly(A) tracts of this size (24). Thus, the majority of
antisense Alu elements will have a polypyrimidine tract of
sufficient length for an acceptor splice site. The final com-
ponent of an acceptor splice sequence is the lariat branch
point that, in this case, is provided by upstream non-Alu
genomic sequence. The requirements for the position and
sequence (YNYTRAY, where N is any base and R is a
purine) of branch point sites are lax in higher eukaryotes (21,
22). Thus, we expect that the 5' end of a majority of antisense
Alu sequences will contain all the components of an acceptor
splice site.
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FIG. 2. Diagram of OAT cDNA and gene fragments in patient GA022. (A) The OAT cDNA from the patient contains a 142-bp insertion
precisely at the junction of the sequence encoded by exons 3 and 4. The sequence of the insertion corresponds to the complement of residues
279-138 of the Alu consensus (11). (B) OAT intron 3 contains a single antisense Alu element. The dashed lines indicate the abnormal splicing
pattern observed in GA022.

There are two additional potential acceptor sites in the
reverse complement of the Alu consensus, at positions 206
and 118. In the former, the polypyrimidine tract is short,
interrupted by a guanine and has a guanine in the -2 position
(Y5GY5GG/GT). Thus, this site is unlikely to be functional
unless variant from the consensus. Interestingly, in the Alu of
OAT intron 3, this sequence is more favorable (Y5GY5AG/G)
but there was no amplified fragment of the length expected
for splicing at this position in GA022 (Fig. 1 B and C). Fearon
et at. (25) suggested that a somatic mutation converting the
-2 G -* A in an antisense intronic Alu in the DCC (deleted
in colorectal carcinomas) gene may have activated this gene
in a colorectal cancer of one patient. The potential acceptor
splice site at position 118 (Y5GTAY5AG/TA) also has a
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relatively short polypyrimidine tract interrupted by purines
but was utilized for an Alu-containing transcript of the c-rel
oncogene (see below) (26).
The experience with the /3-globin mutants with additional

donor sites, all of which exploit the same cryptic acceptor
(18-20), shows that the presence ofa cryptic acceptor site can
be revealed by a variety ofdownstream donors usually within
50-300 bp of the acceptor. There are at least seven sites in the
reverse complement of the Alu consensus sequence that
differ from the donor consensus (AG/GTRAG) by three or
less nucleotides (positions 169, 157, 137, 64, 37, 22, and 20).
Given that the reverse complement of the consensus Alu
sequence contains at least two cryptic acceptor sites and
several potential donor splice sites, we anticipate that similar
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FIG. 3. Donor site-creating mutation in the intronic antisense Alu of GA022. (A) Direct sequence analysis of amplified genomic DNA from
the OAT intron 3 antisense Alu of a normal control and of patient GA022. The sequence is of the noncoding strand. The nucleotide sequences
of both strands are printed flanking the sequencing lanes and the mutated base is indicated in bold type. (B) Sequence comparison between the
mammalian consensus for lariat branch points (16), acceptor (17) and donor sites (17), the corresponding regions of the normal OAT intron 3
antisense Alu sequence, and the mutation found in GA022.
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FIG. 4. Direct sequence analysis of the relevant region of the
OAT intron 3 antisense Alu element of members of the GA022 family
and a control. The pedigree indicates the source of the DNA whose
sequence is shown below. The noncoding strand of the amplified
DNA was sequenced directly. Only the G and C lanes are shown and
the arrow indicates the position of the C -* G transversion. The
proband (solid symbol) is homozygous for this mutation, which, on
the noncoding strand, is a cytosine. His parents and one sibling
(half-solid symbols) are heterozygous.

splice-mediated insertions involving Alu will disrupt the
transcripts of other genes. This possibility is magnified by the
large number of Alu elements in the genome. In the 40-
kilobase transcribed portion of the HPRT locus, for example,
there are 34 Alu elements, 23 (68%) of which are in the
antisense orientation (27). Moreover, Alu elements may be
preferentially located in R bands, the region of the genome
enriched for transcribed sequences (3, 28).

Despite these considerations, we have found only three
other examples in which a portion of an Alu element appears
to be spliced into the coding region of a mature mRNA. The
clearest example is the normal human decay-accelerating
factor (DAF) gene from which two transcripts are produced,
differing only by the presence in one of a 118-nucleotide
antisense Alu cassette inserted precisely between sequence
encoded by two exons (29, 30). The 5' boundary of this insert
begins at Alu consensus position 275, indicating that the
splicing apparatus uses the 5' polypyrimidine tract of an

antisense intronic Alu as in the OAT gene of GA022. The
donor site used by the DAF antisense Alu exon is at position
157. The DAF gene contains an intronic antisense Alu that
provides the insert (30). In contrast to the OAT G67ins allele,
the DAF antisense Alu insert does not terminate translation
and generates an alternative form of the protein (29).
The second example is the human protooncogene, c-re!.

Brownell et al. (26) characterized two c-rel clones isolated
from a Doudi Burkett lymphoma cell line cDNA library. One
contained a 96-nucleotide antisense Alu cassette (Alu con-
sensus positions 117-23) inserted between sequence pro-
vided by two exons (26). Although the insert maintains the
open reading frame, the correspondingly altered protein was
not detected in immunoprecipitation experiments. Thus, the
biologic significance of this alternative form of c-re! is un-
certain. These investigators recognized the potential for
intronic antisense Alu elements to undergo productive splic-
ing (26).
The third example comes from analysis of a single human

cDNA clone for the fifth component of complement (CS)
isolated from a normal liver cDNA library (31). In this clone
an antisense Alu cassette from virtually the identical segment
of the Alu consensus as that in the OAT G67ins allele replaces
the expected 3' region of C5 as predicted by comparison with
the murine CS cDNA. The relative frequency of this appar-
ently abnormal mRNA species and documentation of an
antisense Alu element in the appropriate intron have not been
reported.
The paucity of other examples of splice-mediated Alu

insertions may be due, in part, to the technical requirements
required for their identification. Until recently, detection of

such mutations required construction ofcDNA libraries from
patient material followed by isolation and sequencing of
relevant clones. We expect that the increased use of PCR
amplification of cDNA, by which even low-abundance mu-
tant mRNAs can be obtained and analyzed, will enhance
recognition of these mutations.
We conclude that splice-mediated insertion mutations in-

volving intronic antisense Alu sequences may be a general
mechanism of mutation in humans. The patient reported here
is, to our knowledge, the first example in which splice-
mediated Ala insertion has resulted in a hereditary disease.
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