Report

Am. J. Hum. Genet. 73:1444-1451, 2003

SVA Elements Are Nonautonomous Retrotransposons that Cause Disease

in Humans
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'Department of Genetics, University of Pennsylvania School of Medicine, and *Department of Pathology and Laboratory Medicine, Hospital
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L1 elements are the only active autonomous retrotransposons in the human genome. The nonautonomous Alu
elements, as well as processed pseudogenes, are retrotransposed by the L1 retrotransposition proteins working in
trans. Here, we describe another repetitive sequence in the human genome, the SVA element. Our analysis reveals
that SVA elements are currently active in the human genome. SVA elements, like Alus and L1s, occasionally insert
into genes and cause disease. Furthermore, SVA elements are probably mobilized in trans by active L1 elements.

The human genome is packed with repetitive DNA, pre-
dominantly the result of the activities of the LINE-1 (long
interspersed nucleotide element-1) (or L1) retrotranspo-
son. This retrotransposon is able to make an RNA copy
of itself, then reverse transcribe the RNA into cDNA and
integrate the cDNA copy into the genome. Two de novo
insertions of L1 retrotransposons into the factor VIII
gene of patients with hemophilia A demonstrated that
they are a source of disease-causing mutation in humans
(Kazazian et al. 1988; see Ostertag and Kazazian [20014a]
for review). It was discovered subsequently that Alu ele-
ments also cause disease by inserting into genes (see
Deininger and Batzer [1999] for review). Recent experi-
mental data demonstrated that Alu elements are non-
autonomous retrotransposons that use the L1 machinery
for their own mobilization (Dewannieux et al. 2003).
Therefore, in addition to causing disease by retrotrans-
position in cis, L1 elements are also responsible for dis-
ease by mobilization of Alu elements in trans. Mobili-
zation of short interspersed nucleotide elements (SINEs)
by LINEs has also been experimentally demonstrated in
other organisms (Nikaido et al. 2002).

The SINE-R element was first reported as a novel ret-
rotransposon derived from a human endogenous retro-
virus, HERV-K10, and is present in the human genome
at a frequency of 4,000-5,000 copies per haploid genome
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(Ono et al. 1987). Ono et al. (1987) noted that the
elements ended in an A-rich sequence and were flanked
by target-site duplications (TSDs). A second group de-
scribed a SINE-R sequence within the human comple-
ment C2 gene that was associated with a variable-num-
ber-of-tandem-repeats (VNTR) locus (Zhu et al. 1992).
This sequence and another similar sequence from within
the HLA-RP1 (STK19) gene were subsequently analyzed
by a third group, who reported that the SINE-R and
VNTR sequences were also associated with Alu-like se-
quence and occasionally were associated with hexameric
repeats (Shen et al. 1994). The entire structure was
flanked by TSDs. Shen et al. (1994) used the term “SVA”
(SINE-R, VNTR, and Alu) to describe this “composite
retroposon.”

Hassoun et al. (1994) reported the insertion of a novel
mobile element into the a-spectrin gene (SPTA1) in a
recent ancestor of a family with hereditary elliptocytosis
(Hassoun et al. 1994). We have determined that this se-
quence was actually the result of an SVA-mediated trans-
duction event. We have isolated and characterized the full-
length SVA precursor that created the insertion SVAgp;.
We demonstrate that SVA insertions contain the hall-
marks of retrotransposition in #rans by the L1 element;
that is, they are flanked by L1-like TSDs, they end in a
poly A tail, they can transduce 3’ sequences, and they
occasionally truncate and invert during insertion. There-
fore, it is highly likely that SVA elements are retrotrans-
posed by L1 proteins acting in trans. SVA elements join
Alu elements as the only active nonautonomous retro-
transposons that cause disease in humans.

A de novo insertion into the a-spectrin gene was caused
by an SVA-mediated transduction.—We performed a
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BLAST search (Altschul et al. 1990) of GenBank, and we
were able to find the likely precursor to a previously un-
known sequence inserted into the a-spectrin gene of a
family with hereditary elliptocytosis (fig. 1). The BLAST
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search returned a nearly perfect match to a sequence con-
tained in contig AC016142. However, the sequence of the
insertion was rearranged in relation to the sequence from
the contig. The 5’ end of the insertion was inverted, and
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Figure 1 The sequence of SVA retrotransposition events. A full-length SVA element of unknown origin retrotransposed into the empty-
site sequence on chromosome 4, represented on contigs AC037439 and AC068352. During subsequent transcription of the new SVA at this
site, the SVA poly A was bypassed in favor of a downstream poly A, producing the first transduction event. The full-length SVA and transduction
1 inserted into a new genomic location at target site 2 on chromosome 3 to produce the sequence found in contig AC016142. During subsequent
transcription of the new SVA on chromosome 3, both the SVA poly A and the poly A from transduction 1 were bypassed in favor of a poly
A farther downstream, producing the second transduction event. The transcript containing a full-length SVA element and both transduction
events inserted into target site 3 on chromosome 1, which is in exon § of the a-spectrin gene. However, the integration process resulted in a
structure that was 5’ truncated and inverted compared with the precursor, a common process in L1-mediated retrotransposition. RNA is
represented by a dashed line; DNA is represented by a solid line.
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Structure of a full-length SVA element. Most SVA elements in the genome are flanked by L1-like TSDs. The 5’ end of a full-length

SVA element consists of a variable number of (CCCTCT) hexameric repeats, followed by sequence with homology to antisense Alu sequence
(arrows represent approximate areas of homology), a VNTR region, a SINE-R region, and an AATAAA poly A signal, followed immediately
by a poly A tail, that is A(n). SINE-R sequence is related to the 3' LTR sequence of HERV-K10 (regions of identity and percent identity indicated).

there was a 22-bp deletion of the sequence at the point
of inversion. This type of rearrangement is common dur-
ing L1 retrotransposition (Ostertag and Kazazian 20015),
suggesting that perhaps the inserted sequence was the re-
sult of an L1-mediated transduction (Moran et al. 1999;
Goodier et al. 2000; Pickeral et al. 2000) that had inverted
during the insertion process. If this hypothesis were cor-
rect, then one would predict that an active, full-length L1
element would be located 5’ from the transduced se-
quence. However, when we examined the 5’ sequence, we
did not find a full-length L1 element; rather, we found a
full-length SVA element, which suggests that the insertion
into the a-spectrin gene was the result of an SVA-mediated
retrotransposition event.

The full-length SVA element in contig AC016142 con-
tained evidence of a previous transduction event. In other
words, the sequence that was transduced during the ret-
rotransposition event into the a-spectrin gene was a sec-
ondary transduction event. Such composite transductions
occasionally occur during L1 retrotransposition (Goodier
et al. 2000). The evidence of the original transduction
was the presence of 183 bp of sequence, which we will
refer to as “transduction 1,” that lay between the full-
length SVA element and the secondary transduction
event of 599 bp, which we will refer to as “transduction
2.” A transduced sequence acts as a molecular address
that permits the identification of the precursor to the
transduction event. Therefore, we performed a second
BLAST search and identified the location of the first
transduction. The transduction 1 sequence was an iden-
tical match to sequence from contigs AC037439 and
AC068352. However, neither of these contigs contained
a full-length SVA element; rather, they represented the
“empty site” of this insertion (fig. 1).

Structure of SVA elements.—We acquired BAC clone
RP11-166N6 (accession number AC016142) (Research
Genetics), isolated the full-length SVA precursor that cre-
ated SVAqpra;, and cloned it into pBluescript (Stratagene)
with standard molecular subcloning techniques to create
pBS-SVA. We sequenced pBS-SVA using the following
oligonucleotide primers: SVA5'Flank(F) (5'-CAT GGA
TGG TGT CAA GCT AC-3'), SVA(Alu)R (5-CAC CAC
TGA GCA CTG AGT GAA C-3'), and T7 (5-GTA ATA
CGA CTC ACT ATA GGG C-3)).

After we cloned and restriction mapped the precursor
to the a-spectrin insertion, it became clear that there were
errors in the assembly of contig AC016142. The GenBank
sequence for contig AC016142 apparently had incorrect
5’ flanking sequence. However, this error has been cor-
rected. From the correct sequence, we were able to sur-
mise the structural features of a full-length SVA element
(fig. 2). At their 5 ends, full-length SVA elements have
hexameric (CCCTCT) repeats. This region is followed
by (1) a region containing an antisense Alu sequence,
(2) a VNTR region containing multiple copies of a 35—
50-bp repeat, (3) a SINE-R sequence, and (4) a poly-
adenylation signal and a poly A tail.

The exact number of hexameric repeats present at the
5 end of SVAp1a, has been difficult to determine because
the repeat structure is intractable to sequencing in either
direction. However, from the sequencing results, we know
that there are a minimum of 10 repeats. In addition, we
performed a PCR across the hexamers, using primers
SVA5’Flank(F) and SVA(Alu)R. From the size of this
PCR product, we estimate that there are <13 hexameric
repeats (data not shown).

SVAgra; contains 35 repeats in the VNTR region. We
aligned the repeats, using ClustalW (fig. 3A). There are
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Figure 3 Analysis of the SVA VNTRs. ClustalW alignment of the 35 SVAgra; VNTRs (A) and associated cladogram (B), which shows
evidence of VNTR expansion by unequal homologous recombination. Notice that the individual VNTRs from a block of VNTRs (18-23) are
most closely related to the corresponding individual VNTRs from block 24-29; that is, VNTR18 is most similar to VNTR24, VNTR19 is most
similar to VNTR25, VNTR20 is most similar to VNTR26, etc.
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two general types of VNTR, one with a range of 36-42
bp and the other with a range of 49-51 bp. We performed
a cladogram on the VNTRs, using MacVector software
(fig. 3B). The relationship of the VNTRs suggests that
the region has expanded as the result of mispairing of
the VNTR regions, followed by unequal homologous
recombination. For example, the individual VNTRs from
a block of six VNTRs (18-23) are most closely related
to the corresponding individual VNTRs from block 24—
29. One would predict that the unequal homologous
recombination event that produced the duplication of
the six-VNTR-block region also produced a deletion of
the six VNTRs in the other SVA allele. Unequal ho-
mologous recombination has been proposed elsewhere
to describe features of simple repetitive DNA elements
(Levinson and Gutman 1987). Perhaps SVA elements are
hotspots for unequal homologous recombination in the
human genome.

Copy number and similarity.—We estimated the num-
ber of full-length and truncated SVA elements in the ge-
nome by using variable amounts of the 5’ end of the
element (including as much as the first 380 bp of the
Alu-like region) or the 3’ end of the element (as much
as the last 380 bp of the SINE-R region) to perform
BLAST searches of the draft human genome sequence
in GenBank. Our BLAST searches by use of sequences
from the 3’ end of SVAq s, suggest that there are
~3,500-7,500 SVA sequences in the diploid human ge-
nome, which is in agreement with the estimate of the
number of SINE-R sequences performed by Ono et al.
(1987) with filter hybridization screens (Ono et al. 1987).
Estimates through use of the 5’ end of the element suggest
that >2,000 of the SVA elements are full length. BLAT
searches (Sugnet et al. 2002) simultaneously using both
ends of the element confirmed the presence of at least
several hundred full-length elements. We found many
copies of SVA elements with >99% identity to recent
SVA insertions in the SINE-R region, and all SVA ele-
ments were >89% identical to each other.

SVA retrotransposons have evolved recently.—Retro-
transposons that have been in the genome for a long time
accumulate random mutations. Therefore, sequence di-
vergence within a family of retrotransposons is corre-
lated with the age of the retrotransposon (Boissinot et al.
2000). The lack of any SVA elements with high sequence
divergence probably indicates that SVAs have evolved
recently. On the other hand, the low nucleotide diver-
gence may be the result of gene conversion, which has
been documented in other human retroelements (Myers
et al. 2002; Roy-Engel et al. 20024). Stronger evidence
for their young age comes from phylogenetic studies of
the SINE-R component and its presumptive precursor,
HERV-K10 (Ono et al. 1987; Zhu et al. 1992). HERV-
K10 is a retroviral-like sequence present in the genomes
of humans, chimpanzees, gorillas, orangutans, and at
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least some Old World monkeys (Ono et al. 1986; Zhu
etal. 1994). One study of SINE-R sequences by Southern
analysis found them present only in humans, chimpan-
zees, and gorillas (Zhu et al. 1994). However, a subse-
quent PCR analysis of SINE-R sequences found SINE-
R in all hominoid primates (Kim et al. 1999). Since SVA
elements are all >89% similar in sequence to each other
and are present only in hominoid primates, these ele-
ments are quite young by evolutionary standards, prob-
ably <15 million years old. The very young evolutionary
age of the SVA element may present a unique oppor-
tunity to study the entire evolutionary history of a hu-
man retrotransposon. Such an analysis could not be per-
formed on the L1 retrotransposon, because L1 has been
in the genome for at least several hundred million years,
and copies >200 million years have diverged to the point
that they are now unrecognizable (Smit 1999). In ad-
dition, these elements may be valuable as markers for
primate or human phylogenetic and population studies,
as has been the case for the Alu element (Bamshad et
al. 2003; Watkins et al. 2003).

SVA elements are active retrotransposons.—The several
thousand copies of SVA in the human genome are a rel-
atively small number when compared with the 500,000
copies of L1 and 1,100,000 copies of Alu (Lander et al.
2001). There are ~170-fold more L1 sequences and
>300-fold more Alu sequences in the genome. However,
this may reflect an evolutionarily young age of the SVA
element rather than a lack of activity. There are several
reasons to believe that SVA elements are quite active in
the genome. One of the few ways to estimate retrotrans-
position frequency is by the number of recent or de novo
disease-causing mutations that the element has caused
by its retrotransposition. A recent survey of retrotrans-
poson insertions reported 13 cases of recent or de novo
disease-causing L1 insertions and 18 cases of Alu inser-
tion (Ostertag and Kazazian 20014a). A few additional
insertions have been described in the past 2 years. In
addition to the insertion into the a-spectrin gene, the
SVA element has caused at least two other disease-caus-
ing insertions. A de novo SVA insertion into the BTK
gene of a patient with X-linked agammaglobulinemia
was reported elsewhere as a SINE-R insertion (Rohrer
et al. 1999). In addition, an SVA insertion into the fu-
kutin gene is the cause of Fukuyama-type congenital
muscular dystrophy in a large group of Japanese patients
(Kobayashi et al. 1998). The insertion into the fukutin
gene was not a de novo event, but it is estimated to have
occurred ~102 generations ago (Colombo et al. 2000).
Therefore, despite its much lower copy number than those
of L1 and Alu elements, SVA has an estimated cumu-
lative retrotransposition activity that is only fivefold less
than L1 and sevenfold less than Alu.

The SVA elements in the genome have high sequence
identity to each other, which suggests that they have
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retrotransposed recently. In addition, because the inser-
tion in the a-spectrin gene originated from a transcript
with a composite transduction, we have been able to
find not only the precursor to the insertion but also the
empty-site locus of the precursor to the precursor. The
fact that we found the empty site suggests that the SVA
element at that locus is polymorphic in the population
with regard to its presence or absence. Therefore, we
have evidence of multiple rounds of retrotransposition
in the recent past. Other young, active retrotranspo-
sons—such as Ta-0 and Ta-1, the youngest human L1
subfamilies—also display both low sequence divergence
and a high degree of polymorphism (Boissinot et al.
2000; Sheen et al. 2000; Myers et al. 2002; Ovchinnikov
et al. 2002; Brouha et al. 2003). A similar situation is
seen among Alu elements (reviewed in Batzer and Dein-
inger [2002]).

SVA elements are nonautonomous and bear all the
hallmarks of mobilization in trans by the L1 retrotrans-
position machinery.—Many characteristics of SVA inser-
tions are reminiscent of L1 insertions. First, some inser-
tions are 5’ truncated (e.g., the BTK insertion), and others
are both §' truncated and inverted (e.g., the a-spectrin
insertion). These are both common processes during L1
retrotransposition. Second, they end in a poly A tail di-
rectly following a poly A signal. This may indicate that
the adenine bases between the poly A signal and the cleav-
age site have been positively selected for by L1 target-
primed reverse transcription (TPRT), the process that L1
elements are thought to use when integrating into the
genome (Luan et al. 1993). Third, they occasionally by-
pass their own poly A signal in favor of a downstream
signal, which results in a transduction event. Therefore,
their retrotransposition does not depend on any specific
3’ sequence. The lack of any 3’ sequence requirements,
other than a poly A tail, for retrotransposition is consis-
tent with L1 TPRT. Last, they are flanked by 10-20-bp
long TSDs, and the sequences of predicted cleavage sites
are the same as those of the L1 endonuclease, which is
3-AA/TTTT-§ and minor variations (Feng et al. 1996;
Jurka et al. 1997). For example, the predicted cleavage
site of the a-spectrin insertion is 3-TA/TTCT-5, and that
of the SVAury, is 3-AA/TTTT-5'. These data are a strong
indication that the L1 retrotransposition machinery me-
diates their retrotransposition.

Minimum sequence requirements of a human nonau-
tonomous retrotransposon.—A nonautonomous retro-
transposon depends on the retrotransposition machinery
of an autonomous retrotransposon to propagate itself.
L1 is the only active retrotransposon in the human ge-
nome. Therefore, any human nonautonomous element
must contain the sequence requirements that would al-
low it to be retrotransposed by L1. One obvious re-
quirement is an internal promoter that permits expres-
sion in the same tissue and at the same time as L1
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retrotransposition is occurring. The L1 element has a
germline-specific promoter and is able to retrotranspose
in the germline (Ostertag et al. 2002). Presumably, the
SVA promoter also expresses in the human germline. A
nonautonomous element must also have any sequences
required for transcription located downstream of the
transcription initiation site; otherwise, they would be
lost on retrotransposition. Full-length SVA elements in
the genome tend to begin within the hexameric region,
suggesting that transcription is directed to initiate within
this region. Further, a human nonautonomous retro-
transposon must have the ability to be reinserted into
the genome by the L1 TPRT mechanism. Apparently,
the only absolute sequence requirement for L1-mediated
TPRT is the presence of a poly A tail (Roy-Engel et al.
2002b; Dewannieux et al. 2003). SVA elements contain
a poly A tail that is very similar to that of L1.

There may be an additional requirement of a human
nonautonomous retrotransposon. The only nonautono-
mous retrotransposons in the genome with evidence of
current activity are the Alu elements and the SVA ele-
ments. It would seem that there is something special
about Alu transcripts and SVA transcripts that allows
them to retrotranspose at such high frequencies, when
almost all other transcripts are not frans complemented
at appreciable levels (Wei et al. 2001), including those
that are more highly expressed in the germline. It is in-
teresting that Alus and SVAs both have Alu sequence
components. Perhaps the Alu sequences are important
in the trans complementation by L1, placing the element
RNA in close proximity to the L1 RNA, either on the
ribosome or within a ribonucleoprotein particle (Boeke
1997).
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