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The Rep proteins of adeno-associated virus type 2 (AAV) are known to bind to Rep recognition sequences
(RRSs) in the AAV inverted terminal repeats (ITRs), the AAV p5 promoter, and the preferred AAV integration
site in human chromosome 19, called AAVS1. Integration of the AAV genome into AAVS1 appears to be
mediated by an interaction between the Rep proteins of AAV and Rep binding sites within the viral genome and
the integration locus. In an attempt to identify potential alternate integration sites, we looked for recognition
sites for AAV Rep proteins in the human genome by performing a BLASTN computerized homology search. We
used the 16-mer core sequences of the RRSs in the AAV ITRs and AAVS1 separately as query sequences and
identified 18 new RRSs in or flanking the genes coding for the following: tyrosine kinase activator protein 1
(TKA-1); colony stimulating factor-1; insulin-like growth factor binding protein 2 (IGFBP-2); histone H2B.1;
basement membrane heparan sulfate proteoglycan, also known as perlecan; the AF-9 gene product, which is
involved in the chromosomal translocation t (9:11)(p22:q23); the bB subunit of the hormone known as inhibin;
interleukin-2 enhancer binding factor; an endoplasmic reticulum-Golgi intermediate compartment resident
protein called p63; a global transcription activator (hSNF2L); the b-actin repair domain; a retinoic acid-
inducible factor, also known as midkine; a breast tumor autoantigen; a growth-arrest- and DNA-damage-
inducible protein called gadd45; the cyclin-dependent kinase inhibitor called KIP2, which inhibits several G1
cyclin–cyclin-dependent kinase complexes; and the hereditary breast and ovarian cancer gene (BRCA1). RRSs
were also identified in a newly discovered open reading frame on chromosome 10 and in the ERCC1 locus on
human chromosome 19. The ability of a maltose binding protein-Rep68 fusion protein to bind to these
sequences was confirmed by electrophoretic mobility shift assays. These sites may serve as alternate integration
sites for AAV or play a role in Rep-mediated effects on human cells.

Adeno-associated virus type 2 (AAV) is a nonpathogenic
human parvovirus. It belongs to the dependovirus subfamily
because it depends on helper viruses for efficient replication (4,
44). In the absence of helper virus, the AAV genome can
integrate stably into human chromosomal DNA. Sequence
analysis of the human DNA flanking the integrated AAV ge-
nome in latently infected cells revealed that there was a specific
integration locus for AAV in 60 to 70% of the cases (28, 43).
The integration locus, designated AAVS1, has been localized
to human chromosome 19q13.3-qter (25–27). Its nonpatho-
genic nature, its ability to preferentially integrate into a specific
locus within the human genome (26, 43), and the ability to
produce high titers of the virus are some of the attractive
features of AAV as a gene therapy vector.
The Rep proteins of AAV, Rep68 and Rep78 in particular,

are multifunctional proteins. Their activities include DNA bind-
ing (20), site- and strand-specific endonuclease (19), DNA-
DNA helicase (19), RNA-DNA helicase (53), and ATPase
activities (53). The Rep68 and Rep78 proteins also play a role
in gene regulation. These proteins bind to the Rep recognition
sequence (RRS) in the AAV p5 promoter and down-regulate
the rep gene (29). Rep proteins also down-regulate c-fos, c-myc
(16), and c-H-ras gene expression (17). An RRS has been
identified in or near most genes regulated by Rep proteins. We
have shown recently that Rep68 binds to an RRS in the c-sis

proto-oncogene and also enhances the expression of the c-sis
proto-oncogene (54). We have also identified other RRSs in
human genes coding for a hepatocyte glucose transporter, a-A-
crystallin, and the carcinoma marker GA733-1 (54).
Only the inverted terminal repeats (ITRs) of the AAV ge-

nome are required in cis for replication and packaging. AAV
vectors lacking the rep gene failed to preferentially integrate
into AAVS1 (47, 55). However, AAV vectors that carry an
intact rep gene along with the ITRs are capable of integrating
into AAVS1, indicating a role for Rep proteins in this site-
specific integration (46). An RRS has been identified within
AAVS1 (52). Furthermore, Rep proteins have been shown to
mediate the formation of a complex between the AAV ITRs
and a 109-bp region of AAVS1 which contains the RRS (52).
Giraud et al. have shown that this same region of AAVS1 is
sufficient to direct the integration of AAV into an episome in
vivo (13, 14). Thus, the preferential integration of the AAV
genome into AAVS1 appears to be mediated by an interaction
between Rep68 or Rep78 and RRSs within the virus and
AAVS1. This segment of AAVS1 also contains an endonucle-
ase site for the Rep proteins which may also play a role in
Rep-mediated preferential integration into AAVS1 (50).
In an attempt to identify potential alternate, Rep-dependent

integration sites within the human genome, a BLASTN com-
puterized homology search (2) was performed with the 16-mer
core sequence of the RRS in the AAV ITR (AAV-ITR-RRS)
(59-GAGCGAGCGAGCGCGC-39) and the 16-mer core se-
quence in the RRS in AAVS1 (AAVS1-RRS) (59-CAGCGA
GCGAGCGAGC-39), which were used separately as query
sequences. The databases searched were GenBank, EMBL,
DDBJ, and PDB, and the search parameters set were as fol-
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lows: expectancy, 1,000; cutoff, 60; matrix, default; strand,
both; and filters, none. These parameters were particularly
chosen so that each query sequence would be picked up as
being similar to the other, as well as to a few additional se-
quences with slightly less similarity. The BLASTN search re-
sults indicated that there were several sequences within the
human genes with sequence similarity to the AAV-ITR-RRS
or to the AAVS1-RRS. Sequences similar to the query se-
quences were found in the following: the genes coding for
tyrosine kinase activator protein 1 (TKA-1), which selectively
activates the platelet-derived growth factor receptor signaling
potential (GenBank accession number [GAN] Z50150); colony
stimulating factor-1 (CSF-1) (GAN M11038); insulin-like
growth factor binding protein 2 (IGFBP-2) (GAN M69237);
histone H2B.1 (GAN M60756); basement membrane heparan
sulfate proteoglycan (HSPG2), also known as perlecan (GAN
L22078); the AF-9 gene, which is involved in the chromosomal
translocation t (9:11)(p22:q23) (GAN L13744); the genes en-
coding the bB subunit of the hormone known as inhibin (GAN
M31668); interleukin-2 enhancer binding factor (ILF) (GAN
U58198); an endoplasmic reticulum-Golgi intermediate com-
partment resident protein called p63 (GAN X69910); a global
transcription activator (hSNF2L) (GAN M88163); the b-actin
repair domain (GAN U19758); the retinoic acid-inducible fac-
tor also known as midkine (MK) (GAN M94250); a breast tu-
mor autoantigen (GAN U24576); a growth-arrest- and DNA-
damage-inducible protein called gadd45 (GAN M60974); the

FIG. 1. Comparison of 16-mer core sequences of the newly identified RRSs
in the human genome with their respective query sequences. The query sequence
in each case is enclosed in a box. Nucleotides in the newly identified RRSs that
are different from nucleotides in the query sequences are indicated by lowercase
letters. Some loci contained multiple, overlapping RRSs. The maximal segment
pair (MSP) score for each new RRS is indicated to the right of the sequence.
BTAA stands for breast tumor autoantigen, and ORF refers to a newly discov-
ered open reading frame in chromosome 10.

FIG. 2. The locations of the newly identified RRSs relative to their respective
genes.ATGandTGAindicate thebeginningandendof the coding region, respective-
ly, and the bent arrows indicate transcription start sites. In some cases the transcrip-
tion start site is not shown, because the sequences were derived from cDNA clones.
RRSs are indicated by shaded rectangles. The chromosomal locations of the genes,
if known, are also indicated. The figure is not drawn to scale. Chr., chromosome.
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cyclin-dependent kinase inhibitor called KIP2, which inhibits
several G1 cyclin–cyclin-dependent kinase complexes (GAN
U22398); the hereditary breast and ovarian cancer gene (BRCA1)
(GAN U11292); a newly sequenced open reading frame on
chromosome 10 (which is referred to as ORF in this report)
(GAN D38555); and the ERCC1 locus located on chromo-
some 19 (34) (GAN M89651). The sequence homology be-
tween each of these newly identified putative RRSs and the
RRS that was used as the query sequence is shown in Fig. 1
along with its maximal segment pair score, which is a measure
of the similarity of a particular sequence when compared to the
query sequence. It is interesting that several of these genes
contained multiple overlapping, putative RRSs, as does the
AAV-ITR.
The locations of these putative RRSs in their respective

genes along with their chromosomal locations (if known) are
shown in Fig. 2. The putative RRSs that were identified by the
BLASTN search in IGFBP-2 (11), CSF-1 (23, 30), MK (12,
49), gadd45 (18, 41), KIP2 (36, 48), perlecan (8, 22), AF-9 (37),
ILF (31, 32), BRCA1 (1), hSNF2L (39), inhibin (35), and the
p63 genes (45) are located upstream of the initiator ATG
codon. However, the putative RRS in H2B.1 (9, 10) is located
at the 39 end of the message, 14 bp after the stop codon. In
TKA-1 and ORF (38) the putative RRSs are located in the
coding regions 1,286 bp and 3,825 bp downstream of the ini-
tiator ATG codon, respectively.
In order to determine if the putative RRSs identified by the

BLASTN search were actual binding sites for AAV Rep pro-
teins, 54-mer double-stranded oligonucleotides (synthesized by
Midland Certified Reagent Company, Midland, Tex.) contain-
ing the putative RRSs from the different human genes along
with their respective flanking regions and BamHI overhangs
(shown in Fig. 3) were radiolabeled with Klenow polymerase
and [a-32P]dATP and electrophoretic mobility shift assays
(EMSAs) were performed with these DNA substrates and a

Rep68-maltose binding protein fusion protein (MBP-Rep68D)
(5). A b-galactosidase-maltose binding protein fusion protein
(MBP-LacZ) served as a negative control. A mutant Rep pro-
tein, namely, MBP-Rep68DNTP (5), which has a lysine-to-
histidine substitution at amino acid 340 that has been shown
not to affect DNA binding activity (40), was also tested for its
ability to bind these putative RRSs. Oligonucleotides 54 bp in
length were used in the EMSAs, because previous reports have
shown that flanking DNAs in addition to the core sequence are
important for Rep protein binding (6, 29, 42). The EMSAs
revealed that MBP-Rep68D, as well as the mutant MBP-
Rep68DNTP, bound to all of the linear DNA substrates con-
taining the RRSs identified by the BLAST homology search
(Fig. 4A to E). The binding of the Rep proteins to the 54-bp
linear DNA substrate containing the AAVS1-RRS was weaker
than the binding to the other substrates. Autoradiographs from
overnight exposures clearly showed that MBP-Rep68D and
MBP-Rep68DNTP did bind the linear AAVS1 substrate. How-
ever, no binding was detected with a mutant version of the
AAV-ITR-RRS (mAAV-ITR-RRS) in which the key cytosines
within the core binding sequence had been changed to gua-
nines, even in autoradiographs from 10-day exposures (Fig. 4A
to E).
Next, we wanted to determine if binding of Rep proteins to

the substrates containing the newly identified RRSs was spe-
cific. We did preliminary binding-competition assays using ra-
diolabeled AAV-ITR-RRS along with 10-, 40-, 160-, and 640-
fold molar excesses of either unlabeled AAV-ITR-RRS or
mAAV-ITR-RRS as substrates. As seen in Fig. 5A, a 160-fold
molar excess of unlabeled AAV-ITR nearly abolished the
binding of Rep proteins to the radiolabeled AAV-ITR-RRS
whereas a 160-fold excess of unlabeled mAAV-ITR-RRS had
little or no effect. Then the competition assays were done with
all of the other radiolabeled substrates along with a 160-fold
excess of either unlabeled AAV-ITR-RRS or mAAV-ITR-

FIG. 3. DNA substrates used in the EMSAs. The sequence of one of the strands (59 to 39) of each double-stranded DNA substrate is shown, and the core 16-mer
homologs present in these substrates are enclosed in the box. The bases complementary to the consensus cleavage site for the Rep-mediated endonuclease activity have
been underlined in both the AAV-ITR and AAVS1 sequences. The GATC sequences at either end of each substrate are derived from the BamHI overhangs
incorporated into each oligonucleotide. These were introduced at either end of all the sequences to facilitate cloning if necessary. Additional overlapping RRSs present
in some of the substrates are indicated by large brackets. No additional 59 flanking sequence was available for the inhibin gene. BTAA, breast tumor autoantigen.

2530 NOTES J. VIROL.



RRS. When unlabeled AAV-ITR-RRS was present in 160-fold
molar excess, the binding of the Rep proteins to all the sub-
strates was greatly reduced, indicating that the binding to all
the substrates was specific (Fig. 5B to F). However, unlabeled
mAAV-ITR-RRS failed to compete for the binding of the Rep
proteins.
All of the previously identified RRSs contain imperfect

(GAGC)4 motifs. Ryan et al. had shown that changes in the
middle two GAGC boxes of the 16-mer core AAV-ITR-RRS
were most likely to inhibit binding of Rep proteins (42). With
the exception of the MK and breast tumor autoantigen RRSs,
all the core sequences in our newly identified RRSs have the
middle two GAGC boxes intact (Fig. 3). In the MK-RRS, a C
in the third GAGC box is altered to a T. Previous studies have
shown that mutation of this C to a G within the context of an
AAV-ITR-RRS (42) or within the context of the AAV-p5-

RRS (29) reduces binding by more than fivefold. So there
might be a compensatory change somewhere else in or around
the MK-RRS, or the sequence is more sensitive to transversion
as opposed to transition. In the case of the breast tumor au-
toantigen RRS, the first G in the second GAGC box is altered
to an A. Ryan et al. have shown that a transversion of this G
reduces binding by fivefold in the AAV-ITR context (42).
However, the change in the breast tumor autoantigen RRS is
only a transition and therefore the change might not be as
detrimental as a transversion. The fact that this RRS still has
three perfect GAGC boxes may also be relevant, since this is
the same number of perfect GAGC boxes as in the intact
AAV-ITR-RRS.
Chiorini et al. have employed a technique called random

oligonucleotide selection to identify the consensus Rep bind-
ing site (7). By performing EMSAs they have isolated oligo-
nucleotide probes containing Rep binding sites from a pool of
randomly generated oligonucleotides. Their consensus se-
quence has two GAGC boxes in the center. Most of the new
RRSs that we have identified here have the two intact GAGC
boxes. However, it is interesting that none of the 16-mer core
sequences of the RRSs that we have reported in this paper
match exactly any of their oligonucleotide probes containing
Rep binding sequences.
The binding of MBP-Rep68D to AAVS1 appears to be rel-

FIG. 4. EMSAs. The substrates (0.08 pmol per reaction mixture) used in
each reaction are indicated above the lanes. L, R, and N indicate reaction
mixtures to which MBP-LacZ, MBP-Rep68D, or MBP-Rep68DNTP (1 mg) was
added, respectively. B and F indicate bound and free DNA, respectively. The last
six lanes of panel B show AAVS1 and mAAV-ITR lanes from an autoradiograph
of the same gel after exposure for 10 days. The different panels show different
gels. BTAA, breast tumor autoantigen.
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atively weak compared to the binding to the AAV-ITR. Be-
cause this result was somewhat unexpected, we performed
several confirmatory experiments. In order to confirm the se-
quence of the AAVS1 substrate used in this report, the an-
nealed oligonucleotide pair containing the AAVS1-RRS was
cloned into the BamHI site of plasmid pBluescriptII SK(1)

(Stratagene) and sequenced, and the sequence was shown to
be correct. Additionally, we cut out the 223-bp BssHII frag-
ment of this plasmid, which contained the 46-bp segment of
AAVS1, and found that MBP-Rep68D bound this fragment
much better than the 54-bp-long annealed oligonucleotide pair
containing the AAVS1-RRS. In fact, with about the same

FIG. 5. Unlabeled AAV-ITR substrate inhibits the binding of MBP-Rep68D to the radiolabeled substrates. L and R represent reactions to which MBP-LacZ or
MBP-Rep68D (1 mg) was added, respectively. B and F indicate bound and free DNA, respectively. (A) EMSAs were performed with the radiolabeled AAV-ITR
substrate (0.04 pmol) along with either a 10-, 40-, 160-, or 640-fold molar excess of unlabeled AAV-ITR or the unlabeled mAAV-ITR substrate. (B to E) EMSAs were
done with different radiolabeled substrates (0.04 pmol per reaction mixture) along with either a 160-fold molar excess of unlabeled AAV-ITR (indicated by ITR) or
unlabeled mAAV-ITR (indicated by mITR). The last four lanes of panel C show AAVS1 lanes from an autoradiograph of the same gel after exposure for 10 days. The
different panels show different gels. BTAA, breast tumor autoantigen.
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affinity MBP-Rep68D bound a 200-bp BssHII fragment con-
taining a cloned core 16-mer AAVS1-RRS that was used by
Weitzman et al. (52) (data not shown). The results from other
EMSAs using fragments 60 to 70 bp in length that contained
the cloned core 16-mer AAVS1-RRS or the AAV-p5-RRS as
substrates and nuclear extracts from human 293 cells trans-
fected with plasmids encoding wild-type Rep68 indicated that
the AAVS1-RRS is a relatively weak binding site compared to
the AAV-p5-RRS binding site (data not shown). Our conclu-
sion is that the AAVS1-RRS is a weaker Rep protein binding
sequence than either the AAV-ITR-RRS or the AAV-p5-RRS
and that this weakness is accentuated when the AAVS1-RRS is
in the context of a shorter DNA segment (the 54-bp annealed
oligonucleotides, as opposed to a 200-bp restriction fragment).
We speculate that the Rep proteins actually recognize a

secondary structure rather than a primary base sequence
within the RRSs. This is based on the observation by Chiorini
et al. (7) that Rep proteins bind extremely diverse sequences
with comparable affinities and that many of the binding se-
quences identified contain no perfect GAGC boxes. Core se-
quences which contain changes that would drastically reduce
binding in the AAV-ITR context (42) could still bind well,
presumably because of compensatory deviations from the
AAV-ITR sequence which would restore binding.
AAV preferentially integrates into AAVS1 approximately

70% of the time (28, 43). However, there are other sequences
in the human genome that we have identified in this report that
bind MBP-Rep68D significantly better than AAVS1. There-
fore, it is intriguing to contemplate why AAV prefers AAVS1
as opposed to other sequences. One possible explanation could
be that the presence of a Rep nicking site nearby (Fig. 3) may
make AAVS1 a preferred Rep-dependent integration site (50).
Linden et al. (33) have recently demonstrated that a 33-bp
segment of AAVS1, which includes the RRS and the nicking
site, is sufficient to direct integration of AAV into an episome
in vivo. They also showed that mutation of either the RRS or
the nicking site abolishes targeted integration. It is also impor-
tant to note that we could not identify a consensus nicking site
(59-GTTGG-39 or its complement, 59-CCAAC-39) for Rep
close to the RRS core sequence of any of the newly identified
RRSs. However, we could not rule out the possibility that a
nicking site that is further away from the RRS core might be
brought closer during chromatin formation. It has also recently
been documented that the linker histones can affect the pat-
tern of digestion of single-strand-specific endonucleases (21).
Thus, in the context of chromatin, AAVS1 might be the opti-
mal Rep-dependent nicking site, and that could explain why
Rep-mediated AAV integration is into AAVS1 most of the
time.
In this report we have identified 18 novel RRSs in the hu-

man genome. We have also recently reported four more RRSs,
akin to the RRS in the p5 promoter of AAV, in different
human genes, namely, the c-sis proto-oncogene (chromosome
22q12.3 to -q13.1), the hepatocyte glucose transporter gene
(chromosome 22q13.1), the gene for carcinoma marker
GA733-1 (chromosome 1p32), and the a-A-crystallin gene
(chromosome 21) (54). Thus far, we have identified 22 sites in
the human genome to which AAV Rep proteins bind. Since
AAV integrates into AAVS1 only 70% of the time, these may
serve as alternate integration sites for AAV. It is interesting
that Walz and Schlehofer (51) detected integration of wild-
type AAV into the long (q) arm of human chromosome 17,
where we have identified two RRSs (in the ILF and BRCA1
genes). Xiao et al. (55) noted integration of AAV into human
chromosome 2, where we have identified two RRSs (in the
IGFBP-2 and inhibin genes). Moreover, Rep proteins exhibit a

wide variety of effects on human cells: Rep proteins have
antineoplastic (15, 24), cytostatic (56), and antiviral (3) effects
and down-regulate or up-regulate the expression of several
cellular proto-oncogenes (16, 17, 54). These recognition sites
in the human genome may play a role in these varied Rep-
mediated effects. It is also important that many of these RRSs
are within genes that are either directly or indirectly involved
in cell proliferation.

We thank Jeffery Miller and Nancy Nossal for critically reviewing
the manuscript. We also thank Timothy Wiggins for technical assis-
tance.
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binding protein/adeno-associated virus Rep68 fusion protein has DNA-RNA
helicase and ATPase activities. J. Virol. 69:3542–3548.

54. Wonderling, R. S., and R. A. Owens. 1996. The Rep68 protein of adeno-
associated virus type 2 stimulates expression of the platelet-derived growth
factor B c-sis proto-oncogene. J. Virol. 70:4783–4786.

55. Xiao, X., W. deVlaminck, and J. Monahan. 1993. Adeno-associated virus
(AAV) vectors for gene transfer. Adv. Drug Delivery Rev. 12:201–215.

56. Yang, Q., F. Chen, and J. P. Trempe. 1994. Characterization of cell lines that
inducibly express the adeno-associated virus Rep proteins. J. Virol. 68:4847–
4856.

2534 NOTES J. VIROL.


