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Vectors derived from adeno-associated virus (AAV) have the potential to stably transduce mammalian cells
by integrating into host chromosomes. Despite active research on the use of AAV vectors for gene therapy, the
structure of integrated vector proviruses has not previously been analyzed at the DNA sequence level. Studies
on the integration of wild-type AAV have identified a common site-specific integration locus on human
chromosome 19; however, most AAV vectors do not appear to integrate at this locus. To improve our under-
standing of AAYV vector integration, we analyzed the DNA sequences of several integrated vector proviruses.
HeLa cells were transduced with an AAV shuttle vector, and integrated proviruses containing flanking human
DNA were recovered as bacterial plasmids for further analysis. We found that AAV vectors integrated as
single-copy proviruses at random chromosomal locations and that the flanking HeLa DNA at integration sites
was not homologous to AAV or the site-specific integration locus of wild-type AAV. Recombination junctions
were scattered throughout the vector terminal repeats with no apparent site specificity. None of the integrated
vectors were fully intact. Vector proviruses with nearly intact terminal repeats were excised and amplified after
infection with wild-type AAV and adenovirus. Our results suggest that AAV vectors integrate by nonhomolo-
gous recombination after partial degradation of entering vector genomes. These findings have important
implications for the mechanism of AAV vector integration and the use of these vectors in human gene therapy.

Adeno-associated virus (AAV) is a 4.7-kb single-stranded
DNA virus that has been developed as a gene therapy vector
(31). Only the terminal repeat (TR) sequences are required in
cis for replication and packaging, allowing a complete replace-
ment of viral coding sequences with foreign DNA in vectors. A
major advantage of AAV vectors is their ability to stably trans-
duce cells by integration into host chromosomes. Although
integration is crucial for many gene therapy applications, the
mechanism of AAV vector integration is poorly understood,
and the structure of integrated proviruses has not been deter-
mined at the DNA sequence level.

Southern analysis of DNA from transduced cells maintained
under selection for the vector transgene has usually demon-
strated the presence of integrated AAV vector proviruses (19,
27, 30, 36, 42). However, there have also been reports of
episomal vector molecules, especially with rep™ vectors (30) or
the absence of selectable markers (1, 4). Some reports of
vector integration noted a predominance of concatemeric pro-
viruses (30, 36), while others did not (11, 27, 33, 44). The
reasons for these variable results are unclear and include dif-
ferences in transduction protocols as well as possible effects of
contaminating wild-type AAV functions.

Two-thirds of integrated wild-type AAV proviruses are
found at a specific human chromosome 19 site, 19q13-qter (24,
25, 38). While this feature could prove useful in some gene
therapy applications, AAV vectors have not been found to
integrate at this same locus (33, 44). Site-specific AAV inte-
gration appears to be mediated by the viral Rep protein (16,
28), so the absence of the rep gene in most vectors can explain
the lack of site-specific integration. The presence of random-
sized junction fragments detected by Southern analysis of in-
tegrated proviruses suggests that vector integration sites are
random (27, 30, 33, 44). However, it is possible that vector
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integration occurs at scattered locations within a common lo-
cus different from 19q13-qter, just as wild-type AAV integrants
are found scattered throughout the chromosome 19 site-spe-
cific integration locus (23, 38).

To better understand the process of AAV vector integration,
we produced an AAV shuttle vector that allowed us to recover
integrated vector proviruses along with flanking human DNA
as bacterial plasmids. Several integration junctions from inde-
pendent, transduced HeLa cell clones were sequenced and
compared. Our results show that vector integration occurs at
random chromosomal sites and that none of the vector provi-
ruses integrated as intact, full-length genomes.

MATERIALS AND METHODS

Cell culture. Human HeLa (39) and 293 cells (17) were cultured in Dulbecco’s
modified Eagle medium with 10% heat-inactivated (56°C for 30 min) fetal bovine
serum (HyClone, Logan, Utah), amphotericin (1.25 wg/ml), penicillin (100 U/
ml), and streptomycin (100 pg/ml) at 37°C in a 10% CO, atmosphere. Titers of
vector stocks were determined on HeLa cells by selecting for G418 (GIBCO-
BRL, Grand Island, N.Y.) resistance as described previously (33) except that the
G418 concentration was 1 mg of active compound per ml. Transduction of HeLa
cells by AAV-SNori was carried out as when titering for G418 resistance except
that resistant colonies were picked and expanded to 2 X 107 cells for isolation of
genomic DNA. The multiplicities of infection were 0.17 vector particles per cell
for clones 2 and 6; 1.7 for clones 1, 3, 4, 10, and 11; and 170 for clones 5, 7 to 9,
and 12 to 14 (see Table 1).

Preparation of virus stocks. AAV-SNori vector stocks were prepared as fol-
lows. 293 cells were plated at a density of 8 X 10° cells/dish in 12 dishes (15-cm
diameter). The next day, each dish was infected with 1.2 X 10® PFU of adeno-
virus type 5 (ATCC VR-5; American Type Culture Collection, Rockville, Md.)
and 2 hours later cotransfected with 8 ug of pASNori2 and 32 ug of pAAV/Ad
(36) by the calcium phosphate method (35). After 3 days, the cells and medium
were harvested and combined, subjected to three cycles of freeze-thaw lysis in a
dry ice-ethanol bath, clarified by centrifugation at 5,800 X g (5,500 rpm) in a
Sorvall HS4 rotor for 30 min at 4°C, digested with micrococcal nuclease (68
U/ml; Pharmacia, Piscataway, N.J.) at 37°C for 1 h, treated with trypsin (50
ng/ml) at 37°C for 30 min, and centrifuged through 40% sucrose in phosphate-
buffered saline in a Beckman SW28 rotor at 27,000 rpm for 16 h at 4°C. The
pellets were resuspended in 8 ml of a 0.51-g/ml solution of CsCl and passed twice
through a 22-gauge needle. The suspension was centrifuged in a Beckman SW41
rotor at 37,000 rpm for 20 h at 4°C. The region of the gradient containing AAV
virions was collected, dialyzed against Dulbecco’s modified Eagle medium
through a 50,000-molecular-weight-cutoff membrane (Spectrum, Houston, Tex.),
and concentrated by centrifugation in Centricon 100 filters (Amicon, Inc., Bev-
erly, Mass.). Adenovirus was inactivated by treatment at 56°C for 1 h. The final
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stock contained 6.8 X 10° genomes per pl as determined by Southern analysis
(33). The level of contaminating wild-type AAV was <2.3 X 10* genomes per .l
as determined by Southern analysis using AAV coding sequences as a probe.

Plasmid constructions. To construct pASNori2 (see Fig. 1), a BamHI-Esp3I
fragment of pSV2neo (41) containing an SspI-Bst11071 origin fragment from
pACYC184 (7) in the BstBI site (end filled with the Klenow fragment of DNA
polymerase I) downstream of the neo (neomycin phosphotransferase) gene was
inserted in the Bg/II sites of the AAV vector backbone of pTR (34) after
attachment of BamHI linkers to the pSV2neo Esp3I site. The pACYC184 frag-
ment contains the pl5A bacterial plasmid origin (10), with the direction of
leading-strand DNA synthesis opposite that of neo gene transcription. pASNori2
also contains the pMB1 plasmid origin (5) from pBR322 (6). pASNoril, a
deletion derivative of pASNori2 lacking the pMBI1 origin, was constructed by end
filling and circularizing a Bsal-Bst11071 fragment of pASNori2.

Isolation of HeLa genomic DNA. Two confluent 10-cm-diameter dishes of each
HeLa clone (2 X 107 cells) were lysed in genomic DNA lysis buffer (10 mM Tris
[pH 8], 1 mM EDTA, 200 mM NacCl, 0.5% sodium dodecyl sulfate, 200 g of
proteinase K per ml) at 37°C overnight. The samples were then extracted with
phenol and chloroform, extracted with butanol, and precipitated with 2 volumes
of ethanol overnight at —20°C. The DNA was pelleted at 6,000 rpm in a Sorvall
HS-4 rotor at 4°C for 25 min, washed with 70% ethanol, and air dried briefly. The
DNA was resuspended in 500 pl of TE (10 mM Tris [pH 8], 1 mM EDTA),
digested with 10 pg of RNase A (Sigma, St. Louis, Mo.) at 37°C for 3 h, extracted
with phenol and chloroform, and precipitated with 50 wl of 3 M sodium acetate
and 1 ml of ethanol at —20°C. Each pellet was resuspended in 200 pl of TE.

Provirus recovery in bacteria. To recover integrated AAV-SNori proviruses,
10 pg of HeLa genomic DNA was treated with 20 U of calf intestinal phospha-
tase (Boehringer Mannheim, Indianapolis, Ind.) to prevent ligation of free ends
in the sample, heat inactivated at 65°C for 1 h, extracted with phenol and
chloroform, and precipitated with ethanol. The resuspended DNA was digested
with 20 U of EcoRI, which does not cut in the SNori vector, at 37°C for 4 h, heat
inactivated at 65°C for 30 min, extracted with phenol and chloroform, and
precipitated with ethanol. The resulting DNA fragments were resuspended and
circularized with 200 U of T4 DNA ligase in 400 pl at 14°C overnight. The DNA
was precipitated and one-fifth of the sample (approximately 2 pg) was electro-
porated into supercompetent Escherichia coli XL1Blue MRF’ cells (Stratagene,
La Jolla, Calif.).

Provirus excision and amplification. HeLa cells and each of the nine HeLa
clones from which plasmid had been recovered (see Table 1) were plated at 10°
cells per 35-mm-diameter dish (Corning, Corning, N.Y.). The next day, cells were
infected with wild-type AAV type 2 at 10 replication-competent particles/cell and
adenovirus type 5 at 10 PFU/cell or were left uninfected as indicated in Fig. 6.
Forty-four hours after infection, episomal DNA was isolated by the method of
Hirt (21), with an additional proteinase K digestion, extraction with phenol and
chloroform, and precipitation with ethanol. One-fourth of the episomal DNA
from each dish was separated by alkaline agarose gel electrophoresis and trans-
ferred to Hybond-N+ membranes (Amersham, Arlington Heights, IIl.) accord-
ing to standard procedures (35). Standards were prepared by Bsml digest of
pASNori2 to produce a 2.6-kb fragment. DNA was detected by Southern analysis
using a neo gene probe.

DNA techniques. Restriction enzymes, T4 DNA ligase, and DNA polymerases
were from New England BioLabs, Beverly, Mass. Proteinase K was from Boehr-
inger Mannheim. Enzyme reactions were performed by using the manufacturer’s
recommended conditions. DNA manipulation and Southern blot analysis were
performed by standard procedures (35). Southern blots were quantitated using a
PhosphorImager 400S (Molecular Dynamics, Sunnyvale, Calif.). Plasmids were
prepared by using Qiagen (Chatsworth, Calif.) columns. Dye terminator cycle
sequencing was carried out with an AmpliTaq FS polymerase sequencing kit
(Perkin-Elmer, Foster City, Calif.) and analyzed on an Applied Biosystems Inc.
(Foster City, Calif.) sequencer. Oligonucleotides for sequencing are P1
(5'-dTACAAATAAAGCAATAGCATCAC-3') and P2 (5'-dCCTCTGACAC
ATGCAGCTC-3'). Sequences were analyzed by the Wisconsin version of the
Genetics Computer Group program, using FASTA with default parameters and
searching against GenBank/EMBL. HeLa flanking sequences were compared
with the human Alu repetitive sequence humalurp7 (GenBank accession no.
M57427), using FASTA with default parameters; a sequence with more than
70% identity over at least 100 nucleotides was considered a match. The probe
used for detecting vector genomes by Southern analysis contained internal AAV-
SNori sequences including the neo gene. The probe used for detecting site-
specific integration was a 1.7-kb EcoRI-BamHI fragment from the chromosome
19 integration locus cloned in pRE2 (38).

RESULTS

Transduction of HeLa cells by AAV-SNori. We designed an
AAV shuttle vector (AAV-SNori) that could be recovered as a
bacterial plasmid along with flanking human DNA after inte-
gration into host chromosomes. The recovered proviral plas-
mid could then be propagated in bacteria, and the junction
fragments could be sequenced. The AAV-SNori vector con-
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FIG. 1. AAV-SNori shuttle vector. The structure of the packaged genome of
the AAV-SNori vector is shown; features include the neomycin phosphotrans-
ferase gene (Neo), the SV40 and Tn5 promoters with their transcription start
sites (arrows), the p15A replication origin, the AAV TRs, and the polyadenyl-
ation site (pA). An expanded diagram of the TR structure is shown to indicate
the repeat domains. P1 and P2 represent binding sites for sequencing primers.
The positions of BsmlI restriction sites are shown.

tains the neo gene under the control of both the simian virus 40
(SV40) early promoter and the transposon 5 (Tn5) promoter
for expression in human or bacterial cells, as well as the p15A
bacterial replication origin packaged between AAV2 TRs (Fig.
1). These elements can support replication and confer kana-
mycin resistance in E. coli. The p15A origin was chosen be-
cause it replicates at the relatively low rate of 12 to 15 copies
per E. coli chromosome (10), and we have found that plasmids
containing the AAV TRs are more stable if they replicate at
lower copy numbers (data not shown).

HeLa cervical carcinoma cells were transduced with purified
AAV-SNori. One day after infection, the cells were treated
with trypsin, and dilutions were plated in culture medium with-
out selection. Selection was begun 24 h later with the antibiotic
G418. Approximately 3 X 10* intact vector particles were re-
quired to produce a single, stable, G418-resistant colony. As all
of these colonies contain integrated proviruses (see below),
this represents the minimal vector integration frequency. The
transient transduction rate was higher, as many of the colonies
visible at earlier time points did not survive continued selection
in G418, perhaps due to episomal vector gene expression.
Fourteen G418-resistant colonies were isolated and expanded
to approximately 2 X 107 cells under selection. Genomic DNA
was isolated from each of 14 clones, digested with Bsml or
EcoRI, and analyzed by Southern blots probed with the neo
gene (Fig. 2). Bsml1 digests inside each of the TRs, so intact,
integrated vector genomes should contain a 2.6-kb BsmlI frag-
ment (Fig. 1). Figure 2A shows that 10 of the 14 clones had a
fragment of the expected size. Clones 2, 6, 8, and 9 had dele-
tions or rearrangements. The high-molecular-weight vector
band in clone 8 DNA is faint, presumably due to a partial
deletion of vector sequences. Clone 10 had a second, smaller
fragment containing at least a portion of the neo gene. Quan-
titative analysis of the blots was consistent with single-copy
integrated proviruses for all the clones except 8, 12, and 14,
with the latter two clones containing four to five copies/cell.

Digestion of the transduced HeLa clones with EcoRI pro-
duced bands of various sizes ranging from 4 to 23 kb (Fig. 2B).
As the AAV-SNori vector genome does not contain an EcoRI
site, this finding is consistent with random integration. Al-
though two Bsml vector fragments were present in the DNA
from clone 10 (Fig. 2A), only a single EcoRI fragment was
detected, suggesting that both Bsml fragments were located at
a common integration site.

Provirus recovery as plasmids. Integrated vector proviruses
were recovered from the transduced HeLa clones by digestion
with EcoRl, circularization with DNA ligase, and transfer into
E. coli. In this strategy, the EcoRI fragments containing intact
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FIG. 2. Southern blots of transduced HeLa clones. Ten micrograms of
genomic DNA from each HeLa clone (lanes 1 through 14) was digested with
either BsmlI (A) or EcoRI (B), electrophoresed through a 1.2% agarose gel,
transferred to a nylon membrane, and probed with internal vector sequences to
detect integrated AAV-SNori proviruses. Lane HeLa, 10 pg of nontransduced
HeLa DNA; lane HeLa + pASNori2, 10 ng of nontransduced HeLa DNA with
10 pg of pASNori2 plasmid DNA. This image was prepared by using Adobe
Photoshop (Mountain View, Calif.) software.

vector proviruses also contain flanking chromosomal DNA,
and their expected sizes can be predicted from the Southern
analysis in Fig. 2B. Ligation at low DNA concentration en-
hances circularization of individual EcoRI fragments. The cir-
cularized fragments containing vector proviruses are then
propagated as bacterial plasmids after electroporation of bac-
teria and selection with kanamycin. We recovered proviral
plasmids from 9 of 14 HeLa transductants. Plasmids could not
be recovered from the five other HeLa clones, even after
repeated transformations (Table 1). This could be due to de-
letion or rearrangement of a region essential for plasmid func-
tion in bacteria but not required for G418 resistance in mam-
malian cells, such as the p15A origin or Tn5 promoter. Four of
the five HeLa clones containing proviruses that could not be
recovered had an altered internal vector Bsml fragment by
Southern analysis (Fig. 2A), consistent with vector rearrange-
ments.

Recovered plasmids were isolated from several of the kana-
mycin-resistant bacterial colonies and digested with EcoRI
(Table 1). Most of these contained a single EcoRI site and
were the size expected from Southern analysis (Fig. 2B).
Transformation efficiencies varied considerably and did not
appear to correlate with plasmid size. Only those plasmids with
a single EcoRI fragment of the predicted size were considered
correct. Of the plasmids that did not appear correct, 12 of 13
contained one or more extra EcoRI fragments in addition to
the predicted fragment, which were presumably acquired by
intermolecular ligation. Multiple proviral EcoRI fragments re-
covered from each cell line had the same restriction pattern,
suggesting that major DNA rearrangements had not occurred
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TABLE 1. Recovered provirus plasmids”

H Size of Bsml . Transformation ~ No. of No. of
elLa Size of EcoRI . - -
lone fragment fragment (kb) efficiency/pg of  plasmids plasmids
¢ (kb) g DNA analyzed  correct

1 2.6 19 <0.17 0 0

2 2.3 8 <0.17 0 0

3 2.6 16 25 5 5

4 2.6 4.7 101 5 5

5 2.6 5.5 68 5 4

6 2.3 7 <0.17 0 0

7 2.6 17 18 5 3

8 6.5 11 <0.17 0 0

9 33 16 <0.12 0 0

10 2.6,1.9 9 2 4 2

11 2.6 20 9.5 5 5

12 2.6 18 4 8 1

13 2.6 4 1.5 3 3

14 2.6 5.5 4.5 5 4

“ Integrated proviruses were recovered from transduced Hela clones and
transformed into bacteria. The sizes of fragments from Southern blots (Fig. 2),
the transformation efficiency, and the number of plasmids that had a single
EcoRI fragment (no. of plasmids correct) are listed for each HeLa clone.

during the transfer to bacteria. Further restriction digests con-
firmed that each recovered plasmid contained a single vector
provirus copy (data not shown).

Because the TR sequences might be unstable during provi-
rus recovery and replication in bacteria, we performed control
transformations to ensure that our assay could recover plas-
mids with intact TRs. Plasmid pASNoril contains the entire
AAV-SNori vector genome including both TRs and depends
on the pl5A replication origin in the vector sequences for
replication, making it similar in structure to the recovered
plasmids. pASNoril was linearized with EcoRI, gel purified,
mixed with nontransduced, EcoRI-digested HeLLa DNA, and
subjected to the same recovery procedure as integrated provi-
ruses. Of 10 recovered plasmids, 8 contained the expected
unique EcoRI site. Two recovered plasmids contained extra
EcoRI fragments in addition to the expected pASNoril frag-
ment. The restriction digest patterns of all eight correct plas-
mids were identical to the original pASNoril plasmid after
digestion with four restriction enzymes that have sites in the
TRs, confirming that the TRs remained intact during our re-
covery procedure (data not shown).

Sequence analysis of integration junctions and flanking
genomic DNA. One example of each correct recovered plasmid
was sequenced by using primers P1 and P2 (Fig. 1). These
primers bind to locations in the vector genome about 70 nu-
cleotides inside each of the TRs. The sequenced regions begin
at internal vector sequences and then proceed outward
through the TR region, the integration junction site, and flank-
ing human DNA. Of the nine plasmids analyzed, flanking hu-
man sequence information of 400 or more nucleotides was
obtained from 14 of the 18 possible integration junctions.
Three other junctions (12L, 12R, and 14L) contained nearly
complete TRs that stalled the sequencing polymerase and one
(10R) contained TR sequences joined to Tn5 sequences (see
below). The sequences around each junction site are shown in
Fig. 3 and are designated as from the left TR (L) or right TR
(R) of each recovered provirus. Figure 3A displays junction
sequences that could be aligned in the “flip” orientation; Fig.
3B shows a right junction sequence that was in the “flop”
orientation. In the flop orientation, the B and C regions are
inverted compared to the flip orientation (D-A’-B-C-A instead
of D-A’-C-B-A) (29). Figure 3C shows a left junction sequence
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FIG. 3. AAV vector integration junctions. Portions of AAV vector sequences are shown in uppercase. Up to 62 nucleotides of flanking sequences are shown for
each junction in lowercase and are aligned beneath the intact vector sequence (TR). Nucleotide positions are numbered beginning at the end of the intact TR. The
sequences are designated as from the left (L) or right (R) of each numbered provirus clone. The Rep binding site (RBS) (9, 34) is boxed. Subdomains of the TRs (A,
B, C, A’, and D) are indicated above the sequences. The flanking sequence is HeLa DNA, except for junction 10R, where it is Tn5 DNA (see text). (A) Sequences
aligned to the right TR in the flip orientation and internal vector DNA. (B) Sequence aligned to the flop orientation of the TR. (C) Sequence aligned to the left internal

portion of the vector.

with the recombination site internal to the TR. Of the six
junctions containing part of the B or C region in which the
orientation could be determined, five were in the flip orienta-
tion.

The sequence data show that no two proviruses had the
same junction site. Junctions were dispersed throughout the
TRs and internal vector sequences. We could not identify a
common sequence motif in vector or chromosomal DNA at the
junction sites. None of the flanking sequences were similar to
each other, and there were no matches with any gene in the
GenBank or EMBL database. The only known sequence ele-
ment found was a single Alu repeat in the flanking human
DNA of junction 4R.

Comparison of the flanking sequences with two sequences
from the chromosome 19 integration locus, AAVS1 (GenBank

accession no. S51329) and pRE2 (provided by R. J. Samulski),
produced no matches, indicating that the clones did not inte-
grate into the site-specific integration locus of wild-type AAV2.
This observation was confirmed by probing Southern blots of
HeLa clone DNAs with a portion of the site-specific integra-
tion locus, which showed no rearrangements at this locus in any
of the 14 transductants analyzed (data not shown). In addition,
analysis of the flanking sequences revealed no binding sites for
the AAV Rep protein (9, 34), in contrast to the chromosomal
site-specific integration locus (16).

Two of the junctions (4L and 5R) had structures that were
the result of rearrangements. A schematic representation of
these proviruses is shown in Fig. 4. The rearrangements in
sequences 4L and 5R were in the regions just inside each TR
where a 44-nucleotide region is repeated in the left and right



VoL. 71, 1997

4L I r—
le SVpA right D A' [ human
5R I I —
right SVpA left D A C  human
—
20 bp

FIG. 4. Structures of rearranged sequences. The 4L and 5R provirus junction
sequences are diagrammed to show where internal vector sequences recombined.
The positions of left and right internal vector sequences, the common SV40
polyadenylation site found in either end (SV pA), the TR domains (D, A’, and
C), and flanking human DNA are shown.

portions of the vector. This region contains the SV40 polyad-
enylation signal and was duplicated as a result of vector con-
struction. In the case of junction 4L, sequencing from the left
P1 primer (Fig. 1) read a portion of left internal sequences, the
common SV40 sequence, and then right internal vector se-
quences followed by a portion of the right TR and flanking
chromosomal DNA. A similar finding was observed in junction
5R reading from the right P2 primer. Apparently homologous
recombination occurred between these sites and produced an
inverted internal portion of the vector. Recombination could
have happened during the production of the AAV-SNori
stocks or the transduction of HeLa cells.

Junction (10R) was not joined to human DNA. This junction
contained the A’ region of the right TR joined to a second
copy of vector Tn5 DNA. The sequence around the junction
site is shown in Fig. 3. This explains the two neo-hybridizing
bands detected in Fig. 2A for HeLa clone 10. Flanking HeLa
DNA sequence was not obtained for this junction and must lie
beyond the region sequenced.

When the TR is drawn in its predicted secondary structure,
the recombination sites of the integrated proviruses are scat-
tered throughout the repeat (Fig. 5). Except for some potential
clustering of recombination events between the C and A’ re-
peat domains, our data set does not suggest that secondary
structure in the TRs directs a specific integration process.
Additional junctions will need to be sequenced to determine if
the four junctions observed between C and A’ represent a
recombination hotspot.

Flanking DNA sequence was not obtained for the remaining
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3 of the 18 possible integration junctions recovered (12L, 12R,
and 14L). The sequences obtained for these junctions ended
abruptly in the A’ region of the TR, where the sequencing
polymerase apparently stalled. Based on our sequencing of
intact AAV TRs, this is consistently observed when the sec-
ondary structure of the inverted repeat remains intact, and the
polymerase stalls at the first base that can pair in the secondary
structure (data not shown). If we assume that this also oc-
curred while we were sequencing these three junctions, then
we can place the end of the vector provirus DNA at the last
base of the predicted secondary structure that would have
stalled the sequencing polymerase, in the corresponding posi-
tions of the A domain. These junctions are indicated with
asterisks in Fig. 5.

Provirus rescue by wild-type infection. Integrated wild-type
AAV proviruses can be excised and amplified by infection with
adenovirus (3, 8, 18, 26), and a similar rescue of vector provi-
ruses can occur by infection with wild-type AAV and adeno-
virus (19, 30, 36, 42). We screened each of the nine transduced
HelLa clones that contained proviruses recovered in bacteria to
see if their TR structures would correlate with the potential for
excision and amplification. Only clones 12 and 14 contained
proviruses that could be rescued by coinfection with wild-type
AAY and adenovirus, and none of the clones could be rescued
by adenovirus alone, as expected if no rep gene was present in
the cells. Figure 6 shows representative results from this ex-
periment for clones 12, 13, and 14. The two rescuable provi-
ruses had the most intact TRs of all the proviruses that we
analyzed (Fig. 5), and the nearly complete repeats on both
ends of clone 12 correlated with more efficient rescue than
those of clone 14.

DISCUSSION

We have developed a shuttle vector system to study the
structure of integrated AAV vector proviruses and analyze
their flanking DNA. Fourteen independent, G418-resistant
HeLa clones were isolated after transduction with an AAV
vector containing the neo gene, and integrated vector provi-
ruses were recovered as bacterial plasmids from nine of these
lines. Sequence analysis of the proviral junction sites showed
that each integration event occurred at a different chromo-
somal site, and none of these sites were at the chromosome 19
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FIG. 6. Provirus rescue. Transduced HeLa clones were infected with wild-
type AAV2 (AAV), and/or adenovirus (Ad) or left uninfected as indicated.
Episomal DNA was isolated from the cells 44 h later, electrophoresed through an
alkaline agarose gel, and subjected to Southern analysis using a neo gene probe.
The positions of the monomer (m) and dimer replicative (d) vector forms are
indicated. The standards are 400 and 40 pg of the 2.6-kb Bsml fragment of
pASNori2. The results for HeLa clones 12 to 14 are shown (14-h exposure), with
HeLa clone 12 also shown at a shorter exposure (1 h). This image was prepared
by using Adobe Photoshop software.

site-specific integration locus of wild-type AAV. Each recom-
bination event was at a different position in the vector genome,
and no fully intact vector proviruses were recovered. There was
no sequence homology between the vector and flanking human
DNA and none between the different flanking sequences re-
covered. These results demonstrate that AAV vector integra-
tion occurs at random chromosomal locations and that each
integrated provirus contains variable amounts of the complete
vector genome.

The recovered proviruses were joined to human DNA se-
quences at nucleotide positions throughout the vector TRs and
at internal vector sequences in one case. Because our system
required the presence of functional promoters, neo gene, and
bacterial origin, the ends of the vector were the only portions
that could have been disrupted by integration and still pro-
duced a functional provirus capable of being recovered. South-
ern analysis of the proviruses that could not be recovered
showed that four of five contained rearrangements within in-
ternal vector sequences, suggesting that the junctions occurred
inside the Bsml sites (Fig. 2A). While our results are consistent
with random recombination throughout the vector genome, we
cannot exclude a partial preference for TR recombination
sites, since more junctions should have been observed in the
approximately 170 nonessential internal vector nucleotides if a
completely random representation had been recovered.

Based on Southern analysis and restriction mapping of re-
covered plasmids, 11 of 14 HeLa transductants contained one
integrated vector genome per cell, and clone 10 contained a
partially duplicated vector genome. Two clones (12 and 14)
had a stronger hybridization signal consistent with four to five
vector copies per cell. In these clones, the vector signal was
present in unique bands after digestion outside of vector DNA
with EcoRlI, and their recovered plasmids contained one copy
of the vector provirus within the EcoRI fragment. This finding
suggests that amplification of the provirus and flanking DNA
contained in the EcoRI fragment occurred after integration of
the vector, perhaps during the selection process in G418. It is
possible that proviral sequences were responsible for this am-
plification process, as the AAV TR has been shown to function
as a replication origin in carcinogen-treated mammalian cells
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(46), and these two proviruses contained the most complete
TR structures of all those recovered.

Both concatemeric and single-copy vector proviruses have
been described in prior studies of vector integration based on
Southern analysis of transduced, cultured cells (11, 27, 30, 33,
36, 44). More recently, animal studies have demonstrated the
presence of concatemeric vector sequences in high-molecular-
weight DNA by PCR after in vivo vector administration (14,
20, 45). The conditions favoring concatemeric versus single-
copy integration are unknown and could include cell-type-
specific functions, multiplicity of infection, contaminating rep™
helper virus particles, and differences in selection conditions.
None of the G418-resistant HeLa cell transductants that we
analyzed contained concatemeric vector proviruses, over a
range of infection multiplicities of 0.17 to 170 vector particles/
cell, with =0.3% wild-type AAV contamination (wild-type ge-
nomes per vector genome). Our results are in agreement with
previous studies suggesting that concatemeric vector provi-
ruses are preferentially rescued by coinfection with wild-type
AAYV and adenovirus (30, 36), as most of the integrants that we
analyzed could not be rescued. Although the two transductants
that could be rescued were not present as concatemers joined
at the TRs, they were present at multiple copies per cell. These
proviruses also had the smallest deletions in their TRs, with at
least one repeat containing a complete copy of each repeat
domain sequence. This proviral structure would be expected to
regenerate a fully intact TR by gene conversion as previously
shown for wild-type AAV (37).

There were both differences and similarities between vector
integration in our system and integration by wild-type AAV2.
Unlike the random vector integration that we observed, two-
thirds of wild-type proviruses studied in latently infected hu-
man cells were found in the site-specific integration locus on
chromosome 19 (25, 38). Although these wild-type integration
events occurred at a common locus, the junctions were at
different nucleotide positions within the locus and at different
positions in the AAV TRs (23, 38). This heterogeneity in
junction sites within the TRs is similar to our findings with
vector integration. Site-specific integration into chromosome
19 requires the presence of a Rep binding site in the chromo-
somal target DNA (16, 28), and no Rep binding sites were
identified in the human flanking sequences that we recovered.
This finding suggests that vector integration is not mediated by
the Rep protein, including Rep protein molecules that might
be contained in the entering vector particle. Presumably, either
Rep expression in the transduced cell is necessary for site-
specific integration or wild-type virions contain functional Rep
molecules that are absent from vector virions. A related ob-
servation may be that integrated wild-type proviruses are often
found as concatemers (8, 22, 26), which we did not observe for
vector proviruses. This observation supports the hypothesis
that site-specific integration involves Rep-dependent replica-
tion of the chromosome and virus during integration (28, 43),
while Rep-independent vector integration occurs by another,
nonreplicative mechanism.

Our data suggest that AAV vector integration is a nonho-
mologous recombination reaction. While no clear recombina-
tion hotspots were identified in the vector genome, there may
have been a clustering of junctions between the C and A’
regions of the TR, suggesting a possible role for Holliday-like
recombination intermediates in the reaction. Although the ex-
act mechanism has not been determined, the recombination
event is presumably mediated by cellular proteins. Cleavage of
the chromosomal preintegration site may be due to host nucle-
ases or DNA damage. The requirement for chromosomal
breaks could in part explain why DNA-damaging agents in-
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crease transduction by AAV vectors (2, 32). The lack of spe-
cific vector recombination enzymes also suggests why vector
integration is such an inefficient process, requiring hundreds to
thousands of vector particles per integration event (15, 19, 33,
36). One explanation for the consistent recovery of incomplete
proviruses is that the entering, linear vector genomes are par-
tially degraded before the integration event. Despite our de-
termination of the structure of integrated proviruses, key steps
in the recombination process have yet to be elucidated, includ-
ing the role of vector second-strand synthesis, which is also
associated with increased transduction rates (12, 13), and
whether the recombination reaction involves single-stranded
or double-stranded vector molecules. The nature of the chro-
mosomal preintegration site is completely unknown, and there
could be large deletions or even interchromosomal crossover
events associated with vector integration.

The uncertain nature of the AAV vector integration process
has important consequences for gene therapy. In contrast to
retroviral vectors, which integrate in a precise and predictable
reaction mediated by the viral integrase protein, each AAV
vector integration event is likely to produce a different, incom-
plete provirus, with unknown effects on the host chromosomes
involved. Many of the integrated vectors could contain dele-
tions of the transgene being delivered, with resulting decreases
in transduction efficiencies. As our understanding of the pro-
cess improves, methods for increasing the efficiency and pre-
dictability of vector integration that improve the prospects for
gene therapy by AAV vectors may be developed.
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