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A key feature in adeno-associated virus (AAV) replica-
tion is efficient integration of the viral genome into host
cell DNA to establish latency when helper virus is absent.
The steps involved in this process remain largely
uncharacterized, even though AAV integration was first
documented 20 years ago. Using a protein-DNA binding
method we isolated AAV- cellular junction DNA
sequences. The cellular component hybridized to a single
restriction fragment in the virus-free parental cell line,
and also co-migrated with AAV-specific sequences in
numerous latently infected cell lines. Analysis of somatic
cell hybrids indicated that this cellular sequence maps
to the distal portion of the q arm of human chromosome
19. In situ hybridization of AAV DNA to chromosomes
from latently infected cells confirms the physical location
of AAV integrations to be q13.4-ter of chromosome 19.
Sequence analysis of several independent integration sites
shows breakpoints occurring within a 100 bp cellular
region. This non-pathogenic parvovirus thus appears to
establish viral latency by integrating its DNA specifically
into one chromosomal region. Such specific integration
is so far unique among the eukaryotic DNA viruses. The
incorporation of site-specific integration into AAV vector
schemes should make this vector system attractive for
human gene therapy approaches.
Key words: AAV/adeno-associated virus/chromosome/
human/mapping

Introduction

Adeno-associated virus-2 (AAV-2) is a defective parvovirus
with a genome of 4675 bp. In a lytic infection, replication
requires co-infection with either adenovirus (Atchinson
et al., 1965; Hoggan, 1965) or herpes simplex virus (Buller
et al., 1981). When no helper virus is available, AAV
infection results in efficient integration of the AAV genome
into host cell genomic DNA (Berns, 1984; Berns and
Bohenzky, 1987). Subsequent super-infection of AAV
latently infected cells with helper virus then results in the
rescue and replication of the AAV genome (Berns, 1984).
Virus integration appears to have no apparent effect on cell
growth or morphology (Handa et al., 1977) and was first
documented as cryptic infections in primary African green
monkey and human embyronic kidney cells (Berns et al.,

1982). In these studies, the prevalence of naturally occurring
AAV latent infections was determined by monitoring the
appearance of AAV antigens after adenovirus challenge;
20% of monkey and 2% of human cells tested scored positive
(Hoggan et al., 1972). Latently infected cells established in
vitro appear to be stable, having maintained the viral DNA
for > 150 passages (Berns et al., 1982; and this study, for
example the H3 cell line).

Studies on the physical structure of integrated AAV
genomes suggest that viral insertions are usually in a tandem
head to tail orientation via the AAV terminal repeats (Cheung
et al., 1980; Berns et al., 1982; McLaughlin et al., 1988;
Samulski et al., 1989). When independently derived latent
cell lines were previously characterized by Southern
hybridization analysis, the viral -cellular junction fragments
migrated with different mobilities, suggesting that AAV
integration was occurring randomly (Laughlin et al., 1986;
McLaughlin et al., 1988; Samulski et al., 1989). In this
report, we describe the isolation and characterization of a
cellular sequence which is consistently associated with
integrated AAV DNA in numerous independent latent cell
lines. Analysis of rodent-human panels and in situ
chromosome hybridization reveals that this sequence maps
to the q arm of chromosome 19 and that the AAV DNA
integrates specifically into this region.

Results

Strategy for retrieving AAV integrants
To characterize the integration ofAAV genomes into cellular
DNA, we developed an AAV hybrid virus that would serve
as a tool in identifying and retrieving genomic sequences
after viral integration. The strategy for retrieving AAV-
cellular junctions involved a protein filter binding procedure
which made use of the specific interaction between lambda
repressor and its operator sequences ORI and OR2. This
strategy is diagrammed in Figure 1 (for further details see
X.Zhu and R.J.Samulski, in preparation). The infectious
AAV recombinant clone pSM620 (Samulski et al., 1982)
was used to generate an AAV -lambda hybrid construct that
carried a 47 bp sequence containing the lambda operator
subsites ORI and OR2 (Johnson et al., 1981). These
sequences, when inserted into a non-essential region of the
AAV genome (Samulski et al., 1987; Figures 1 and 2) did
not affect viral DNA replication (Figure 2, lanes 2 and 3)
or virus production (data not shown). Before establishing
independent latently infected AAV -OR1-OR2 cell lines, we
also tested for integration and rescue of the viral genome
by infecting HeLa cells with the hybrid virus in the absence
of adenovirus (Ad) as described by Samulski et al. (1989).
The infected cells were passaged until no detectable AAV
could be identified in the media or in Hirt extracts (data not
shown). The cells were then challenged with Ad and tested
for rescue and replication of the integrated AAV hybrid
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Fig. 1. Schematic diagram of the construction, isolation and
characterization of AAV proviral DNA. A 47 bp oligo comprising the
lambda operator sequences (OR1-OR2) was cloned into the infectious
AAV recombinant plasmid and used to generate hybrid virus stocks
which in turn were used to generate AAV latent cell lines. Genomic
DNAs isolated from AAV-OR1-OR2 latent cell lines were digested
with restriction enzymes that cut outside the hybrid AAV genome,
mixed with purified lambda repressor and processed through a

nitrocellulose membrane in a filter retention assay. Proviral fragments
retained on the filter through repressor specific interactions were

eluted, cloned and sequenced. Cellular junction sequences were then
used to characterize further various AAV latent cells lines by both
Southern hybridization analysis and in situ hybridization to human
chromosomes.

sequences (Figure 2, lanes 5 and 6). These functions were

also indistinguishable from wild type (Figure 2, lanes 4-6).
Southern hybridization analysis using a lambda operator-
specific probe demonstrated that these viral sequences also
maintained the inserted oligos (data not shown). We
concluded that the lambda operator sequences were stable
and that they had no deleterious effect on the replication,
integration or rescue of the AAV genome in cultured cells.

Isolation of AA V - OR 1-OR2 DNA from latent cell
lines
We established 11 different AAV -OR1-OR2 latent cell lines
in human (HeLa and Detroit 6), and monkey (CV1) cells.
Single cell clones that contained AAV-OR 1-OR2 integrated
sequences were identified by PCR analysis of genomic DNA.
The viral DNA could be rescued from these cells upon Ad
challenge (data not shown). Genomic DNAs isolated from
latent cell lines were digested with an enzyme that does not
recognize viral sequences, and were then fractionated on an

agarose gel (Figure 3A, lanes 1, 3, 5, 7 and 9). An equivalent
amount of digested genomic DNA was also used for filter
binding with the lambda repressor. DNA sequences retained
3942

Fig. 2. Analysis of AAV-OR1-OR2 hybrid virus replication and
rescue. Wild type AAV and AAV-OR1-OR2 virus stocks were used
to infect HeLa cells with (lanes 1-3) or without (lanes 4-6) helper
adenovirus (Ad). Cells infected in the absence of helper virus were
carried for numerous passages to establish viral latency. Cells which
were negative by Southern hybridization analysis for free AAV
genomes were then assayed for viral rescue by superinfection with Ad
(lanes 4-6). 48 h post-Ad infection low molecular weight DNA was
isolated by Hirt procedure, fractionated on a 0.8% agarose gel, and
subjected to Southern analysis using wild-type AAV as a specific
probe. Lanes 1 and 4, wild type AAV (4675 bp); lanes 2 and 5,
pSMOR (4722 bp); lanes 3 and 6, pBS35 (4972 bp).

on the filter via repressor-specific interactions were eluted
and fractionated as well (Figure 3A, lanes 2, 4, 6, 8 and
10). Southern hybridization analysis using AAV DNA as
a probe demonstrated the specific retention of viral sequences
containing the operator sequences OR1-OR2 after filter
binding with the lambda repressor when compared with wild
type AAV DNA (Figure 3B, lanes 1 and 2 versus lanes 9
and 10). The high molecular weight of these AAV sequences
(Figure 3B) suggested that they were associated with cellular
DNA.
A total of 25 recombinants isolated from three latent cell

lines were characterized. In all cases, the cloned viral-
cellular sequences appeared to have rearranged based on a
comparison with restriction patterns of genomic DNA,
possibly suggesting that these sequences were unstable in
bacteria (data not shown). These rearrangements occurred
primarily at the AAV-cellular junctions, and seemed to
involve the viral terminal repeats. The 145 bp terminal repeat
of AAV can form a 125 bp palindromic T shaped structure
which appears to be extremely unstable in bacterial cells
(Samulski et al., 1982, 1983; Bohenzky et al., 1988;
Laughlin et al., 1983). This instability is also observed with
the autonomous parvoviruses MVM, JNC, and the patho-
genic human parvovirus B19 (Merchlinsky et al., 1983;
Jourdan et al., 1990; Deiss et al., 1990). Because of this
phenomenon, the exact viral -cellular junction was not
elucidated in these preliminary studies (see below, Analysis
of PCR-amplified AAV -19 junctions).

Nucleotide comparison among the cloned cellular
sequences, however, demonstrated that outside the
rearranged region they were identical to one another (data
not shown). We further analyzed a 300 bp fragment which
was distinct from AAV DNA. This fragment was subcloned
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Fig. 3. Selective enrichment of AAV-ORl-OR2 proviral sequences
using lambda repressor in a filter binding retention assay. Panel A.
Ethidium bromide stained agarose gel of digested genomic DNA
isolated from AAV-OR1-OR2 latent cell line H3 (lanes 1. 2, 5 and
6), GIl (lanes 3, 4, 7 and 8), or a wild type AAV latent cell line D5
(lanes 9 and 10). Each lane contains 10 Ag of genomic DNA either
digested (odd numbered lanes), or digested and processed through the
filter binding retention assay (even numbered lanes). Molecular weight
markers (in kb) are indicated. DNAs in lanes 1, 2, 5 and 6 were
digested with BgllI and lanes 3, 4, 7-10, were digested with PvuII.
Panel B. Southern hybridization analysis of panel A using AAV-
specific probe.

and was used as a probe (referred to as junction probe 1)
in Southern hybridization analyses of genomic DNA from
the parental cell line (HeLa), the AAV-OR1-OR2 latent
cell line (H3) and a previously established AAV latent cell
line (D5) (Figure 4, lanes 1, 3 and 5). A single band of 4 kbp
was present in the parental cell line (Figure 4A, lane 1).
As expected, no parental DNA which hybridized to the probe
was retained in the filter binding assay (Figure 4A, lane 2).
Hybridization to digested genomic DNA from the latent cell
line H3 yielded two bands (Figure 4A, lane 3), one with
a mobility identical to the species observed in the parental
cell line (4 kbp), and one of a higher molecular weight which
co-migrated with the AAV-specific DNA (compare Figure
4A and B, lanes 3). Only the higher molecular weight species
was retained by repressor binding (compare Figure 4A and
B, lanes 4), indicating the physical linkage of this cellular
DNA to viral sequences. The genomic Southern of the D5
cell line (containing wild type AAV DNA and established
20 years ago) detected not only the 4 kbp band, but also
a higher molecular weight species that also co-migrated with
AAV DNA (compare Figure 4A and B, lanes 5). The D5
fragments were not retained on the repressor filter demon-
strating that they were not detected as a result of contamina-
tion with AAV-OR1 -OR2 DNA (Figure 4A and B, lanes
6). These results suggested that the AAV DNA in both cell
lines was associated with the same chromosomal sequence.

Using the same approach, we analyzed eight independently
derived AAV -ORl -OR2 latently infected cell lines for the
possible association of this junction sequence with the
proviral DNA. In all cases we observed co-migration of the
same cellular junction with the viral DNA (data not shown).
Four of these cell lines were analyzed after enrichment by
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Fig. 4. Analysis of H3 cellular junction sequences in parental and
AAV latent cell genomic DNA. Panel A. Southern hybridization
analysis of genomic DNA from parental cell line HeLa (lanes 1 and
2), AAV-OR1-OR2 latent cell line H3 (lanes 3 and 4) and wild type
AAV latent cell line D5 (lanes 5 and 6) using H3 junction-specific
probe. Each lane contains 10 /ig of genomic DNA digested with an
enzyme that does not cut viral sequences (PvuII; odd numbered lanes),
or digested and then processed through the repressor filter retention
assay (even numbered lanes). Panel B. Southern hybridization analysis
of the same filter using AAV-specific probe. Molecular weight
markers (in kb) are indicated for each panel.

repressor filter binding and the retained fragment in each
case hybridized specifically with the cellular sequence
isolated from H3 (data not shown). In this characterization,
we observed primarily two types of viral integration pattern.
One type appeared to consist of a simple integration
multiple AAV proviral genomes migrated as a single species
after digestion with an enzyme that does not cut AAV DNA
(Figure 5). The second type of configuration also contains
multiple integrants, but in this case, several distinct fragments
were produced after digestion with the same enzyme (Figure
5, see GI 1). In each case, at least one viral fragment was
also detected with the H3 junction probe, supporting the use
of a common integration sequence. Digestion of all genomic
DNAs with an enzyme that cuts once in the AAV genome
revealed that single bands observed with a no-cutter
contained tandemly repeated copies of the AAV genome
(data not shown). However, as previously described for D5
(three to five copies, Cheung et al., 1980) and certain other
AAV latent cell lines (McLaughlin et al., 1988), amplified
chromosomal sequences between AAV genomes sometimes
occurred (for example, G 1 and C 10 of this study; data not
shown).

Chromosome mapping and characterization of the
common integration site
The Southern blot analyses of these AAV latent cell lines
suggested that the junction sequence originally isolated from
H3 was also associated with AAV proviral DNA in other
latent cell lines including some of simian origin (data not
shown). To determine the extent of conservation of this
sequence, cellular DNAs isolated from various species were
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Fig. 5. Analysis of H3 cellular junction sequences in multiple independent latent cell lines. Each lane contains 10 ug of genomic DNA isolated from
a parental cell line Detroit 6 (D6), or various independently derived AAV latent cell lines (D5, H3, G10, G11, G12, CO0 and C 12), digested with
PvuII and fractionated on a 0.8% agarose gel. Filters were first probed with H3 cellular sequences (lanes indicated 'junction'), and then stripped and
reprobed with AAV-specific sequences (lanes indicated 'AAV'). Molecular weight markers (in kb) are indicated.

analyzed by Southern hybridization using the H3 junction
sequence as a probe. The sequence was conserved in human
and monkey, but it was not detected in the other species
tested including rat, mouse, canine, bovine, rabbit, chicken
and yeast (Figure 6C). Although AAV latently infects cells
from several of these organisms, its integration has not yet
been characterized. Northern hybridization analysis using
the H3 cellular probe failed to detect a cytoplasmic RNA
species expressed from this region in HeLa cells (data not
shown).
To determine the native chromosomal location(s) of the

junction sequence in human cells, rodent-human hybrid
panels were analyzed by Southern hybridization. Only hybrid
panels containing human chromosome 19 hybridized to the
junction probe (Figure 6A). Further characterization of
human hybrids that contained various portions of chromo-
some 19 localized this junction sequence to the lower portion
of the q arm (Figure 6B).

In situ chromosome analysis of AAV latently infected
cell lines
Southern blot analysis of several AAV latent cell lines
(Figure 5) revealed numerous high molecular weight
fragments positive for AAV. Many of these AAV fragments
did not co-migrate with the putative junction fragment; thus,
the data could not determine whether these AAV sequences
were associated with a common integration locus or were

integrated at completely independent sites, perhaps on

different chromosomes. Furthermore, localization of the
junction probe to chromosome 19 does not confirm that the
AAV sequences reside there, as rearrangements subsequent
to integration could have occurred. To examine these
possibilities, AAV latent cell lines were analyzed by in situ
chromosome analysis using an AAV-specific probe. In
addition, a probe which detects repetitive sequences present

in high copy number at q13.2 of chromosome 19 and fewer
times on chromosome 4, was used to orient the AAV signal.
Figure 7A demonstrates the presence of AAV-specific
sequences on the ter portion of only one chromosome from
cell line H3 which was identified as 19 by analysis using
AAV and chromosome 19-specific probes together (Figure
7D). The two other chromosomes 19 present in this cell line
did not show detectable AAV sequences.

In situ chromosome characterization of cell lines that, by
Southern analysis appeared to carry multiple different
integrations of AAV (for example, GI1) also showed viral
sequences associated with only one chromosome (Figure
7B). These chromosomes were also identified as 19 by
double labeling (Figure 7E). These results suggested that
all of the AAV sequences were physically located at one

locus even though they sometimes appeared not to be closely
associated with the H3 junction sequence by Southern
analysis (compare Figure 5, lanes GIl with Figure 7B).
Finally, the 20 year old D5 cell line also carried AAV
sequences exclusively on chromosome 19 (Figure 7C and
F), demonstrating preference by AAV for this chromosomal
location, and also ruling out the possibility that the lambda
operator sequences played a role in defining the integration
site. Furthermore, this result suggests that the AAV DNA
which established viral latency some 20 years ago remains
stably associated with this locus.

Analysis of PCR amplified AAV - 19 junctions
To characterize further the mechanism of integration we

isolated and analyzed junction sequences from latent cell
lines. Since the bacterial junction clones carried rearrange-

ments, we used the H3 junction sequence to isolate a genomic
preintegration site from a cosmid library. A 2651 bp BamHI
subclone which hybridized to the junction probe and to
chromosome 19 (not shown) was sequenced (Figure 8).
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Fig. 6. Chromosome mapping and characterization of the common
junction integration site. Panel A. Genomic DNAs from a number of
rodent-human hybrid cell lines containing various human
chromosomes were digested with PstI, fractionated on an agarose gel,
transferred to a nylon filter and hybridized with the H3 cellular
junction probe. Cell lines positive for H3 junction probe are indicated
by plus sign. These cell lines are described in Geissler et al. (1991).
Cell lines 1016A and 1112E2DW go by the published names of
PK-87-19 and PK-87-19 as given in Warburton et al. (1990) Panel B.
Genomic DNAs from three rodent-human hybrid cell lines (G171 1B,
G35F3B and GM89A99C7B) containing different segments of human
chromosome 19 (illustrated by horizontal line) were analyzed as in
panel A using H3 junction-specific probe. G171 lB and G35F3B retain
the region l9pter- 19q13.2. GM89A99C7B retains 19q13.3 - l9qter.
All three cell lines contain other human chromosomes and are
described in Brook et al. (1991). Panel C. 10 Ag each of genomic
DNA isolated from several different organisms as indicated were
digested with EcoRI and analyzed by Southern hybridization with
H3-specific junction probe. Molecular weight markers (in kb) are
indicated.

From this sequence, a junction-specific primer designed for
PCR amplification when paired with AAV-specific primers
(Figure 8). Genomic DNA from latent cell lines H3, CI1
or W138/AAV2 (AAV infected human diploid cells) was

used as a template and the amplified product was sequenced
and compared with the preintegration sequence (Figure 8).
Direct sequencing from asymmetric PCR amplification or
from cloned PCR products generated similar results (Figure
8). The majority of the viral -cellular break points lie within
a 100 bp sequence. Analysis of the preintegration sequences
shows a 21 bp direct repeat overlapping this region. In most
cases, portions of the viral terminal repeat were missing and
patchy homology of 2-3 bp was present at the viral -
cellular crossover. In two clones from independent cell lines
(H3 and C I1) enough of the viral terminal repeats remained
such that the viral orientation could be determined (flip in
H3 and flop in ClI).

Discussion

Site-specific integration
We utilized a protein DNA binding enrichment technique
to isolate AAV proviral DNA from human cell lines. Our
characterization of the human-specific DNA and its
association with viral DNA indicates that this non-pathogenic
human parvovirus integrates site-specifically, a phenomenon
which is currently unique among eukaryotic DNA viruses.
The initial indication that AAV DNA may integrate in such
a manner came from Kotin et al. (1990), where high
frequency (68%) co-migration between AAV fragments
derived from various latent cell lines and a specific AAV
junction sequence was demonstrated using Southern
hybridization analysis. Given the limitations of this
technique, however, it was possible that establishment of
viral latency had caused the association of cellular sequences
with AAV DNA without stable integration into the site of
their origin. In the present study, we provide three lines of
evidence which suggest that AAV DNA does indeed become
stably integrated into chromosome 19. First, we show the
physical linkage between AAV proviral DNA and cellular
sequences which map to human chromosome 19 (Figures
4 and 5). Second, using sequence information from a
preintegration site for PCR-based amplification, we
generated viral/junction sequences that map within 100 bp
on chromosome 19. These results were the same whether
from latent HeLa cell lines or the diploid WI38 cell line
(Figure 8). The third, and strongest line of evidence comes
from numerous in situ analyses of latently infected cell
chromosomes. Using an AAV-specific probe, we demon-
strated that viral DNA integrated into only one locus (Figure
7A, B and C). This was true regardless ofAAV copy number
and apparent complexity of AAV restriction fragment
patterns in certain cell lines (compare Figure 5 lanes GIl
with Figure 7B). The concomitant use of chromosome
19-specific sequences with AAV DNA in double labeled
in situ analysis confirms the physical location of AAV
integration at qI4.3-ter of chromosome 19 (Figure 7D, E
and F). It still remains to be determined if the complex
integration pattern we observed in some cell lines is an initial
event which sometimes occurs during AAV integration, or
results from subsequent rearrangement. We anticipate from
preliminary examination of AAV integration in normal
human diploid cells that this complexity is most likely unique
to aneuploid cell lines (X.Zhu, X.Xiao and R.J.Samulski,
unpublished observation). Our in situ analysis also illustrated
that regardless of the number of chromosomes 19 present
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Fig. 7. In situ chromosome analysis of AAV latent cell lines. Detection of AAV provirus at the tip of one chromosome in the latent cell line H3
(panel A, red signal), GIl and D5 (panels B and C, yellow signal) using AAV-specific probe. Colocalization of AAV provirus to one chromosome
19 by in situ analysis using both AAV and 19-specific probe (panels D, E and F, double dots). Panel A and D chromosomes were counterstained
with DAPI (blue), whereas panels B, E, C and F were counterstained with propidium iodide (red). All DNA probes were indirectly labeled with
FITC, except the AAV probes used in panels A and D which were labeled with Cy3 (a rhodamine-like dye with red color).

within a cell (HeLa contained three copies of 19, whereas
D5 and W138 contained two), AAV DNA was associated
with only one chromosome. It is possible that AAV
integration into only one chromosome 19 was observed
because of selective pressure (cell viability may require one
unrearranged chromosome 19) or because the input levels
of virus were limiting. Further analyis should resolve these
possibilities.
3946

Viral targeting
The high specificity described here for AAV DNA integra-
tion has not previously been demonstrated with other
eukaryotic DNA viruses. However, evidence for non-
random integration has been obtained in some cases for
retroviruses (Cohen and Murphey-Corb, 1983; Shih et al.,
1988). Common integration sites were documented in cells
transformed by many non-acute retroviruses (Gailahan et al.,
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Fig. 8. Analysis of PCR amplified AAV -host junctions. Latent cell lines H3 and ClI, and human diploid cells W138 were subjected to PCR
amplification using a chromosome 19-specific oligo (a.-) in combination with AAV-specific primers (_). Asymmetrically amplified DNA (H3 cell
line ATH 10, ATH 12) or amplified DNA which had been cloned (WI38 DNA ATW4, H3 DNA ATH3 and ATH40, and Cll DNA ATC5) were
sequenced and compared with host chromosome 19 sequences ('HOST'). The AAV 145 bp terminal repeat (TR) sequences ('AAV') are presented
with the nucleotide numbering for the right end. Palindromic sequences within the TRs are indicated by the lettering D, A, C, C', B, B', A' and the
two possible sequence orientations Flip and Flop are indicated. For each viral/junction sequence isolated, the amount of viral terminal sequences are
illustrated by lettering D, A, C, C', B, B', A' and the last six unique nucleotides. DNA overlap between virus and cellular sequences is indicated by
underline, and the last discernible viral nucleotide is noted by its position in the AAV sequence. The 21 bp direct repeat of the preintegration
sequence is shown in boxes, with the position of the viral insertions indicated by ( + ).

1987; Garcia et al., 1986; Peters et al., 1986; Nusse and
Varmus, 1982; Bemns et al., 1989). The proviral DNA found
in tumors appears to be associated preferentially with cellular
proto-oncogenes and chromosome fragile sites (van Lohuizen
et al., 1989). For example, in Cas-Br-E murine leukemia
virus-induced tumors, a cluster of 16 integrations, with the
same orientation, in < 100 bp was observed (Bergeron et al.,
1991). This specificity appears to reflect molecular
constraints required to produce an oncogenic effect, such
as the insertion of a viral regulatory element near a cellular
proto-oncogene which results in activation, or removal of
negative elements effected by insertion, or both (Bergeron
et al., 1991). AAV has no apparent impact on cell growth
or morphology (Handa et al., 1977). Thus, the specificity
we have observed with AAV integration was not selected
for by cell transformation or by any other means. Similar
unselected analysis of retrovirus insertions indicates that most
occur at different sites in the host genome (Hughes et al.,
1978; Steffen and Weinberg, 1978; Ringold et al., 1979),
although retrovirus integraton often results in provirus
insertions preferentially near DNase 1-hypersensitive sites
and apparently transcriptionally active regions (Rohdewohld
et al., 1987; Scherdin et al., 1990; Vijaya et al., 1986).
While we see no evidence for expression of the AAV target
site in HeLa cells, we have not yet tested a large portion
of the locus, and examination of the chromatin configura-
tion has not been carried out. What role if any virus integra-
tion may play in the host remains to be determined.

Studies by Shih et al. (1988) using Rous sarcoma virus
(RSV) have demonstrated the use of highly preferred target
sites for integration in the absence of selective pressure.
These target sites appear to be present about once in 2.5
million bp (on average) or 800 such sites per avian genome.
Compared with random sites of integration, use of these
specific sites occurred at a frequency more than a million-

fold greater than expected, suggesting a mechanism of
preferred integration. Another retrovirus, Baboon
endogenous virus (BEV), appears to integrate more specific-
ally (Cohen and Murphey-Corb, 1983). BEV requires the
presence of the BEVI (baboon endogenous virus infection)
locus located on chromosome 6 for virus replication in
human cells (Lemons et al., 1977, 1978). Although
documented as a relatively inefficient process (Huang et al.,
1989), after many rounds of DNA replication, integration
occurs resulting in approximately five copies/cell. Charac-
terization of this retrovirus integration revealed a common

cellular sequence in the proximity of one of the junctions
between the cellular DNA and the integrated virus (Cohen
and Murphey-Corb, 1983). From these results the authors
proposed that a short cellular sequence repeated on

chromosome 6 and separated by unique DNA sequences
presents a high affinity target for the BEV integration in
human cells. AAV integration appears to be more specific
compared with RSV and more efficient compared with BEV:
11 of 11 integrated genomes were observed to be associated
with a single locus. Interestingly, the AAV terminal
nucleotides are the same as those of retroviruses (5'-TG .

CA-3'). Whether additional features of these viral integra-
tion mechanisms are similar can now be addressed with the
AAV system described here.
Another documented possibility for targeted integration

involves chromosomal fragile sites. The human homologue
of the int-2 locus, a murine mammary tumor virus integration
site, is located at 1 1q13, a hereditary site of chromosome
fragility (Berger et al., 1986; Casey et al., 1986; Sutherland
and Mattei, 1987). Evidence for human papilloma virus
(HPV) DNA integration into sites of known heritable
chromosome fragility has also been demonstrated in two
cervical carcinoma cell lines (Popescu et al., 1987a,b).
Recently, Romani et al. (1990) showed preferential
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integration ofan Ad5 -SV40 hybrid into a highly recombino-
genic region of human chromosome 1. We assayed all
available cell lines from the human genetic mutant cell
repository (GM89, GM271 and GM4188) known for trans-
location between the chromosome 19 q region and other
chromosomes and saw no evidence for rearrangement of the
AAV target site (X.Zhu and R.J.Samulski, unpublished
results). While we cannot rule out the presence of an
undetected fragile site at this location, these results indicate
that AAV integration does not involve any of the break-points
currently mapped to this region of chromosome 19.
To define better the AAV target sequences, we initiated

studies to characterize the cellular preintegration site.
Recently, we isolated two overlapping cosmid clones
that hybridize to the H3 junction from chromosome 19
(N.Epstein and R.J.Samulski, unpublished results). The
sequence of a 2651 bp BamHl subclone shows two direct
repeats of 21 bp flanking the predominant viral integration
site (Figure 8). Further analysis of this region should be
illuminating for both the integration mechanism and for
understanding what role if any this virus may play in
the host cell. This host sequence may also facilitate the
establishment of an in vitro integration system for AAV.
AAV vectors containing only the viral terminal repeat

sequences carrying heterologous internal genes integrate at
high frequency (Hermonat and Muzyczka, 1984; Tratschin
et al., 1985; McLaughlin et al., 1988; Samulski et al.,
1989). In our preliminary studies, similar mutant AAV
viruses have been analyzed for targeted integration. Initial
results suggest that AAV sequences in addition to the
terminal repeats may be required for site-specific integra-
tion (X.Xiao, X.Zhu and R.J.Samulski, manuscript in
preparation). One possibility is that AAV trans-acting factors
are required to achieve site-specificity. Numerous labs have
shown that the retrovirus-encoded INT protein is essential
when establishing the proviral state (for reviews see Skalka,
1988 and Brown et al., 1989). Recently, in vitro systems
have been developed to characterize this molecular event in
detail (see review by Grandgenett and Mumm, 1990). AAV
proteins which may be potential candidates for a role in virus
integration are the AAV 78 kDa and 68 kDa replication (rep)
proteins. These proteins, which are essential for viral DNA
replication in vivo, have been characterized biochemically
in vitro (Snyder et al., 1990a, b; Im and Muzyczka, 1989,
1990 and 1991). They interact with AAV terminal sequences
only if the termini exist in a T shaped secondary con-
formation (Im and Muzyczka, 1989; Ashktorab and
Srivastava, 1989), a conformation which is believed to exist
in virion DNA. Both rep 78 and rep 68 contain ATP-
dependent site-specific and strand-specific endonuclease
activities which recognize a sequence in the AAV terminal
repeat referred to as the terminal resolution site (trs) (Snyder
et al., 1990b; Im and Muzyczka, 1991). DNA helicase
activity is also associated with these viral proteins (Im and
Muzyczka, 1990). Both enzymatic activities are required in
the first steps ofAAV DNA replication, and we are currently
testing the possibility that they are involved in integration
by assaying AAV rep mutants for site-specific integration.

AAV as a vector
Beyond the basic interest in the molecular mechanism of site-
specific integration, the AAV system described here has
tremendous potential for applications in human gene therapy

approaches. AAV vectors have been developed which appear
to provide a viable alternative to currently utilized vector
systems (Hermonat and Muzyczka, 1984; Tratschin et al.,
1985; LaFace et al., 1988; Mendelson et al., 1988;
Srivastava et al., 1989; Samulski et al., 1989). These AAV
vectors make use of an infectious recombinant clone
comprised of the cis-acting AAV terminal repeats, and a
helper plasmid that carries the essential AAV trans-acting
factors (Hermonat and Muzyczka, 1984; Tratschin et al.,
1985; McLaughlin et al., 1988; Samulski et al., 1989).
Recent results demonstrate transduction frequencies as high
as 80% (McLaughlin et al., 1988; Samulski et al., 1989).
Thus, incorporation of site-specific integration into AAV
vector schemes should provide tremendous advantages for
targeted delivery of genes, particularly in the case of gene
therapy where the possibility of detrimental effects resulting
from random integration must be minimized.

Materials and methods

Cells and viruses
HeLa, Detroit 6 and CV1 monolayer cells were maintained in Dulbecco's
modified Eagle's medium supplemented with 10% calf serum, 100 U/ml
penicillin and 0.1 mg/ml streptomycin. Cells were transfected using the
DEAE-dextran method (McCutchan and Pagano, 1968) as previously
described (Samulski et al., 1983). Adenovirus type 5 stocks and helper virus
infections were carried out as described (Samulski et al., 1987). The AAV
virus lysate was heated at 56'C for 30 min to inactivate Ad. The latently
infected cell lines were established as described in Samulski et al. (1989).

DNA cloning, sequencing and filter binding assay
High molecular weight DNA was extracted as described (Sambrook et al.,
1989), digested with restriction endonucleases and subjected to the DNA
fragment retention assay essentially as described by Fuller et al. (1984).
20 1tg digested genomic DNA were incubated with 25 ng repressor in 25 Al
binding buffer (10 mM Tris-Cl pH 7.4, 50 mM KCl, 0.1 mM EDTA,
1 mM CaC12, 10 mM DTT, 60 mg/ml BSA) on ice. After incubation for
15 min, reactions were filtered under gentle suction (0.4 ml/min) on
pre-soaked filters (Millipore, Type HA, 0.45 itm). The filters were washed
under the same suction with 250 Al washing buffer (10 mM Tris-Cl pH 7.4,
50 mM KCl, 0.1 mM EDTA, 1 mM CaC12, 10 mM DTT, 5% DMSO)
at room temperature. The DNA was eluted by soaking filters in 250 Al elution
buffer (50 mM Tris-Cl pH 7.4, 10 mM EDTA, 0.5 M sodium acetate,
0.5% SDS) at 65°C for 30 min with constant shaking. The eluted DNA
fragments were either analyzed on agarose gels or ligated to plasmid vector
pGEM (Promega), transformed into Escherichia coli (SURE strain,
Stratagene), and screened for positive clones by hybridizing to 32P-labeled
AAV terminal repeat probe. PCR products were cloned into plasmid
pCRTM 1000 according to the manufacturer's instructions (Invitrogen).
Plasmid preparations, restriction enzyme digestions and other routine DNA
manipulations were performed using standard procedures (Sambrook et al.,
1989). DNA was sequenced by the chain termination method (Sanger et al.,
1977).

Southern hybridization analysis and polymerase chain reaction
High molecular weight chromosomal DNA was digested with various
restriction endonucleases and electrophoresed in a 0.7% agarose gel,
transferred to Gene Screen Plus (New England Nuclear) as recommended
b the manufacturer and hybridized at 68'C with random primed
3 P-labeled probes. Filters were washed in 2 x SSC, 1% SDS at 65°C
for 30 min, and then 0.2 x SSC, 1% SDS at room temperature for another
30 min, then exposed to X-ray film with an intensifying screen overnight.
PCR was carried out using 100 ng of genomic DNA added to 25 tl of

total PCR reaction cocktail (Promega), consisting of 50 mM KCI, 10 mM
Tris-HCI pH 9.0, 1.5 mM MgCI2, 0.01% gelatin (w/v), 0.1% Triton
X-100, 200 mM each of dATP, dGTP, dCTP and TTP, 0.5 U of Taq
polymerase (Promega) and 5 pmol of each amplification primer. For
screening AAV positive cell lines, pl: 5'-GCGCATCAGAATTGGGAT-
TC-3' hybridized to AAV nt960-941, p2: 5'-GAACGCGCAGCCGCC-3'
hybridized to AAV nt305-320. For amplifying the AAV-cellularjunction,
p1: 5'-ATAAGTAGCATGGCGGGTTA-3' hybridized to AAV nt4498-
4517, p2: CGCATAAGCCAGTAGAGC-3' hybridized to chromosome 19
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sequences. The reaction proceeded for 30 cycles in a PCR 1000 Thermal
Cycler (Perkin-Elmer Cetus) programmed for 1 min at 94°C, 2 min at 50°C,
min at 72°C per cycle. The PCR products were analyzed on a 1.2%

agarose gel, stained with ethidium bromide then transferred and hybridized
with AAV or junction-specific probe.

In situ hybridization
Two plasmids, psub 201 (Samulski et al., 1987) and plasmid sst repeat
(Epstein et al., 1987) containing the AAV genome and a fragment localized
to chromosome 19 respectively, were labeled by digoxigenin-ll-dUTP
(Boehringer Mannheim) and/or biotin-16-dATP (BRL, Bethesda, MD)
according to manufacturer's protocols and used as probes in chromosome
analysis. The chromosome spreads from AAV latently infected cells were
prepared according to typical cytogenetic techniques. The fluorescent in
situ hybridization protocol described by Lawrence et al. (1988) with slight
modification was used to detect AAV provirus in latent cells. For each slide,
30 Il hybridization mix containing 150 ng AAV probe, 50 ng chromosome
19 probe, or both were mixed with 15 jg sonicated salmon sperm DNA,
60 /zg yeast tRNA, 50% formamide, 10% dextran sulfate, 0.1% BSA and
2 x SSC, denatured at 70°C for 10 min and then applied to the 37°C
prewarmed slide. The samples were hybridized overnight and washed
according to the procedure of Lawrence et al. (1988).
To locate the hybridization signals, anti-digoxin monoclonal antibody

(Sigma Chemical) and a Cy3 conjugated sheep anti-mouse antibody (gift
from Dr Alan Waggoner, Carnegie Mellon University Fluorescence Center)
were used to detect AAV and chromosome 19 probe, respectively. The
slides were incubated with avidin (5 Ag/ml) and anti-digoxin antibody
(1:25000 dilution) in 4 x SSC, 1% BSA, 0.1% Tween 20 for 30 min at
37°C and washed three times in 4 x SSC, 0.1% Tween 20 at room
temperature. Then the slides were incubated with Cy3 conjugated sheep
anti-mouse antibody in 4 x SSC, 1% BSA, 0.10 Tween 20 for 30 min
at 37°C and washed as before. Finally, the samples were counterstained
with DAPI (diamino-phenylindole, 0.1 tg/ml in PBS) or propidium iodide
(0.1 sg/ml PBS), for 5 min and mounted in an antifade solution (Johnson
and Aroujo Nogueira, 1981).
A Zeiss Axiophot epifluorescent microscope equipped with an image

processor or a Nikon labophot-2-epifluorescent microscope was used to
visualize FITC (exciter 485 nm, dichroic 510, barrier 420), Cy3 (exciter
546 nm, dichroic 580, barrier 590) and DAPI (exciter 365 nm, dichroic
390, barrier 420). Fluorescence observed using the Nikon labophot-2 was
photographed using Kodacolor Gold ASA400 film.
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Note added in proof
Since submission of this manuscript, Bems et al. have also visualized AAV
integration on the q arm of chromosome 19 [Berns et al. (1991) Genomics,
10, 831-834].
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