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Adeno-associated virus (AAV) integrates very efficiently into a specific site (AAVS1) of human chromosome
19. Two elements of the AAV genome are sufficient: the inverted terminal repeats (ITRs) and the Rep78 or
Rep68 protein. The incorporation of the AAV integration machinery in nonviral delivery systems is of great
interest for gene therapy. We demonstrate that purified recombinant Rep68 protein is functionally active when
directly delivered into human cells by using the polycationic liposome Lipofectamine, promoting the rescue-
replication of a codelivered ITR-flanked cassette in adenovirus-infected cells and its site-specific integration in
noninfected cells. The sequencing of cloned virus-host DNA junctions confirmed that lipofected Rep68 protein
triggers site-specific integration at the same sites in chromosome 19 already characterized in cells latently

infected with AAV.

Adeno-associated virus (AAV) is a defective parvovirus with
a single-stranded DNA genome of 4.7 kb comprising two open
reading frames coding for nonstructural (Rep) and structural
(Cap) proteins, and the entire genome is flanked by two iden-
tical 145-base inverted terminal repeats (ITRs) (3). AAV rep-
licates only in cells coinfected by a helper virus such as ade-
novirus (Ad); in the absence of coinfection, the virus integrates
stably into a defined region, called AAVSI1, of human chro-
mosome 19 (q13.4-qter) (9, 16, 17, 27, 29).

The mechanism of AAV integration has been partially elu-
cidated. The two hairpinned ITRs are the minimal elements
required for integration; in fact, recombinant AAV vectors
lacking the rep and cap genes still integrate into the human
genome, albeit not specifically in chromosome 19 (6, 15, 39).
The efficiency of ITR-dependent integration is presently un-
known (39). Integration into the AAVSI site also requires the
presence of the viral Rep78 or Rep68 protein (6, 23). Rep78
and Rep68 are expressed from unspliced and spliced tran-
scripts, respectively, initiated at the common p5 promoter (3).
The two proteins have similar biochemical properties: they
bind to a specific DNA sequence (the Rep binding site [RBS])
present in the AAV ITRs and the p5 promoter, nick the ter-
minal resolution site (¢rs) in the ITRs in a strand- and site-
specific manner, and have an ATP-dependent helicase activity
(11, 12). The first step in site-specific integration is postulated
to be the formation of a complex, mediated by Rep78 or
Rep68, between the AAV ITR and an RBS which has been
identified within the AAVSI site (37). Subsequently, integra-
tion is presumed to proceed through a replication-mediated
recombination process, in which several template switches oc-
cur during synthesis of new DNA strands; the entire process
requires the activity of the cellular factors involved in DNA
replication and repair (22).

The use of elements of AAV to drive site-specific integration
of exogenous DNA sequences delivered with nonviral systems
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is of great interest for gene therapy (6, 21). In fact, one of the
major problems associated with nonviral delivery, the transient
expression of the transgene due to the rapid degradation of
delivered DNA, might be overcome by utilizing viral compo-
nents that facilitate integration of the transgene into the host
genome. The feasibility of this approach has been demon-
strated recently: expression vectors for either Rep78 or Rep68
can promote the integration into the AAVSI site of an ITR-
flanked transgene delivered either in the same plasmid or in a
cotransfected plasmid (1, 31, 34). The advantages of nonviral
delivery are that no potentially replicating viruses are intro-
duced and that, in theory, there would be no size constraint for
the integrating sequence. Cationic liposomes currently repre-
sent one of the most promising tools for nonviral delivery in
gene therapy, and a great deal of work is being devoted to
enhancing their efficacy in vivo (5, 8, 18, 19, 24, 35). Although
they are used mainly for introducing DNA, they can also de-
liver proteins or peptides in vitro and in vivo (2, 7, 13, 14, 20,
30, 40). As a first step toward the assembling of an “ideal”
nonviral particle incorporating the AAV integration machin-
ery, we thus decided to test the hypothesis that functionally
active (i.e., integration-competent) Rep78 or Rep68 recombi-
nant protein could be delivered into cultured cells by using
cationic liposomes.

Before determining whether a functional recombinant Rep78
or Rep68 could be lipofected into cells, we tested whether the
two genes promote site-specific integration with the same ef-
ficiency. Three different plasmids were constructed. The first
construct, ITR/Hook-Neo (Fig. 1), contains an “integration el-
ement,” represented by the expression cassette for the neomy-
cin resistance gene (Neo) and the expression cassette for the
membrane-bound single-chain antibody, both cloned between
the AAV ITRs contained in vector pSub201 (28). From ITR/
Hook-Neo, two plasmids, called 78/ITR/Hook-Neo and 68/
ITR/Hook-Neo, were derived; these contain, outside the ITR-
flanked cassettes and under the control of the cytomegalovirus
(CMYV) enhancer/promoter element, cDNAs for Rep78 and
Rep68, respectively (Fig. 1). Western blotting performed with
whole-cell extracts from transiently transfected HeLa cells con-
firmed that only Rep78 and Rep68 were produced from plas-
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FIG. 1. Site-specific integration in HeLa cell clones. Transfected plasmids are schematically represented. Black boxes represent the AAV ITRs flanking the Hook and Neo
expression cassettes. The Neo gene was derived from plasmid PRc/RSV, and the Hook gene was obtained from plasmid pHook-1 (both from Invitrogen). The individual
c¢DNAs coding for Rep78 and Rep68 were obtained by site-directed mutagenesis of the Rep open reading frame (nucleotides 320 to 2252 of the AAV genome [33])
as described elsewhere (34). Integration at the AAVSI site was assessed by DNA hybridization analysis with AAVS1 and neo-specific probes as described in the text.

mids 78/ITR/Hook-Neo and 68/ITR/Hook-Neo, respectively
(data not shown).

Plasmid ITR/Hook-Neo and its two Rep-expressing deriva-
tives were transfected into HeLa cells by the calcium phos-
phate technique: following 14 to 18 days of growth in selective
medium containing 700 g of G418/ml, 37 single-cell-derived
neomycin-resistant clones were isolated and expanded. Geno-
mic DNA was extracted, digested with the restriction enzyme
BamHI, which has no recognition site in the transgene and in
the subregion of AAVSI in which the great majority of inte-
gration events are detected (17, 39), and analyzed by Southern
blotting using probes specific for AAVS1 and for the neo gene.
Two criteria were adopted to monitor site-specific integration:
the detection, by using the AAVS1 probe, of an upshifted band
with respect to the normal AAVSI site present in the parental
cell line and the cohybridization of the same band with the Neo
probe. According to this scoring system, no site-specific inte-
gration was detected in cells transfected with plasmid ITR/
Hook-Neo; in contrast, integration in AAVS1 was evident in
clones derived from cells transfected with the Rep-expressing
plasmids. As summarized in Fig. 1, similar percentages of site-
specific integration were observed for constructs expressing
Rep78 and those expressing Rep68 (24% for 78/ITR/Hook-
Neo and 22% for 68/ITR/Hook-Neo). This demonstrates that
the two Rep proteins mediate integration in the AAVSI site
with similar efficiencies. We thus decided to investigate inte-
gration using the smaller of the two proteins, Rep68.

Rep68 protein was expressed in Escherichia coli and purified
to homogeneity (Fig. 2). Its functionality was checked by test-
ing its capability to bind to and cleave AAV ITRs and to
support AAV DNA replication in vitro (data not shown). To
test whether Rep68 could be lipofected in cells, we used Lipo-
fectamine, a commercially available liposome preparation con-
sisting of a 3:1 (wt/wt) mixture of the polycationic lipid 2,3-
dioleyloxy-N-[2(sperminecarboxamido)ethyl]-N,N-dimethyl-1-
propaminium trifluoroacetate (DOSPA) and the neutral lipid
dioleoyl phosphatidylethanolamine (DOPE). Five micrograms
of Rep68 was mixed with 10 pg of Lipofectamine in a total
volume of 200 pl of Optimem; following 30 min of incubation,
800 wl of Optimem was added and the mixture was layered on
2 X 10° human renal carcinoma 293 cells. In control experi-
ments, cells were incubated with Rep68 alone. After 2 h, the
intracellular distribution of Rep68 was visualized by indirect
immunofluorescence with an anti-Rep monoclonal antibody.
No signal was observed in cells incubated with Rep68 alone;
only a small percentage of cells (about 2 to 3%) displayed the

faint and diffuse staining shown in Fig. 2B. In contrast, Rep68
was clearly visible in the nuclei of cells transfected with the
Rep68-Lipofectamine complex (Fig. 2C); in different experi-
ments, the efficiency of transfection, measured as the percent-
age of positively stained cells, ranged from 20 to 40%. This
result demonstrates that the lipofected protein efficiently en-
ters the cells and undergoes a physiological cytoplasm-to-nu-
cleus transport. A strong signal was also observed at 4 and 8 h
posttransfection, while after 1 and 2 days, the number of pos-
itive cells strongly decreased. Similar results were obtained
with the adenocarcinoma-derived cell line HeLa and the hepa-
tocarcinoma-derived cell lines HuH7 and Hep3B (data not
shown). It is worth noting that during the 2 days of these
experiments, we did not observe any obvious phenotypic dif-
ference between cells (293, HeLa, Hep3B, and HuH7) lipo-
fected with Rep68 protein and cells transfected with a Rep68
expression vector. Experiments were also designed to monitor
the stability of delivered protein: Western blotting experi-
ments, performed by probing whole-cell extracts prepared at
different times postlipofection with an anti-Rep68 polyclonal
serum, demonstrated that lipofected Rep68 undergoes pro-
gressive proteolytic degradation according to a kinetics which
parallels, and therefore accounts for, the gradual decrease of
the nuclear signal observed in immunofluorescence experi-
ments (data not shown).

To test whether intranuclear Rep68 retained its biochemical
properties, nuclear extracts were prepared 2 h after lipofection
of 293 cells with Rep68 and incubated in the standard trs
endonuclease reaction with labelled AAV ITR as described
elsewhere (32). As a control, extracts from cells lipofected with
the expression vector pCMVrep68, containing the cDNA for
Rep68 cloned downstream of the CMV enhancer/promoter,
were tested. Figure 3 shows that a site- and strand-specific
nicking activity was detected only in the nuclear extracts of
cells either lipofected with Rep68 (lanes 7 and 8) or trans-
fected with the Rep68 expression vector (lanes 5 and 6): no
specific activity was detected in untransfected cells (lanes 3 and
4).

To further verify the functionality of the lipofected Rep68,
we tested its capability to stimulate, in Ad-infected cells, the
rescue-replication of an ITR-flanked cassette contained in a
codelivered recombinant plasmid (28). Two cell lines were
used: HeLa and HepG2. In both cases, 7.5 pg of plasmid
ITR/Hook-Neo and increasing concentrations of Rep68 were
coincubated in 1.8 ml of Optimem with 60 wg of Lipofect-
amine; after 30 min, 7.2 ml of medium was added and the
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FIG. 2. Lipofection of Rep68 protein. (A) Silver staining of a sodium dodecyl
sulfate-polyacrylamide gel. Rep68 protein was expressed in E. coli as a fusion
protein with maltose binding protein (MBP) as described elsewhere (4) and was
partially purified by amylose affinity chromatography (lane 1), cleaved with
Factor Xa to remove the maltose-binding moiety, and purified to homogeneity
(lane 2) by fast protein liquid chromatography with MonoQ (anion exchange)
and Superdex-75 (gel filtration) columns (both from Pharmacia). M, molecular
size markers. (B and C) Intracellular localization of lipofected Rep68 protein.
Two hours after transfection, 293 cells were washed, fixed in 3% formaldehyde,
and permeabilized by treatment with 0.1% Triton X-100. The intracellular loca-
tion of Rep68 was monitored by sequential incubation with the mouse mono-
clonal anti-Rep antibody 226.7 (Progen) and a rhodamine-conjugated anti-mouse
immunoglobulin G goat polyclonal serum. Shown are results of staining of cells
incubated for 2 h with Rep68 alone (B) or with the Rep68-Lipofectamine complex
(©).

mixture was layered on 2 X 10° cells which had been infected
2 h before with Ad-2 at a multiplicity of infection of 10. In
control experiments, the same plasmid ITR/Hook-Neo was
mixed with equivalent amounts of the pCMVrep68 expression
vector or a carrier plasmid. After 8 h of incubation, medium
was changed and cells were grown for additional 60 h. Low-
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molecular weight DNA was then isolated according to Hirt’s
procedure (10), digested extensively with Dpnl to eliminate
unreplicated input plasmid DNA (38), and then analyzed by
Southern blotting with a neo probe. As shown in Fig. 4, a
Rep68-dose-dependent increase in the amount of rescued and
replicated DNA was observed in both HelLa (Fig. 4A) and
HepG?2 cells (Fig. 4B). The signal corresponding to the rescued
monomer was clearly detected with 4 g of Rep68 protein (Fig.
4, lanes 6) and reached a plateau when 16 g of the protein was
lipofected (Fig. 4, lanes 8). As expected, no signal was detected
in the absence of Rep (Fig. 4, lanes 2), while strong rescue-
replication occurred in cells transfected with the Rep68 expres-
sion vector (Fig. 4, lane 1). Similar results were obtained with
293 cells (data not shown).

In subsequent experiments we used a nested-set PCR assay
to monitor the capability of recombinant Rep68 to promote
site-specific integration. Sixteen micrograms of Rep was lipo-
fected along with 7.5 pug of ITR/Hook-Neo into HeLa cells as
described above. In control experiments, cells were lipofected
with 7.5 pg of plasmid ITR/Hook-Neo alone or in combination
with 7.5 pg of the Rep68 expression vector pPCM Vrep68. After
48 h, cells were collected, and genomic DNA was extracted and
used as a template for a PCR using primers designed to flank
the ITR-AAVSI junction (a scheme of the assay is shown in
Fig. 5C). A first amplification was carried out with one ITR-

. S ——— — s bstrate
(trs®)

B s <73 bp

12345678

FIG. 3. Endonuclease reaction with nuclear extracts of cells lipofected with
Rep68 protein. Ten thousand counts per minute of trs™ hairpin substrate that
had been 5'-end labelled with 3?P, prepared as described elsewhere (32), was
incubated for 1 h in endonuclease assay buffer (32) with 1 and 3 wg of nuclear
extracts from untransfected cells (lanes 3 and 4, respectively), cells lipofected
with the Rep68 expression vector pPCM Vrep68 (lanes 5 and 6), or cells lipofected
with Rep68 protein (lanes 7 and 8). A standard endonuclease reaction was
carried out (32). The reaction was terminated by treatment with proteinase K,
phenol extraction, and ethanol precipitation; samples were then resolved on an
8% polyacrylamide sequencing gel. The position of the 73-base product of the
nicking reaction is indicated on the right. In lane 1, the starting trs™ substrate was
loaded. Lane 2 shows the results of a control experiment with 10 ng of purified
Rep68. Nuclear extracts were prepared as described elsewhere (36).
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specific primer (pl, 5'-GTAGCATGGCGGGTTAATCA-3")
and one AAVSI-specific primer (p2, 5'-GCGCGCAGAAGC
CAGTAGAGC-3") by using AmpliTaq Gold (Perkin-Elmer)
polymerase according to the manufacturer’s instructions in a
total volume of 50 wl. The reaction proceeded for 25 cycles (1
min at 94°C, 1 min at 60°C, and 2 min at 72°C). Ten microliters
of the amplification product was then used as a template for a
second round of PCR, performed exactly like the first one but
using the ITR-specific primer p3 (5'-TTAACTACAAGGAA
CCCCTAGTGATGG-3") and the AAVSI-specific primer
p4 (5'-GATAGACCAGACCTGAGCTATGGGAG-3'). The
amplification product from the second round was run on an
agarose gel, blotted, and hybridized with AAVSI1-derived as
well as ITR-derived probes; signals detected with both probes
were considered to be derived from specific amplification of
ITR-AAVSI junctions and therefore were scored as true inte-
gration events. Figure 5 shows that no signal was detected in
untransfected cells (Fig. SA and B, lanes 4) or those trans-
fected with the ITR/Hook-Neo plasmid alone (Fig. 5A and B,
lanes 2); in contrast, positive signals, i.e., site-specific integra-
tion events, were observed in cells lipofected with ITR/Hook-
Neo and the Rep68 protein (Fig. 5SA and B, lanes 3). As ex-
pected, integration was also observed in cells transfected with
the ITR-flanked cassette and the Rep68 expression vector
(Fig. 5A and B, lanes 1). Similar results were obtained with 293
and HuH?7 cells and when Rep78 expression vectors were used
(data not shown). In cells transfected with the Rep expression
vector, the positive signal appeared as a smear on the agarose
gel, in line with the observation that site-specific integration
can take place in a region spanning at least 500 bp of human
chromosome 19, and therefore the amplified ITR-AAVS1
junctions are expected to be heterogeneous in size (38). The
positive signal obtained with lipofected Rep68 had a reproduc-
ibly different pattern: in this case, one to three major bands
(depending on the experiment) were observed in the context of
a faint smear. This might indicate that the protein-mediated
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FIG. 4. Southern blot analysis of rescue-replication from plasmid ITR/Hook-
Neo in Ad-infected cells lipofected with Rep68 protein. Rescue-replication as-
says were performed in HeLa (A) and HepG2 (B) cells. In both cases, cells were
lipofected with 7.5 pg of plasmid ITR/Hook-Neo in combination with either an
equivalent amount of pPCMVrep68 expression vector (lanes 1) or increasing concen-
trations (0.5, 1, 2, 4, 8, 16, and 32 ng) of Rep68 protein (lanes 3, 4, 5, 6,7, 8, and 9,
respectively). As a control, DNA was extracted from cells transfected only with
the ITR/Hook-Neo plasmid (lanes 2). Equivalent amounts of low-M, DNA samples
isolated at 68 h posttransfection were digested with Dpnl, electrophoresed on
agarose gels, and analyzed on Southern blots with a neo probe. The arrows on the
left indicate the rescued monomer; dimeric forms were also observed after
longer exposure (data not shown). Molecular sizes are shown in kilobases.
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FIG. 5. Lipofected Rep68 protein mediates site-specific integration into
AAVSI. (A and B) Southern blot analysis of PCR amplification products gen-
erated from ITR-AAVSI junctions. (A) Hybridization with the AAVS1 probe;
(B) hybridization with the ITR probe. PCRs were carried out by using as a
template the genomic DNA isolated from HeLa cells 48 h after lipofection with
plasmid ITR/Hook-Neo alone (lanes 2) or in combination with the pPCMVrep68
expression vector (lanes 1) or with Rep68 protein (lanes 3). Control reactions
were performed with DNA extracted from untransfected cells (lanes 4). Ampli-
fication products were blotted onto nylon membranes; the same filter was probed
first with a 3?P-labelled AAVS1-specific probe (spanning nucleotides 210 to 1140
of the published AAVS1 sequence [17]) and then, after stripping, with an ITR-
specific probe, excised as an Mscl-Pvull fragment from plasmid pSub201 (28).
(C) Sequence analysis of ITR-AAVSI junctions. At the top is a schematic rep-
resentation of the PCR assay. The sequence of one strand of the ITRs in plasmid
ITR/Hook-Neo, in the “flop” orientation (3, 27), is shown; the nucleotide num-
bering is relative to the right end of the AAV genome (33). Letters (D, A, B, B/,
C, C’, and A’) indicate palindromic sequences. Junctions obtained with the
Rep68 proteins (r68-1 through -4) and with the pCMVrep68 expression vector
(p68-1 through -6) are shown below the PCR assay representation. The numbers
of the last evident cellular and viral nucleotides are given. AAVS1 breakpoints
are based on the published AAVS1 sequence (17). Overlapping sequences be-
tween the ITR and AAVSI are underlined. Insertions between the ITR and
AAVSI breakpoints are boldfaced.

integration is clustered in a more limited number of sites
within AAVS1; more likely, however, the result might reflect a
lower intracellular level of Rep68 when the protein, instead of
an expression vector, is delivered.

We also cloned and sequenced those PCR products which
not only cohybridized with AAVSI and ITR probes but also
were detected by direct ethidium bromide staining of the gels.
Three junctions generated in HeLa cells lipofected with the
integration cassette and recombinant Rep68 were sequenced,;
they are shown in Fig. 5C. The insertion of the ITR-flanked
cassette occurred within a 16-bp region of the AAVSI site
mapping at nucleotides 1016 to 1032 of the published AAVS1
sequence (17), while the ITR breakpoints occurred in the A
(junctions r68-2 and -3) and B (junction r68-1) regions of the
terminal repeat. Six junctions generated in cells lipofected with
the integration cassette and the Rep68 expression vector were
also sequenced (junctions p68-1 through -6 [Fig. 5C]). In this
case, the breakpoints in chromosome 19 were located in a
larger region spanning about 500 bp, from nucleotide 842
(junction p68-2) to nucleotide 1295 (junction p68-1) of the
AAVSI sequence. It is worth noting that the location of all
these junction breakpoints closely resembles that of the virus-
cell junctions characterized in cells latently infected with AAV
(29, 39). As for all the AAV-cell junctions analyzed so far, in
this case, too, a complete ITR was never detected. In addition,
the finding of two junctions, p68-5 and p68-6, containing the
ITR in the “flip” orientation, the opposite of the “flop” orien-
tation of the ITRs present in the transfected plasmid (Fig. 5C),
strongly supports the hypothesis that plasmid integration, like
the integration of wild-type AAV, proceeds through interme-
diate steps of replication of the plasmid template (22, 33).
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FIG. 5. —Continued.

The expression time of transgenes delivered via nonviral
particles such as liposomes might be prolonged by promoting
their integration into the host genome. In addition, the use of
AAV elements to specifically target the AAVSI site in human
chromosome 19 should minimize the risk of insertional mu-
tagenesis. In relation to this point, the observation that lipo-
some-delivered Rep68 protein promotes the site-specific inte-
gration of a codelivered ITR-flanked cassette is of great
interest. In fact, lipofection of the Rep68 protein, instead of
Rep78 or Rep68 expression vectors, might temporally limit the
activity of the protein until its degradation takes place; this
could prevent undesired effects, such as the described rear-
rangements at the AAVSI site following the integration event
(1, 33, 39), possibly a consequence of prolonged expression of
the Rep proteins. Utilizing recombinant Rep68 would also
eliminate the potential problem of the integration of the rep
gene, which has been reported to take place (34). In addition,
lipofection of Rep68 protein might increase the specificity of
integration; in fact, the assembling of liposomes containing
preformed complexes between Rep68 and AAV ITRs could
prevent the random insertion of the integration cassette (39),
which, when a Rep78 or Rep68 expression vectors is used,
would take place until a sufficient quantity of Rep78 or Rep68
is produced. In this connection, it is worth noting that in AAV
particles, the Rep78 protein is covalently linked to the pack-

aged genome and that, following infection of cells, a significant
portion of the viral single-stranded DNA remains attached to
Rep78 after nuclear translocation (25, 26).

In conclusion, the demonstration that AAV Rep68 protein is
functional when lipofected into cells represents a first step
toward the construction of nonviral particles able to promote
site-specific integration of the desired transgene. Future work
will be devoted to optimizing this system and further validating
the utility of this approach.
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reading the manuscript. We also gratefully acknowledge Janet Clench
for editing the manuscript and M. Emili for graphics work.
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