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Adeno-associated virus (AAV) undergoes site-specific integration
into human chromosome 19 through a deletion-substitution mech-
anism at the well characterized AAVS1 site. We have shown
previously that a cis element within the left end of the AAV
genome enhances the efficiency of Rep-mediated site-specific
integration into chromosome 19 when present in inverted terminal
repeat-containing recombinant AAV (rAAV) plasmids. We now
demonstrate that a 138-bp cis element, the p5 integration effi-
ciency element (p5IEE), mediates efficient integration. The p5IEE is
not only required for efficient site-specific integration, it is also
sufficient. Integration mediated by the p5IEE occurs in the absence
of the AAV inverted terminal-repeat elements. The data presented
in this study demonstrate that the p5IEE is a multifunctional
element, serving as the highly regulatable Rep promoter and the
primary substrate for targeted integration.

deno-associated virus (AAV) is a single-stranded parvovi-

rus with a 4.7-kb genome (1). The DNA contains two ORFs,
rep and cap, that are flanked by two inverted terminal repeats
(ITRs; refs. 2-4). AAV is the only known virus that site-
specifically integrates into the human genome, and this targeted
integration of the AAV genome occurs at the AAVSI site on
chromosome 19q13.3-gter (5-8).

The Rep protein (specifically Rep 68/78) is essential in
mediating recombination between the AAV genome and the
AAVS1 chromosomal target (9-13). Rep 68/78 functions by
binding to the Rep-binding elements (RBEs) situated in both the
AAV genome and at the AAVS1 site (7, 14, 15). Through poorly
understood interactions, the Rep protein/AAV-DNA complex
localizes to the AAVSI site, and a nonhomologous deletion-
insertion recombination event occurs, resulting in integration of
the AAV genome (16-22). It has been shown that head-to-tail
concatemers of the wild-type (Wt)AAV genome are able to
site-specifically integrate in this manner (23).

Rep-mediated integration of recombinant AAV
(rAAV)(ITR™) plasmids [such as pTRUF2 (24) or p2ITRLacZ
(10)] is extremely inefficient, with between 0.1 and 1% of
transduced cells demonstrating rAAV genome persistence after
6 weeks (25). In contrast, plasmids that carry the entire AAV
genome integrate at efficiencies of greater than 10%. This
difference between rAAV plasmids and wtAAV plasmids led to
the discovery of a previously unknown cis sequence domain
present in the left end of the AAV genome that enhances
integration efficiency of rAAV(ITR*) constructs by 10-100-fold
(25). The current study extends the characterization of the
left-end cis element in mediating site-specific integration. We
have discovered a 138-bp AAV integration efficiency element
(pSIEE) that is not only necessary for efficient site-specific
integration but is also sufficient. Data presented in this study
clearly demonstrate efficient Rep-mediated integration of
pSIEE-containing plasmids that do not contain AAV ITR
elements. Furthermore, in nearly 100% of cases the integration
event was targeted to the AAVSI site of chromosome 19.

www.pnas.org/cgi/doi/10.1073/pnas. 182430299

Materials and Methods

Plasmid Constructs. Plasmid constructs pAAV/Ad [pRep-
Cap(itr~) (26)] and pSub201 [pRepCap(itr*) (27)] are well
established AAV constructs. Plasmids pGFPCap and pT7-Rep
were constructed as described previously (25). The pAd-pSCAT
plasmid was generated by replacement of the cytomegalovirus
(CMV) promoter in pAd-chloramphenicol acetyltransferase
(CAT) (28) with a 138-bp PCR fragment of the p5S promoter
element (corresponding to AAV nucleotides 151-289).

Southern Blot Analysis. Whole-cell DNA was isolated from HeLa
cell lines by using a standard salting-out protocol (29). EcoRI
was used to digest 7.5 ug of DNA from each clone, and digested
DNA was separated on 1% agarose gels. After transferring DNA
fragments to nylon membranes, hybridization was carried out by
using 3?P-labeled probes at a concentration of 3 million cpm/ml
Sigma prehybridization solution according to manufacturer in-
structions. The following DNA fragments were generated for
DNA probes: the 800-bp Rep PCR fragment was generated from
oligos gatcgaagcttccgegtctgacgtcgatgg and ggaccaggcectcata-
catctccttcaatge; the AAVS1 1-kb PCR product was obtained by
using oligos gaactctgccctctaacgetge and caccagataaggaatctgee (5,
30); the Notl digest of pTRUF2 to generate 700-bp GFP
fragment; and the 1.2-kb plasmid backbone sequence was gen-
erated by Asel-digesting pRepCap(itr~). DNA probes were
32P-labeled by using Rediprime kit (Amersham Pharmacia)
according to manufacturer instructions. Bands were visualized
by autoradiography.

Plasmid Integration Assay. HeLa cells were electroporated with
plasmid(s), and 48 h posttransfection, GFP™* cells were isolated
by fluorescence-activated cell sorter (FACS) sorting using a
Beckman Coulter Altra cell sorter. Cells were plated at 1 cell per
well into 96-well plates, and clonal cell lines were grown for 6
weeks in Dulbecco’s modified Eagle’s medium containing 5%
calf serum and 5% FCS. Whole-cell DNA was harvested,
EcoRI-digested, and separated on 1% agarose gels. The DNA
was transferred to nylon membranes and hybridized to 32P-
labeled probes (using the Southern blot protocol described
above).

Results

pRepCap(itr-) Integration into AAVS1. We have used a simple
transfection assay to characterize the integration efficiency of
ITR™ substrate plasmids in HeLa cells (25). The transfection
assay includes three elements: an AAV integration substrate, a
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Fig. 1. Southern blot analysis of pGFPCap and pRepCap(itr~)-cotransfected
HelLa cell lines: Rep integration. Schematic representations of AAV plasmid
constructs pGFPCap (A) and pRepCap(itr~) (B). Hela cells were transfected
with pGFPCap and pRepCap(itr~), 48-h posttransfection cells were FACS-
sorted, and clonal cell lines were grown for 6 weeks. Whole-cell DNA was
harvested, EcoRI-digested, and characterized by Southern blot analysis by
probing with 32P-labeled GFP (C), AAVS1 (D), or Rep (E) probes. HNC shows
negative-control Hela cell DNA. Vertical arrows indicate GFP-containing
clones, S1 disruptions, and rep-containing clones (C-E, respectively).

Rep-expressing plasmid to mediate the integration event, and a
GFP plasmid for FACS-transduced cells. Briefly, HeLa cells are
cotransfected with plasmids containing the three elements, and
48 h posttransfection, GFP* cells are FACS-sorted and plated
into 96-well dishes to establish clonal cell lines over a period of
6—8 weeks. Cell lines were established from a cotransfection of
the rAAV plasmid pGFPCap (Fig. 14), which contains the first
7% of the AAV genome followed by a GFP transgene and AAV
Cap sequence, and the Rep-expressing plasmid pRepCap(itr™)
(Fig. 1B) [pAAV/Ad (26)], which contains wtAAV sequences
with both flanking ITR elements deleted. Clones were screened
by Southern analysis for persistence of pGFPCap DNA and
disruption of the AAVS1 genomic locus. It is found commonly
that when AAYV integrates into HeLa AAVSI sites, resulting
disruptions are variable in AAVSI restriction fragment length
and fragment-band intensity. Several factors may influence the
character of AAVSI integrants: HeLa cells are aneuploid; the
AAVSI integration site is instable, particularly in the presence
of rep; and the deletion-insertion mechanism of Rep-mediated
AAVS1 integrations imprecisely alter the sequence of
the AAVSI site. In these studies, we are looking for evidence of
AAVSI disruption and persistence of the target substrate DNA
as well as comigration of plasmid DNA with an AAVSI1 disrup-
tion band as indicating a site-specific integration event. In
agreement with previous results, ~6% of the 78 cell lines tested
contained integrated pGFPCap DNA (Fig. 1C). When cell lines
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Fig. 2. AAV-ITR elements are potential substrate-integration boundaries
when using wt plasmid pRepCap(itr*). (A) Schematic representation of wtAAV
plasmid construct pRepCap(itr*). HelLa cells were cotransfected with pRep-
Cap(itr™) and a GFP-expressing plasmid. Clonal cell lines were grown for 6
weeks and processed as described previously. Southern blots were probed
with 32P-labeled Rep (B), AAVS1 (C), or backbone (D) DNA. HNC shows nega-
tive-control HeLa cell DNA. Vertical arrows indicate S1 disruptions and rep-
containing or backbone-containing clones (C, B, and D, respectively). The
arrow with a square indicates rep band comigrating with the 8-kb AAVS1
band; therefore, disruption to the S1 site is not visible.

were screened for genomic alterations of the AAVSI site of
chromosome 19, 54% of the clones were found to have AAVS1
site disruptions (Fig. 1D). Based on these data, it seems that
AAVSI disruptions occur at a much higher frequency than
pGFPCap integration events.

Several explanations may account for the above observation:
Rep-mediated disruption of AAVSI sites can occur in the
absence of integration; integration events are occurring at
AAVSI sites, but the integrated DNA is unstable; or DNA
elements other than pGFPCap are integrating at the AAVSI
site. The pGFPCap and pRepCap(itr~) plasmids (Fig. 1 4 and
B, respectively) have significant homology at both the 5’ and 3’
ends of their respective AAV regions. Therefore an overlap
recombination between the two plasmids theoretically could
occur and result in generation of a wtAAV genome. To confirm
that none of the cell lines had taken up a wt rearrangement
between pGFPCap and pRepCap(itr~), genomic DNA from the
clones was examined for the presence of integrated Rep DNA.
Surprisingly, we found that 14% of the cell lines contained Rep
DNA that in most cases was integrated site-specifically (Fig. 1 E
and D, respectively). To determine whether a recombination
event between pRepCap(itr~) and pGFPCap had occurred, we
carried out PCR analysis of genomic DNA by using one primer
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Fig.3. Site-specificintegration of pRepCap(itr~) in the absence of additional
cis elements (ITRs). HeLa cells were transfected with pRepCap(itr~) and a
GFP-expressing plasmid, then 48 h posttransfection, cells were FACS-sorted,
and GFP' clonal cell lines were grown for 6 weeks. Whole-cell DNA was
harvested, EcoRI-digested, and characterized by Southern blot analysis by
probing with 32P-labeled Rep (A), AAVS1 (B), or plasmid backbone (C) probes.
HNC shows negative-control HeLa cell DNA. Vertical arrows indicate disrup-
tions of the chromosome 19 AAVS1 8-kb EcoRl genomic fragment (B) and rep-
or backbone-containing clones (A and C, respectively).

complementary to the pRepCap(itr~) Rep sequence and an-
other complementary to the pGFPCap ITR sequence. A wt
recombination event would yield a 700-bp PCR product, whereas
pGFPCap or pRepCap(itr~) would not serve as a substrate for
the PCR primer pair. As positive and negative controls, the
primer pair was used to amplify from pRepCap(itr™) [pSub201
(27)] and pRepCap(itr~), respectively. A PCR product was not
obtained from any of the pGFPCap-RepCap(itr ~)-cotransfected
cell lines (data not shown). This result suggested that recombi-
nation between the pRepCap(itr~) and pGFPCap(itr™) to form
a wtA AV plasmid was unlikely to have accounted for the Rep
integrants identified in Fig. 1E and raised the possibility that
pRepCap(itr™) could be an independent substrate for Rep-
mediated site-specific integration into AAVSI.

AAV-ITR Elements Are Not Required for AAV Site-Specific Integration.
Based on the results in Fig. 1, we hypothesized that pRep-
Cap(itr~) contains all the cis and trans factors necessary for
site-specific integration despite the fact that it does not contain
ITR elements. To test this hypothesis, HeLa cells were trans-
fected with the pRepCap(itr~) plasmid and a GFP-expressing
plasmid, pCMV-GFP, that does not contain AAV sequence. In
parallel, we carried out a transfection of pRepCap(itr™) (Fig.
2A) and pCMV-GFP. After plating GFP* FACS-sorted single
cells into 96-well plates, clonal cell lines were grown for 6 weeks,
and then genomic DNA was harvested.

The DNA from pRepCap(itr™) cell lines was digested with
EcoRI, and Southern blotting was used to detect integration of
the rep transgene and also to visualize disruptions in the AAVS1
site. In agreement with earlier results, the wt ITR-containing
plasmid pRepCap(itr*) had a Rep-integration efficiency of 12%
(Fig. 2B and Table 1). Consistent with previous observations,
AAVSI disruptions were found in a higher proportion of cell
lines (33%) than those that retained rep DNA sequence (com-
pare 2C with 2B). DNA from cell lines transfected with pRep-
Cap(itr~) was characterized by Southern analysis for Rep inte-

Philpott et al.

pAd-pSCAT
(7470 bp)

S Y * -9
¢¢¢¢+ 4 oA

HNC 1 2 3 56 7 8 9 10 11 12 13 14 15 16 17 18 19

C VYV v YV VvV VY
-

-‘- - »

151 nt

(.lvTGGAGTCGTGAC GTGAATTACGTCATAGGGTTAGGGAGGTCCTGTATTAGAGGTCACGTGAGTGTTTTIG

—usF —

289 nt

CGJ\C&WTTGCGACACCATGTGGTCACGCTGGGTAmMGCCCG.nGTG&GCACGCASGGTCTCCRTJR
FYY1-604 FTATA+——RBE ——  FYY1+14

transcription start +1 )

Fig.4. Southern blot analysis showing rep-mediated site-specific integration of
pAd-p5CAT. (A) Schematicrepresentation of pAd-p5CAT plasmid. HelLa cells were
cotransfected with pAd-p5CAT and pT7-Rep, a rep-expressing plasmid. Cell lines
were grown and processed as described previously. (B) Hybridization to CAT
probe. (C) Hybridization to AAVS1 probe. HNC shows negative-control HeLa cell
DNA. Vertical arrows indicate CAT-containing clones (B) and disruptions of the
chromosome 19 AAVS1 8-kb EcoRl genomic fragment (C). The arrows with
squares indicate CAT bands comigrating with the 8-kb AAVS1 band; therefore,
disruption to the S1 site is not visible. (D) Schematic representation of the 138-nt
IEE showing YY1 and Rep-binding sites, a putative upstream stimulating factor
(USF)-binding site, and a TATA box.

gration. Rep was found in 22% of cell lines tested, and in most
cases Rep was integrated into AAVSI (Fig. 34 and Table 1). A
large percentage of pRepCap(itr~)-transfected cell lines (45%)
had AAVSI1 genomic fragment disruptions (Fig. 3B). We can
make two conclusions from these results: first, plasmid con-
structs that lack the AAV ITR elements can serve as substrate
DNA for rep-mediated site-specific integration into human
chromosome 19 at the AAVS1 site (Table 1); and second, higher
levels of AAVSI disruption than substrate DNA integrations are
found in cell lines established from either ITR" or ITR™
substrate plasmids.

ITR Elements Influence Boundaries of Integration Substrates. Results
from the previous section demonstrate that not only does
pRepCap(itr~) contain all the elements necessary to mediate
targeted integration, but it seems to be a more effective inte-
gration substrate than wt pRepCap(itr*) [compare 22 with 12%
Rep(+) integrants, respectively; Table 1]. Because a major
difference between these constructs is the presence of the AAV
ITR elements in pRepCap(itr*), we sought to determine how the
ITR may be influencing integration efficiency. The terminal
hairpin structure of the AAV ITR serves as the viral origin of
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Table 1. Site-specific integration efficiency of plasmid vectors

No. of clones % with Rep (~) % with % with AAVS1 % site
Plasmid tested or CAT (*) backbone disruption specificity
pRepCap(itrt) 48 12~ 23 33 920
pRepCap(itr-) 49 22~ 24 45 91
pT7-Rep + pAd-p5CAT 45 22* nd 29 100
pAd-p5CAT 48 0* nd 0 0

Hela cells were transfected with plasmid vectors, and clonal cell lines were grown for 6 weeks. Whole-cell DNA
was harvested, digested with EcoRl, and separated on 1% agarose gels. DNA was transferred to nylon membranes
and hybridized to 32P-labeled transgene probes. nd indicates that Southern blots were not done.

replication. In a double-stranded plasmid substrate such as in
pRepCap(itr*), duplex cruciform structures can be generated at
each ITR, with each cruciform being a substrate for Rep binding
and nicking. If nicking at an ITR cruciform occurs, it may result
in defining the segment of the pRepCap(itr™) element that is
able to undergo site-specific integration. If this occurs, we can
envision at least three distinct integration substrates: RepCap
flanked by ITRs; plasmid backbone flanked by ITRs; or both
RepCap and plasmid backbone flanked by ITRs. In contrast,
pRepCap(itr ) lacks the complexity and function of the ITR
elements, and in theory all integrants of pRepCap(itr~) should
include the entire pRepCap(itr~) DNA sequence.

To determine if ITR elements function to define integra-
tion boundaries, we probed genomic DNA isolated from the
pRepCap(itr~) and the pRepCap(itr*)-transfected clones with
1.2-kb Asel-digested pRepCap(itr~) backbone sequence (Figs.
3C and 2D, respectively). In agreement with our prediction, the
plasmid backbone Southern blot of pRepCap(itr~) shows that
24% of the cell lines contained plasmid backbone (Table 1).
Furthermore, 91% of the Rep* clones are also positive for the
plasmid backbone. Based on the data from this experiment, it
seems that the entire plasmid sequence is the substrate for
AAVSI integration in cell lines derived from a pRepCap(itr™)
transduction of HeLa cells.

In contrast to the cell lines derived from pRepCap(itr~)
integration, the plasmid backbone screen of pRepCap(itr™)-
transfected cell lines (Fig. 2D) resulted in a more complex
pattern of AAVSI integration. We found that 27% of cell lines
tested had at least part of the pRepCap(itr*) sequence inte-
grated. As previously indicated, rep was site-specifically inte-
grated into 12% of the cell lines; however, when screened for
plasmid backbone sequence, 23% of the cell lines were shown to
contain plasmid integrants (Fig. 2 B and D, respectively, and
Table 1). The distribution of the three predicted types of
integration substrate was biased slightly toward the plasmid
backbone, roughly half of the cell lines had only backbone
integrants, approximately a third of the integrants had both
backbone and RepCap sequence, and the remainder contained
only RepCap sequence.

The overall integration efficiency of ITR-containing or ITR-
deleted constructs (27 versus 24%) is similar. Therefore we are
led to conclude that the AAV ITRs make a minimal contribution
toward integration efficiency. However, when using a plasmid
integration substrate, the presence of the AAV ITR elements
can act to generate integration boundaries. Presumably Rep
binding to the RBE and nicking at the terminal resolution site
of the ITR generates potential 5 and 3’ boundaries of the
integration substrate. In a wt virus infection, boundary definition
is naturally present because of the ITR hairpin structure present
at the ends of the linear, single-stranded viral genome.

p5IEE Sequence Is the Only cis Element Required for Site-Specific

Integration. The experiments presented in this study indicate that
AAV ITR elements, which have long been considered important
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cis elements in mediating site-specific integration, do not play a
primary role in this event. We previously identified a cis element,
the IEE, that is essential for efficient Rep-mediated site-specific
integration (25). Based on the new observations presented in this
study, the IEE may not only be a necessary cis element but also
sufficient in mediating efficient Rep-dependent integration into
AAVSI. The IEE region overlaps with the pS promoter region
of AAV (31, 32). To determine whether the p5 promoter was
coincident with the IEE, a plasmid, pAd-pSCAT, was con-
structed that contains the 138-bp p5 promoter sequence (AAV
nucleotide 151 to nucleotide 289) upstream of a CAT reporter
gene (Fig. 44). Promoter activity was confirmed with this
construct in transient transfection assays. In HeLa cells, the p5
promoter was able to mediate expression of CAT at levels
comparable to the CMV promoter and was vulnerable to trans
repression by Rep (data not shown).

To determine the function of this construct in an integration
assay, HeLa cells were cotransfected with pAd-pSCAT and the
Rep-expressing plasmid, pT7-Rep (25). The pT7-Rep plasmid
also expresses GFP, which allowed for FACS sorting 48 h
posttransfection. Cell lines were established as described previ-
ously, and after 6 weeks each cell line was harvested for genomic
DNA. Genomic DNA was digested with EcoR1I, and a Southern
blot analysis was performed as described previously, probing for
the presence of CAT or the presence of AAVSI1 disruptions
(sample shown in Fig. 4 B and C, respectively, and Table 1). Of
45 cell lines tested, 29% contained AAVS1 disruptions, and
CAT gene integrations were found in 22% of cell lines. In all
cases, the data indicate comigration of pAd-pSCAT DNA with
the AAVS1 probe. As a negative control, HeLa cells were
transfected with pAd-pSCAT alone. In the absence of a Rep-
expressing plasmid, the CAT transgene was unable to integrate,
which confirms that the targeted integration event is Rep-
dependent (Table 1). The results of this experiment indicate that
the 138-bp pS5 promoter region (pSIEE) is the only AAV element
required in cis to mediate site-specific integration of a substrate
DNA through Rep-dependent integration into AAVSI.

Discussion

The data presented in this study offer several important new
insights into the molecular mechanisms that mediate site-specific
integration of the AAV genome into human chromosome 19. It
has generally been thought that AAV replication and its repli-
cation origins (the ITR elements) are involved in AAV-targeted
integration. Although unexpected, our data present a strong
argument against a direct role for the AAV ITR elements in
mediating the integration event. We have found that when using
plasmid integration substrates, a 138-bp element, the pSIEE, is
the only cis element required to target a substrate DNA for
site-specific integration to the AAVSI site on chromosome 19.

In previous studies, the characterization of ITR-containing
rAAV integrants had relied on drug selection to isolate cell lines
that had stably integrated the target DNA substrate. Under these
conditions, site-specific integration into chromosome 19 occurs
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in =30% of selected cell lines, with the remaining cell lines
containing random integrants (33, 34). This high percentage of
cell lines undergoing ITR-mediated site-specific integration
demonstrates that the presence of the RBE in the AAV ITR can
function to facilitate localization of the rAAV genome to the
target integration site. However, recent studies have separated
the replication function of the AAV origin from the potential
integration function of the ITR elements (22). Therefore we are
left to conclude that under these conditions the RBE may be the
sole cis integration element functioning in the ITR. In compar-
ison to ITR-mediated integration, the pSIEE is 10-100-fold
more effective at inducing integration than the AAV ITR.
Furthermore, the pSIEE is able to mediate nearly 100% local-
ization to the AAVS1 site. The enhanced integration specificity
and efficiency of pSIEE integration enables us to conclude that
the pSIEE serves as a unique platform for the formation of an
AAV/Rep “integration complex.”

The pSIEE has been extensively characterized as a highly
regulated promoter of Rep 68/78 (refs. 31, 32, 35, and 36; Fig.
4D). After presentation of a double-stranded template for
transcription, the pS promoter is activated through binding of
cellular transcription factors, resulting in Rep-68/78 production.
Autoregulation is a key feature of the p5 promoter. Low-level
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Rep is sufficient to allow Rep binding to RBEs in the p5
promoter (35) as well as in the ITR (14). The binding of Rep to
the p5S promoter causes down-regulation of p5 transcription by
RNA polymerase II and a subsequent reduction in Rep 68 and
78 expression (37). The rationale for p5/Rep autorepression is
not well understood. The presence of helper virus induces
high-level Rep expression, which is associated with AAV rescue,
replication, and cytotoxicity; hence AAV enters the lytic cycle.
In contrast, AAV latency occurs in the absence of helper virus
(6, 38). The autoregulation of Rep leads to low-level Rep
expression, which is associated with integration and generation
of the latent state of AAV infection. Our view of p5S promoter
down-regulation is that it represents a transition from a low-
activity transcription complex to a high-activity integration
complex. The presence of an array of transcription factors (31,
32, 39) and/or preinitiation complexes (35), which are present
before Rep binding, offer a potential platform for the formation
of a unique integration structure that mediates the specialized
localization of the pSIEE to the AAVS1 site. Further studies may
be carried out to characterize this integration complex.
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