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A subset of cellular DNA hairpins at double-strand breaks is processed by DNA-dependent protein kinase
catalytic subunit (DNA-PKcs)- and Artemis-associated endonuclease. DNA hairpin termini of adeno-associ-
ated virus (AAV) are processed by DNA repair machinery; however, how and what cellular factors are involved
in the process remain elusive. Here, we show that DNA-PKcs and Artemis open AAV inverted terminal repeat
(ITR) hairpin loops in a tissue-dependent manner. We investigated recombinant AAV (rAAV) genome metab-
olism in various tissues of DNA-PKcs- or Artemis-proficient or -deficient mice. In the absence of either factor,
ITR hairpin opening was impaired, resulting in accumulation of double-stranded linear rAAV genomes capped
with covalently closed hairpins at termini. The 5� end of 3-base hairpin loops of the ITR was the primary target
for DNA-PKcs- and Artemis-mediated cleavage. In the muscle, heart, and kidney, DNA-PKcs- and Artemis-
dependent hairpin opening constituted a significant pathway, while in the liver, undefined alternative pathways
effectively processed hairpins. In addition, our study revealed a Holliday junction resolvase-like activity in the
liver that cleaved T-shaped ITR hairpin shoulders by making nicks at diametrically opposed sites. Thus, our
approach furthers our understanding of not only rAAV biology but also fundamental DNA repair systems in
various tissues of living animals.

Adeno-associated virus (AAV) of various serotypes is a fam-
ily of nonpathogenic replication-defective parvoviruses with a
linear single-stranded DNA genome of approximately 5 kb.
Recombinant AAV (rAAV) devoid of all the virally encoded
genes is not only a promising viral vector for human gene
therapy but also has recently emerged as a powerful tool for
studying cellular biology, particularly DNA repair pathways
(18). Upon infection in animals, rAAV genomes change their
forms in infected cells by recombination through DNA hair-
pins at viral termini, named inverted terminal repeats (ITRs).
DNA hairpins at AAV-ITR serve as a platform for all the
rAAV genome recombinations, including self circularization
(8), concatemerization (37), and integration (29). These pro-
cesses are presumed to be mediated solely by cellular DNA
repair machinery. Therefore, studying the interactions be-
tween viral DNA hairpins and host cellular DNA repair ma-
chinery will not only enhance our understanding of the biology
of rAAV vectors, which is essential for successful human gene
therapy, but also will provide important clues to elucidating
fundamental cellular processes of DNA damage responses.

DNA hairpin structures in mammalian cells are often a
target for cellular DNA repair machinery. The best example is
hairpin-coding ends that emerge during the V(D)J recombi-
nation, a physiological and programmed DNA double-strand
break (DSB) that occurs in developing B and T lymphocytes
(23, 46). DNA hairpins at pathological DSBs caused by intrin-
sic and extrinsic sources such as reactive oxygen species and
ionizing radiation also are processed by DNA repair machinery

(22). It has been demonstrated that cellular endonuclease ac-
tivity associated with DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) and Artemis opens and processes such
DNA hairpin structures in the classical nonhomologous end-
joining (NHEJ) repair pathway (26). The Rag proteins also
have some roles in opening hairpin-coding ends in V(D)J re-
combination (13). Although our understanding of the metab-
olism of DNA hairpin structures at cellular DNA DSBs has
progressed, little is known about how and what cellular factors
process AAV-ITR DNA hairpin termini.

Artemis is a newly discovered cellular DNA repair endonu-
clease that possesses hairpin-loop-opening activity, identified
as a protein deficient in human radiation-sensitive severe com-
bined immunodeficiency (SCID) patients (30), in whom the
V(D)J recombination is severely impaired due to a defect of
the coding joint formation. In the past 5 years, our knowledge
about DNA-PKcs and Artemis in the NHEJ pathway has been
substantially enhanced by biochemical analyses of purified pro-
teins, studies of various DNA repair pathway-defective cell
lines, and investigation of the V(D)J recombination in various
in vitro and in vivo systems (4, 14, 21, 25–28, 30, 41, 43, 44). It
has been proposed that DNA-PKcs is recruited by Ku proteins
bound at DNA DSBs and subsequently activates Artemis en-
donuclease activity, which otherwise remains inactive, by phos-
phorylation and/or direct interaction with autophosphorylated
DNA-PKcs (14, 26). Activated Artemis/DNA-PKcs complex
cleaves Rag-generated DNA hairpins and processes a diverse
set of configurations at broken DNA ends (21, 26–28).

Previous studies by us and others have indicated the involve-
ment of DNA-PKcs in rAAV genome metabolism. It has been
shown that rAAV genome circularization via viral hairpin ter-
mini is impaired to some extent in the skeletal muscle (10, 48)
but not in the liver (36, 49) of SCID mice deficient in DNA-
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PKcs. In addition, a study has indicated that integration of
rAAV genomes into host chromosomal DNA is promoted in
DNA-PKcs-deficient SCID mouse liver (49). These observa-
tions have implications in the interaction between AAV-ITR
DNA hairpins and NHEJ repair machinery; however, their
mechanistic interpretations have remained ambiguous.

To begin to elucidate the network of rAAV genome-DNA
repair machinery interactions and understand DNA repair
pathways in various tissues in animals, in the present study we
investigated the roles of DNA-PKcs and Artemis in AAV-ITR
hairpin metabolism in mice. Based on the previous observa-
tions that rAAV genome circularization is impaired in DNA-
PKcs-deficient SCID mice (10, 36, 48) and the current knowl-
edge about biological functions of DNA-PKcs and Artemis in
opening DNA hairpins, we hypothesized that Artemis/DNA-
PKcs endonuclease activity opens AAV-ITR hairpin termini
and triggers rAAV genome recombinations in vivo. To test this
hypothesis, we extensively characterized rAAV genomes pro-
cessed by cellular DNA repair machinery in various tissues in
DNA-PKcs- or Artemis-proficient or -deficient mice under
various experimental conditions. The study demonstrated that
Artemis/DNA-PKcs in fact cleaves the tips of viral DNA hair-
pins and triggers subsequent viral genome recombinations in
vivo. In addition, the study indicated that there are Artemis- or
DNA-PKcs-independent alternative pathways with a greater
tissue-specific difference in processing viral DNA hairpins and
implied that undefined resolvase activities, including Holliday
junction resolvase-like activity, also participate in viral DNA
hairpin metabolism.

MATERIALS AND METHODS

rAAV production. pAAV-ISce I.AO3 plasmid (accession number EU022316)
was constructed to produce rAAV serotype 2 and 8, AAV2-ISce I.AO3 and
AAV8-ISce I.AO3, as described elsewhere (16a). Plasmid pAAV-EF1�-nlslacZ,
for production of AAV8- or AAV9-EF1�-nlslacZ, was described previously (16,
38). rAAV was produced using a triple-plasmid transfection method and was
purified, and the titers were determined as previously described (5). AAV2- and
AAV8-ISce I.AO3 did not express transgenes in mammalian cells. They carried
a prokaryotic �-lactamase expression cassette and pUC ori (Fig. 1A), but this
feature is not relevant to the present study. AAV8- or AAV9-EF1�-nlslacZ
carried a human elongation factor 1� (EF1�) promoter-driven nuclear-localized
bacterial �-galactosidase expression cassette.

In vitro synthesis of artificial no-end double-stranded linear monomer rAAV
genome capped with covalently closed AAV-DDITR hairpins. No-end double-
stranded linear monomer rAAV genome capped with covalently closed 165-base
AAV-double-D ITR (DDITR) hairpins was synthesized according to the method
of Snyder et al., with a modification (47). Briefly, approximately 50 �g of
pVme�DhF.IX plasmid was digested with PvuII (4 U per �g) at 37°C for 3 h. The
plasmid pVme�DhF.IX carried the AAV-EF1�-hF.IX (human coagulation fac-
tor IX-expressing AAV vector under the EF1� promoter) genome with two
130-bp AAV2-ITRs between the two PvuII sites. Therefore, PvuII digestion
could excise the entire AAV-EF1�-hF.IX genome (31). Following phenol-chlo-
roform extraction and ethanol precipitation, PvuII-digested plasmid DNA was
digested with Escherichia coli exonuclease III (7.5 U per �g DNA; Exo III; New
England BioLabs [NEB]) at 37°C for 50 s. Following heat inactivation of Exo III
at 75°C for 15 min, DNA was treated with T4 DNA polymerase (0.5 U per �g
DNA; T4 DNA Pol; NEB) and T4 DNA ligase (120 U per �g DNA; T4 DNA
Lig; NEB) at 37°C for 3 h. Following phenol-chloroform extraction and ethanol
precipitation, the DNA was again treated with Exo III (10 U per �g DNA) for
2 h. Dumbbell-shaped double-stranded linear rAAV genome, the 5� and 3�
genome termini of which were not covalently closed but for which the whole
molecular size was the same as that of the covalently closed no-end genome, was
synthesized in the same manner as that used for the no-end genome, except that
T4 DNA Lig was not added to the reaction mixture. All the reaction buffers used
in the present study were exactly the same as those reported by Snyder et al. (47)
unless otherwise noted.

Animal handling. All the animal experiments were performed according to the
guidelines for animal care at Stanford University and the University of Pitts-
burgh. C57BL/6J mice and DNA-PKcs-deficient C57BL/6J SCID mice were
purchased from Jackson Laboratory. Artemis-deficient mice developed by Fre-
derick W. Alt’s laboratory (44) were obtained from Susanna M. Lewis, Hospital
for Sick Children Research Institute, Toronto, Canada. 129S6/SvEvTac mice
were purchased from Taconic Farms Inc. The methods for tail and hepatic portal
vein injections, intraperitoneal injection, and two-thirds partial hepatectomy
have been described previously (16, 33, 40). Some of the rAAV-injected animals
also were used for a separate study investigating rAAV integration (16a).

Southern blotting. Total genomic DNA was extracted from various mouse
tissues by standard phenol-chloroform extraction. Genomic Southern blot anal-
ysis was performed according to our standard procedures as described previously
(33, 37). Briefly, 10 to 20 �g of total DNA was digested with an appropriate
restriction endonuclease(s) (4 U per �g) for 4 h. Following ethanol precipitation,
DNA was dissolved in 20 �l of 1� Tris-EDTA (TE), electrophoresed on a 0.8%
neutral agarose gel, blotted onto a nylon membrane, and probed with a 32P-
labeled probe. In several instances, DNA was treated with ATP-dependent
exonuclease (4 U per �g; Plasmid Safe; Epicenter) at 37°C overnight after PstI
digestion (4 U per �g, at 37°C for 4 h; PstI does not cut the AAV-ISce I.AO3
genome) or was treated with Exo III (10 U per �g) at 37°C for 2 h after EcoRI
digestion (4 U per �g, at 37°C for 4 h; EcoRI digestion makes 5� overhangs and
does not cut the AAV-ISce I.AO3 genome). PS-negative and Exo III-negative
control reactions were performed in parallel in the same reaction mixtures,
except for the absence of each enzyme. For alkaline gel Southern blot analysis,
1.0% agarose gels were used.

The double-stranded AAV-ISce I.AO3 genome copy number in each sample
was determined by Southern blot analysis. Total DNA was digested with BamHI
and AlwNI, which excised a 1.3-kb AAV-ISce I.AO3 internal sequence, and was
probed with a �-lactamase probe (Fig. 1A). Double-stranded rAAV genome
copy number standards were prepared using pAAV-ISce I.AO3 plasmid.

Southern blot analysis of in-vitro-synthesized no-end double-stranded linear
monomer rAAV genome and its intermediates produced during the enzymatic
synthesis of the no-end genome was performed as follows. One microgram of
DNA was collected from each step in the process of no-end genome synthesis,
i.e., for step 1, PvuII was added; step 2, PvuII and Exo III were added; step 3,
PvuII, Exo III, and T4 DNA Pol were added; and step 4, PvuII, Exo III, T4 DNA
Pol, and T4 DNA Lig were added. A portion of each DNA collection either was
incubated with or without Plasmid Safe (4 U per �g) at 37°C overnight or was
incubated with or without Exo III (10 U per �g) at 37°C for 2 h in the appro-
priate reaction buffers, was separated on a 0.8% neutral agarose gel or a 1.0%
alkaline agarose gel, and was subjected to Southern blot analysis as described
above. The remaining portion of each DNA collection was digested with either
DraIII or BamHI (left-side or right-side single cutter of the rAAV genome,
respectively) and analyzed in the same way.

Southern blot analysis of Exo III-resistant no-end double-stranded linear
monomer rAAV genomes recovered and purified from animal tissues was per-
formed in essentially the same manner as that described above.

Probes used in the analyses were 0.7-kb �-lactamase probe, 2.1-kb lacZ gene
probe, and 2.0-kb hF.IX cDNA probe. Densitometry was used to quantify South-
ern blot signals as previously described (36). All the copy number standard
plasmids and other control DNA used in the Southern blot analyses were spiked
into naı̈ve liver genomic DNA and were treated in the same manner as that used
for the experimental samples unless otherwise stated.

Gel purification of Exo III-resistant no-end double-stranded linear monomer
rAAV genomes from mouse liver DNA. One hundred micrograms of total liver
DNA recovered from rAAV-injected animals was digested with EcoRI or
HindIII (4 U per �g) at 37°C for 4 h and was purified by phenol-chloroform
extraction followed by ethanol precipitation. EcoRI and HindIII were used for
AAV8-ISce I.AO3-transduced and AAV8-EF1�-nlslacZ- or AAV9-EF1�-
nlslacZ-transduced samples, respectively. This enzyme-rAAV genome combina-
tion does not cleave the rAAV genomes. The DNA then was digested with Exo
III (10 U per �g) at 37°C for 2 h. The treated DNA was separated on 1.0%
low-melting-temperature agarose gel together with a no-end double-stranded
linear monomer rAAV genome marker at a low voltage and at 4°C overnight.
The regions corresponding to the position of each no-end double-stranded linear
monomer rAAV genome were excised from the gel, and size-fractionated DNA
was recovered from gel slices by �-agarase (NEB) treatment and purified by
phenol-chloroform extraction followed by ethanol precipitation. The purified
DNA was again treated with 100 U of Exo III at 37°C for 2 h, purified with
phenol-chloroform extraction, and ethanol precipitated. The DNA pellet was
dissolved in 32 �l of 1� TE and stored at �20°C. An agarose gel piece recovered
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FIG. 1. Southern blot analyses of rAAV genomes in wild-type and DNA-PKcs-deficient mouse livers transduced with a high dose of AAV8-ISce
I.AO3. (A) AAV-ISce I.AO3 genome map. The locations of restriction enzyme recognition sites and a �-lactamase probe used for Southern blot
analyses and sizes of each digested DNA fragment (in bases or base pairs) are indicated. Pr, Tn3 prokaryotic promoter; pUC ori, pUC plasmid
origin of replication; MLV-LTR, a portion of the Moloney murine leukemia virus long terminal repeat. (B) Analysis of rAAV genome forms by
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from a lane on which no DNA was loaded was processed in the same manner as
a control.

Bisulfite DNA sequencing of rAAV viral hairpin termini. A bisulfite PCR and
sequencing technique was used to determine rAAV viral terminal sequences.
Bisulfite chemical modification was performed as previously described by
Grunau et al. (15), with minor modifications. Briefly, 10 �g of total mouse DNA
(sample DNA and control DNA) with or without a control plasmid, 5 � 1010

rAAV genomes with 10 �g of yeast tRNA (Invitrogen), or a 1/18 volume (2 �l)
of gel-purified no-end double-stranded linear monomer rAAV genome prepa-
ration with 10 �g of yeast tRNA was alkaline denatured in 111 �l of freshly
prepared 0.3 M NaOH solution at 42°C for 20 min. To the mixture was added
1,200 �l of 10 mM hydroquinone solution (Sigma-Aldrich H9003) saturated by
sodium hydrogensulfite (Sigma-Aldrich 293937), and then it was covered with
200 �l of mineral oil and incubated at 55°C for 16 h. Following desalting with a
QIAquick gel extraction kit (QIAGEN), the mixture was adjusted to 0.3 M
NaOH, incubated at 37°C for 20 min, and neutralized with ammonium acetate.
The chemically modified DNA was ethanol precipitated together with 1 �g of
tRNA and 20 �g of oyster glycogen. The precipitated DNA was dissolved in 20
�l of 1� TE and stored at �20°C.

Bisulfite-modified AAV-ITR, AAV-DDITR, and rAAV viral terminal se-
quences in the samples were amplified by hot start PCR in 50-�l reaction
mixtures containing 1� GeneAmp PCR Gold buffer, 2.5 mM MgCl2, 20 pmol
each of forward and reverse primers, and 1.25 U of AmpliTaq Gold (Applied
Biosystems). PCR cycles were the following: 5 min at 95°C, 34 cycles of 15 s at
95°C, 30 s at 50°C, and 30 s at 72°C, and subsequently 5 min at 72°C. PCR
products were checked by 2.5% agarose gel electrophoresis and were cloned into
pCR2.1-TOPO vector using a TA TOPO cloning kit (Invitrogen). ElectroMax
DH10B E. coli (Invitrogen) cells were transformed with the ligation mixture, and
the resulting plasmid libraries were plated on Luria-Bertani (LB) agar plates
containing ampicillin (50 �g/ml) and 5-bromo-4-chloro-3-indolyl-�-D-galactoside
(X-Gal). Sequences of TOPO vector inserts were determined with a 3730x DNA
analyzer (Applied Biosystems) using M13 reverse primer. PCR primer sequences

were the following: DDITR F1, 5�-AGGAATTTTTAGTGATGGAGTT-3�;
DDITR R1, 5�-AAAAACCCCTAATAATAAAATT-3�; ITR F2, 5�-AGGAAT
TTTTAGTGATGGAGTTGGTTAT-3�; and ITR R2, 5�-TTAACCACTCCCT
CTCTACACACTCACTCA-3�.

PCR templates for AAV2-ITR were single-stranded rAAV viral genomes
extracted from AAV8-ISce I.AO3 and AAV8-EF1�-nlslacZ viral particles used
in the present study. The PCR templates used as controls for AAV-DDITR were
a plasmid DNA carrying a 165-bp DDITR, pDDITRAAV-EF1�-hFAH.AO
(35), and in-vitro-synthesized no-end double-stranded linear monomer AAV-
EF1�-hF.IX genome.

RESULTS

Experimental approach. DNA repair pathways are redun-
dant (1). When a cell is defective in one DNA repair pathway,
up-regulation of an alternative pathway(s) may take place and
compensate for the defect. This redundant nature of DNA
repair machinery often precludes identification of cellular fac-
tors and characterization of their roles in a DNA repair path-
way by a comparison between DNA repair protein-proficient
and -deficient cells. To overcome this problem, we took an
approach in which we saturated alternative DNA repair path-
ways that might compensate for a defective phenotype by in-
troducing an excess of rAAV genomes that are, in fact, sensed
as true DNA damage by cells (18). In the present study, we
injected DNA repair protein-proficient or -deficient mice with
rAAV serotype 8 (rAAV8) at several doses, including a very
high dose. In one experiment, rAAV9 also was used. Satura-

neutral agarose gel Southern blot analysis with a �-lactamase probe. Wild-type C57BL/6J mice (B6) or DNA-PKcs-deficient mice [PK(�)] were
injected with 7.2 � 1012 vg of AAV8-ISce I.AO3 via the tail vein (n 	 2 mice each), and the liver tissues were harvested 6 weeks postinjection.
rAAV genome copy numbers (BamHI/AlwNI digestion) and rAAV genome forms (PstI digestion) are shown with copy number standards (0 to
3,000 ds-vg/dge). Unusual bands that were not present in samples from wild-type mice were observed in PstI (noncutter) DNA digests in
DNA-PKcs-deficient mouse livers (shown with arrows). The major unusual bands migrated slightly faster than a 3,049-bp marker, which is 20 bp
shorter than full-length double-stranded linear AAV-ISce I.AO3 genomes (3,069 bp). Positions of large concatemeric rAAV genomes (Conc) and
supercoiled circular monomer rAAV genomes (CM) are indicated with arrowheads. (C) Schematic explanation of how to discriminate between
four different possible configurations of double-stranded linear monomer rAAV genomes by neutral and alkaline gel Southern blot analyses.
Closed and open arrowheads indicate BamHI and AlwNI sites, respectively. Under neutral conditions, each linear monomer genome configuration
digested with PstI, BamHI, or AlwNI would migrate as double-stranded DNA of the size indicated above each arrow, while under alkaline
conditions it would migrate as single-stranded DNA of the size indicated below each arrow. The sizes of DNA fragments are calculated with the
assumption that each rAAV genome terminus has a 145-base full-length ITR and each ITR hairpin cap at closed ends comprises two full-length
ITRs (for more details, see Table 1). Only the DNA fragments detectable by the �-lactamase probe used in the study are shown. (D) Further
characterization of the unusual monomer-length rAAV genomes that accumulated in DNA-PKcs-deficient mouse livers by neutral and alkaline gel
Southern blot analyses. Numbers 1 to 16 are given to the left or upper left of each representative band on the blots, and the bands representing
or derived from the unusual double-stranded linear monomer genomes, which were seen only in DNA-PKcs-deficient mice, are circled. Ten
micrograms of total liver DNA (n 	 2) was digested with the enzymes indicated above the lanes, separated on a 0.8% neutral agarose gel (upper
panel) or a 1.0% alkaline agarose gel (lower panel), and subjected to Southern blot analysis. Samples were loaded in the same order for both blots.
The result from PstI (non-rAAV genome cutter) digestion in the upper panel demonstrates that double-stranded linear monomer genomes
(number 1 in the upper panel) are found only in DNA-PKcs-deficient mice and not in wild-type mice. The results from AlwNI digestion and BamHI
digestion further confirmed that the bands (number 1 in the upper panel) are linear monomers, not circular genomes. The result from PstI
digestion shown in the lower panel demonstrates that double-stranded linear monomer genomes in the DNA-PKcs-deficient mouse livers exhibited
a dimer size (number 1 in the lower panel). AlwNI digestion and BamHI digestion excluded the possibility that the dimer-sized bands (number
1 in the lower panel) have a hairpin structure with an open end, because a majority of the bands migrated to head-to-head (number 8 in the lower
panel) and tail-to-tail (number 11 in the lower panel) positions with AlwNI digestion and BamHI digestion, respectively. Based on these
observations, we concluded that the unusual linear monomer genomes exhibit a no-end configuration (see panel C). For the expected size of each
band, see Table 1. Very faint bands shown with arrows are the bands derived from linear genomes with open ends. Each band represents the
following: 1, the unusual double-stranded (ds) linear monomer; 2, ds linear dimer; 3, ds linear trimer; 4 and 7, large concatemer; 5, supercoiled
ds circular monomer; 6, relaxed ds circular monomer; 8, head-end; 9 and 12, head-tail; 10, head-head; 11, tail-end; 13, tail-tail; 14, 6,167-bp or
6,167-base dimer size marker; 15, 3,053-bp or 3,053-base monomer size marker; 16, 2,177-bp or 2,177-base size marker. (E) Southern blot analysis
of Exo III-treated or Plasmid Safe-treated rAAV genomes from the liver. Total liver DNA (10 �g) was first digested with EcoRI or PstI and then
with Exo III (Exo) or Plasmid Safe (PS), respectively. The digested DNA was analyzed by 0.8% neutral agarose gel Southern blot analysis along
with naı̈ve liver genomic DNA containing control linear (Lin) or supercoiled circular (Circ) double-stranded DNA. Lin, 2,943-bp linear DNA; Circ,
a supercoiled circular plasmid containing the 2,943-bp fragment. After treatment with Exo III or Plasmid Safe, the supercoiled plasmid controls
were treated with EcoRI to release the 2,943-bp fragment. The open arrowhead indicates the position of the unusual double-stranded linear
monomer and dimer rAAV genomes. Positions of concatemers (Conc) and supercoiled circular monomers (CM) are indicated with closed
arrowheads. For panels B and D, multiple lanes under the same experimental condition represent samples from different animals.
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tion was possible with rAAV8 and rAAV9 because they could
introduce a large amount of rAAV genomes into cells (16, 32).
The advantage of our approach is that we could introduce
rAAV genomes in most tissues in mice by a single noninvasive
tail vein or intraperitoneal injection of these serotypes (16, 32),
and therefore we could investigate DNA repair machinery in
various tissues of interest in living animals.

Unusual double-stranded linear rAAV genomes accumulate
in mouse liver in the absence of DNA-PKcs. We and others
previously demonstrated that deficiency of DNA-PKcs activity
did not significantly affect the processing of rAAV2 genomes in
mouse liver, resulting in rAAV2 genome recombination via
AAV-ITR hairpin termini (36, 49). This suggested that DNA-
PKcs has no role in processing viral DNA hairpins in the liver.
However, we were aware that uncoating of rAAV2 virions is a
very slow process in mouse liver (51), taking several weeks,
resulting in a relatively small viral genome load per cell in the
studies with rAAV2 (36). In our previous study, we estimated
that there was approximately 
0.1 rAAV vector genome (vg)
per cell per day, which we assumed could be processed by
DNA-PKcs-independent alternative pathways in the absence
of DNA-PKcs (36).

To further investigate the role of DNA-PKcs in rAAV ge-
nome processing in the liver, we used rAAV8 in the present
study because it can transduce the liver at very high levels,
achieving 1,000 vg/cell or more in a relatively short period of
time (less than a week) (32). This serotype primarily trans-
duces hepatocytes in the liver (32). Wild-type C57BL/6J adult
male mice and DNA-PKcs-deficient C57BL/6J SCID adult
male mice were injected with AAV8-ISce I.AO3 at a dose of
7.2 � 1012 vg/mouse (n 	 2) via the tail vein. Six weeks
postinjection, the mice were sacrificed and various tissues, in-
cluding liver, skeletal muscle, heart, and kidney, were collected
for analyses. The processing of rAAV genomes in the liver was
assessed by our standard genomic Southern blot analysis using
total liver DNA samples. Double-stranded rAAV genome copy
numbers in the livers were 2,291 � 548 ds-vg/dge (double-
stranded rAAV vector genome copy numbers per diploid
genomic equivalent) for wild-type mice and 2,223 � 101 ds-vg/

dge for DNA-PKcs-deficient SCID mice (mean � �mean-each
value�; n 	 2, where the vertical bars denote the absolute value
of a number) (Fig. 1B), demonstrating that mouse hepatocytes
were in fact exposed to a very high viral genome load. Southern
blot analysis following digestion with PstI, which does not cut
the rAAV genome, revealed the presence of double-stranded
linear monomer-sized genomes only in DNA-PKcs-deficient
SCID livers and not in wild-type mice (Fig. 1B). In DNA-PKcs-
proficient mouse liver, rAAV genomes were processed into
double-stranded circular monomers and concatemers, as we
and others have previously reported (36, 49) (Fig. 1B). A
substantial amount of double-stranded linear monomer-sized
rAAV genomes in the liver is unusual and has not been dem-
onstrated in any previous studies. The demonstration that
there is a significant difference in rAAV genome processing in
the presence and absence of DNA-PKcs activity in the liver at
a high viral genome load verified that our approach was ap-
propriate and provided evidence that DNA-PKcs had some
roles in rAAV genome processing via AAV-ITR hairpin ter-
mini in mouse liver.

Excess viral DNA hairpin termini in cells remain closed in
the absence of DNA-PKcs, forming no-end double-stranded
linear genomes capped with covalently closed hairpins. (i) The
unusual double-stranded linear rAAV genomes had covalently
closed hairpin DNA termini exhibiting a no-end double-
stranded linear DNA structure. To further characterize the
unusual double-stranded linear monomer-sized rAAV ge-
nomes observed in DNA-PKcs-deficient SCID mouse liver,
total liver DNA was digested with PstI, AlwNI, or BamHI and
was separated on a 0.8% agarose gel under neutral conditions.
The same digested DNA samples also were electrophoresed on
a 1.0% agarose gel under alkaline conditions. AlwNI digests
the AAV-ISce I.AO3 genome twice on the right side of the
genome, while BamHI cuts the genome on the left side (Fig.
1A). The expected sizes of the bands from each possible form
of rAAV genome in the neutral and alkaline gel Southern blot
analyses are summarized in Fig. 1C and Table 1. The analyses
revealed that (i) the unusual genomes were cut with restriction
enzymes; therefore, they were double-stranded molecules (Fig.

TABLE 1. Summary of the expected sizes of the bands in Southern blot analyses

Band

rAAV fragment size after digestiona

Neutral gel (bp) Alkaline gel (bases)

BamHI AlwNI BamHI AlwNI

Circular monomer
Head-tail 3,069 (2,944) 2,571 (2,446) 3,069 (2,944) 2,571 (2,446)

Junction of linear and circular
concatemer

Head-tail 3,069 (2,944) 2,571 (2,446) 3,069 (2,944) 2,571 (2,446)
Head-head No signal 4,446 (4,321) No signal 4,446 (4,321)
Tail-tail 4,332 (4,207) No signal 4,332 (4,207) No signal

End of linear monomer and
concatemer

Head-end No signal 2,223 (2,161) No signal 4,446 (4,321)
Tail-end 2,166 (2,104) No signal 4,332 (4,207) No signal

a The sizes without parentheses represent those of rAAV genomes with no deletion at AAV-ITR junctions. The sizes in parentheses represent lengths of restricted
fragments if AAV-ITR junctions or ends form a 165-bp DDITR. The probe used for the analysis is shown in Fig. 1A.
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1D); (ii) the unusual genomes digested with AlwNI or BamHI
became shorter than 1 U of length and exhibited the sizes
expected from double-stranded linear monomer genomes un-
der neutral conditions; therefore, they were double-stranded
linear monomer genomes (Fig. 1C and D); (iii) the unusual
genome digested with PstI that does not cut the rAAV genome
migrated at approximately a 2-U position under alkaline con-
ditions; therefore, they are double-stranded linear monomer
molecules with at least one end covalently closed (Fig. 1C and
D); and (iv) a majority of the unusual genomes digested with
AlwNI or BamHI migrated at a position corresponding to the
head-to-head or tail-to-tail position in alkaline gel electro-
phoresis (Fig. 1C and D). These findings cannot be explained
unless the unusual molecules were double-stranded linear
monomers with both ends covalently closed, i.e., no-end dou-
ble-stranded linear monomers (see Fig. 1C).

(ii) The unusual double-stranded linear rAAV genomes ex-
hibit exonuclease insensitivity characteristic of no-end double-
stranded linear DNA. To confirm the no-end structure of the
unusual double-stranded linear monomer genomes observed
in DNA-PKcs-deficient mouse livers, we exploited the catalytic
activities of two different exonucleases, ATP-dependent exo-
nucleases, Plasmid Safe and E. coli Exo III, to discriminate
between no-end molecules and open-ended molecules. Plas-
mid Safe is a 5�-to-3� and 3�-to-5� exonuclease specific for
linear double-stranded DNA with open ends and closed circu-
lar and linear single-stranded DNA, but it does not act at nicks
in double-stranded DNA. Exo III is a 3�-to-5� exonuclease that
digests DNA from 3-hydroxil termini at blunt ends, recessed
ends, and nicks in double-stranded DNA, but it is less active on
single-stranded DNA. Therefore, no-end double-stranded lin-
ear molecules are resistant to both Plasmid Safe and Exo III
digestions. Any nicks of DNA in double-stranded linear mol-
ecules with hairpin caps should result in substrate degradation
with Exo III digestion, but this is not necessarily the case with
Plasmid Safe. As shown in Fig. 1E, the double-stranded linear
monomer rAAV genomes that accumulated in DNA-PKcs-
deficient mouse livers were insensitive to both Plasmid Safe
and Exo III, which was consistent with a no-end structure.

(iii) In-vitro-synthesized artificial no-end double-stranded
linear rAAV genome exhibits exactly the same molecular char-
acteristics as those for the unusual double-stranded linear
monomer rAAV genomes. To further confirm the no-end struc-
ture of the unusual double-stranded linear monomer genomes,
we synthesized dumbbell-shaped no-end double-stranded lin-
ear monomer rAAV genomes according to the method re-
ported by Snyder et al. (47), and we characterized them in the
same manner as that used for the unusual double-stranded
linear monomer rAAV genomes in the actual mouse samples.
For this, we synthesized no-end double-stranded linear mono-
mer AAV-EF1�-hF.IX genome. As a control, we also synthe-
sized double-stranded linear monomer AAV-EF1�-hF.IX ge-
nome without T4 DNA Lig. This control molecule is presumed
to have exactly the same structure as that of the no-end ge-
nome, except for the presence of a nick at two sites. Figure 2A
schematically shows the enzymatic synthesis of the two types of
dumbbell-shaped molecules with and without nicks. The start-
ing material was a PvuII-PvuII fragment of double-stranded
linear AAV-EF1�-hF.IX with a 130-bp AAV2-ITR at each
end (4,915 bp). Therefore, the size of synthesized dumbbell-

shaped no-end double-stranded linear genome with a 165-base
DDITR hairpin cap at each end is calculated as 4,820 bp
[4,915 � (130 � 2) � 165 	 4,820], 95 bp shorter than the
starting material.

The enzymatically synthesized no-end and nicked dumbbell-
shaped genomes were treated with or without Plasmid Safe or
Exo III, and then they were analyzed by neutral and alkaline
gel Southern blot analyses (Fig. 2B, C, and D). The no-end
genomes capped with 165-base DDITRs at both ends migrated
slightly faster than the full-length double-stranded linear
rAAV genomes on a neutral agarose gel under the conditions
we used (Fig. 2B). Under alkaline conditions, the no-end mole-
cule migrated at a nearly dimer position, while the nicked mol-
ecule stayed at a monomer position (Fig. 2C). As expected, the
no-end genome was resistant to both Plasmid Safe and Exo III,
while nicked dumbbell-shaped genome was resistant to Plas-
mid Safe but was sensitive to Exo III (Fig. 2B). The in-vitro-
synthesized no-end genomes were further characterized fol-
lowing DraIII and BamHI digestion. DraIII and BamHI cut
the double-stranded AAV-EF1�-hF.IX genome asymmetri-
cally on the left and right sides, respectively (for the vector
map, see Fig. 2E). Under the neutral condition, DraIII and
BamHI digestion of the dumbbell-shaped no-end genomes re-
sulted in tail-end and head-end molecules, respectively,
smaller than the double-stranded linear monomer (Fig. 2D).
Under the alkaline condition, the digested no-end molecules
migrated at a tail-to-tail or head-to-head position (Fig. 2D).

All of these observations precisely mirror what we have
observed with the unusual double-stranded linear monomer
genome that emerged in DNA-PKcs-deficient mouse liver,
which further confirmed the no-end structure of this unusual
molecule. Because AAV-ITR hairpins became covalently
closed and did not participate in rAAV genome recombination
via AAV-ITR in the absence of DNA-PKcs, our results
strongly indicate that DNA-PKcs-associated endonuclease ac-
tivity opens AAV-ITR hairpin termini and triggers subsequent
rAAV genome recombination and that if AAV-ITR hairpins
are not cleaved, no-end double-stranded linear genomes
capped with covalently closed DNA hairpins accumulate.

Diverse rAAV genomes should convert to no-end double-
stranded linear DNA in the absence of DNA-PKcs. We next
asked if the formation of no-end double-stranded linear rAAV
genomes is a phenomenon unique to AAV-ISce I.AO3 or is a
general phenomenon observed with other rAAV. We also
wanted to know whether the conversion from single-stranded
rAAV genomes to no-end double-stranded DNA molecules
requires 6 weeks or whether they can be formed in a shorter
period of time. To address these two questions, we intraperi-
toneally injected a DNA-PKcs-deficient C57BL/6J male mouse
with AAV8-EF1�-nlslacZ at a dose of 7.2 � 1012 vg/mouse and
sacrificed it 10 days after injection. Molecular forms of rAAV
genomes in the liver were analyzed by Southern blot analysis.
Accumulation of Exo III-resistant unusual double-stranded
linear rAAV genomes were readily detectable, demonstrating
the generality of the observations with AAV8-ISce I.AO3 and
a short time requirement for the formation of no-end double-
stranded linear rAAV genomes (data not shown).

DNA-PKcs-independent alternative pathways can effectively
process AAV-ITR hairpins in the liver. Previous studies by us
and others have shown no accumulation of double-stranded
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