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ABSTRACT
Elucidation of the mechanisms of transformation of single-stranded (ss) recombinant adeno-associated virus
(rAAV) vector genomes into a variety of stable double-stranded (ds) forms is key to a complete understanding of rAAV vector transduction in vivo. Ds monomer genome formation and cellular ds DNA break (DSB)
repair pathways that remove free vector ends toxic to cells, presumably play a central role in this process. By
delivering rAAV and naked ds linear DNA vectors into livers of DNA-dependent protein kinase catalytic
subunit (DNA-PKcs)–deficient severe combined immunodeficiency (SCID) and wild-type mice, we demonstrate the presence of three major pathways for free ds vector end removal: (1) DNA-PKcs–dependent selfcircularization, (2) DNA-PKcs–independent self-circularization, and (3) DNA-PKcs-independent concatemerization. By using the DNA-PKcs–independent pathways, mouse hepatocytes efficiently removed free ds rAAV
vector ends even in the absence of DNA-PKcs. Our studies suggest a hierarchical organization of these processes; self-circularization is the preferred pathway over concatemerization, although the former has a limited capacity to remove free vector ends. These studies shed new light on the molecular mechanisms of rAAV
vector transduction in vivo.

OVERVIEW SUMMARY

INTRODUCTION

Recombinant AAV (rAAV) vector genome processing, an
important step toward stable transduction, relies totally on
host cellular machinery such as DNA repair systems. We
presume that double-stranded (ds) rAAV vector genomes
in stably transduced cells (circular monomers, concatemers,
and integrated forms) are byproducts generated by host defense mechanisms designed to remove free ends of broken
ds DNA. In the present study, by comparing rAAV and
naked ds linear DNA transduction in the livers of DNA-dependent protein kinase catalytic subunit (DNA-PKcs)–deficient severe combined immunodeficiency (SCID) and wildtype mice, we demonstrate that DNA-PKcs is a key protein
but not necessarily essential for free vector end removal in
mouse hepatocytes in vivo. In addition, we show the presence of a DNA-PKcs–independent self-circularization pathway(s), which has a limited capacity, but is preferentially
utilized over the concatemerization pathway with a much
larger capacity for processing free ds DNA ends.

R

ECOMBINANT ADENO -ASSOCIATED VIRUS

(rAAV) vectors are
of great interest for human gene therapy because they are
based on a nonpathogenic virus that can be delivered safely and
directly into human subjects, resulting in persistent expression
of therapeutic products (Kay et al., 2000; Stedman et al., 2000;
Arruda et al., 2001; Wagner et al., 2002). The vector is permissive in two major target organs, skeletal muscle and liver,
and in both tissues, single-stranded (ss) rAAV vector genomes
transform into a variety of double-stranded (ds) vector forms
(i.e., ds linear monomers, ds circular monomers, ds linear and
circular concatemers), and integrated forms (Xiao et al., 1996;
Duan et al., 1998; Miao et al., 1998; Nakai et al., 1999, 2000,
2002; Sanlioglu et al., 1999; Vincent-Lacaze et al., 1999; Yang
et al., 1999; Malik et al., 2000). Among them, ds linear rAAV
monomers are presumed to be a key intermediate toward the
abovementioned various vector forms (Nakai et al., 2003a,b),
and circular monomer rAAV genomes appear to be most responsible for persistent transgene expression (Duan et al., 1998;
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Nakai et al., 2001, 2002). However, the factors that drive vector genome processing remain to be elucidated.
Recently several cellular proteins have been shown to be associated with rAAV viral genomes. Qing et al. demonstrated
that FKBP52 protein specifically binds to AAV inverted terminal repeat D region, which inhibits viral genome secondstrand synthesis when phosphorylated (Qing et al., 1997, 2001).
The proteins involved in ds DNA break (DSB) repair systems
have been suggested to bind to rAAV vector genomes, because
vector transduction is significantly increased by ionizing irradiation or genotoxic drugs (Alexander et al., 1994, 1996), or in
the absence of the ataxia telangiectasia gene product that functions as a guardian for cell cycling (Sanlioglu et al., 2000). Recently Song et al. (2001) reported that in the absence of DNAdependent protein kinase catalytic subunit (DNA-PKcs),
removal of free vector ends (ds DNA ends) is impaired, resulting in persistence of ds linear rAAV vector genomes in
DNA-PKcs–deficient severe combined immune deficiency
(SCID) mouse skeletal muscle. On the other hand, Zentilin and
colleagues (2001) reported that other ds DNA break binding
proteins, Ku86 and Rad52, can associate with rAAV genomes
in transduced cells, and found that rAAV transduction is increased and decreased in Ku86- and Rad52-deficient cells, respectively. Although the roles of such DSB repair proteins in
rAAV transduction are not well understood, these previous
studies have provided further insights into the involvement of
DSB repair pathways in rAAV transduction.
DNA-PKcs is a pivotal component of the nonhomologous
end-joining (NHEJ) DSB repair pathway, and lack of normal
DNA-PKcs catalytic activity affects V(D)J recombination during lymphocyte maturation (Blunt et al., 1996; Danska et al.,
1996), which markedly reduces numbers of both mature B and
T lymphocytes, resulting in the SCID phenotype (Bosma et al.,
1983). CB17 SCID, used in the previous (Song et al., 2001)
and present study, was originally discovered in a colony of
CB17 mice as a spontaneous germline mutation (Bosma et al.,
1983). The mutation resides in the DNA-PKcs, deleting 83
amino acids from the C terminus of this protein, and inactivates
the catalytic activity. Recently, several reports have been published claiming that DNA-PKcs plays an important role in
retrovirus integration, and lack of DNA-PKcs activity reduces
integration efficiency and induces apoptosis (Daniel et al.,
1999, 2001). These studies shed new light on the involvement
of cellular repair systems in viral life cycles (Coffin and Rosenberg, 1999).
Because rAAV vectors do not carry or express virally encoded recombinase, the transformation of ds linear rAAV vector genomes into a variety of stable forms (circular monomers,
concatemers and integrated forms) totally depends on host cellular recombination machinery. The presence of DSB in host
chromosomal DNA is life-threatening to cells, and serves as a
proapoptotic signal if not repaired (Huang et al., 1996; Smith
and Jackson, 1999). Because free ds DNA ends generated by
viral infection, such as the termini of retroviral linear cDNA
and AAV, serve as a DSB signal (Daniel et al., 1999; Li et al.,
2001; Raj et al., 2001) and a single unrepaired DSB can be
lethal to cells (Bennett et al., 1993), vector-transduced cells
manage to remove free vector ends not only by degradation but
also by ligating free DNA ends into a contiguous DNA strand.
Based on this, we presume that various ds rAAV genomes found
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in stably transduced hepatocytes could all be byproducts generated by host defensive mechanisms against incoming foreign
free DNA ends. Therefore, it is important to investigate the involvement of DSB repair pathways in the removal of free DNA
ends of linear vector genomes in transduced cells.
In the present study, we investigated the pathways of removal
of free ds vector ends by comparing wild-type and SCID mouse
hepatocytes transduced with rAAV vectors, or transfected with
ds naked linear DNA vectors with an AAV-ITR at each end,
by hydrodynamics-based transfection (Nakai et al., 1998, 2001;
Liu et al., 1999; Zhang et al., 1999). Although it has not been
fully established whether hydrodynamics-based transfection
mimics rAAV vector transduction, and AAV-ITR ends of naked
ds linear DNA vectors do not necessarily represent free rAAV
vector ends which may form T-shaped structures, our present
studies demonstrate the presence of three major pathways of
free vector end removal: (1) DNA-PKcs–dependent self-circularization, (2) DNA-PKcs–independent self-circularization, and
(3) DNA-PKcs–independent concatemerization. Contrary to the
previous study in mouse skeletal muscle that showed impaired
clearance of free rAAV vector ends in SCID mice (Song et al.,
2001), free vector ends were efficiently processed and removed
in SCID mouse hepatocytes after rAAV vector injection through
the latter two pathways. Our study also suggests the preferential usage of the self-circularization pathways over concatemerization regardless of the presence or the absence of DNAPKcs activity. Finally, our results show that altering the
molecular fate of vector genomes by dysregulation of these
pathways affects transgene expression from incoming vectors.

MATERIALS AND METHODS
Construction of rAAV and naked
ds linear DNA vectors
The rAAV vector used in this study was based on AAV
serotype 2, produced by the triple transfection method (Matsushita et al., 1998), and purified by two cycles of cesium chloride gradient ultracentrifugation followed by ultrafiltrationdiafiltration, as previously described (Burton et al., 1999). The
physical particle titer was determined by a quantitative dot blot
assay (Kessler et al., 1996).
AAV-EF1a-FIX is an rAAV vector that expresses human
coagulation factor IX (hF.IX), and was produced based on the
plasmid, pAAV-DB (Nakai et al., 2000). Briefly, AAV-EF1aF.IX carried the human elongation factor 1a (EF1a) enhancerpromoter, hF.IX cDNA and the human growth hormone gene
polyadenylation signal (polyA).
hF.IX-L1 and L2 are ds linear DNA carrying an EF1ahF.IX expression cassette with (L1) or without (L2) AAVITRs as described elsewhere (Nakai et al., 2003a,b). Briefly,
plasmid, pVm4.1edD-hF.IX (Burton et al., 1999) was digested
with PvuII to excise the EF1a-hF.IX expression cassette with
two AAV-ITRs from the plasmid backbone, then purified by
agarose gel fractionation to remove the plasmid backbone sequences. The resulting molecules, hF.IX-L1, consisted of the
EF1a-hF.IX expression cassette with a 130-base pair AAV-ITR
at each terminal. hF.IX-L2 was produced in the same way,
starting from a plasmid, pBSdD-hF.IX (Nakai et al., 2003a) that
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lacked AAV-ITRs. The EF1a-hF.IX expression cassette carried
by hF.IX-L1 and L2 was different from that in AAV-EF1aFIX, in that a 0.62-kb dispensable fragment of the EF1a enhancer-promoter element containing a PvuII site was removed
and an additional 0.86-kb fragment of 39 untranslated region
(UTR) of hF.IX cDNA was included. These modifications did
not affect transgene expression in vitro and in vivo (data not
shown). All the DNA preparations for in vivo use were filtered
through a 0.22-mm syringe filter unit.

Background Subtraction method (for details, refer to Quantity
One User Guide for Version 4, Bio-Rad), then each band was
quantified. The relative amount of circular monomer genomes
was estimated by combining the band densities of supercoiled
ds circular monomers, ds linear monomers, and relaxed ds circular monomers, while the relative amount of concatemers was
estimated by the intensity of the band at a high molecular weight
position, and dimers and trimers if present. The rationale of the
inclusion of ds linear monomers to estimate the total amount of
circular monomer genomes was based on the observation that a
portion of circular vector genomes was converted into linear
forms because of nonspecific nicking in DNA by digestion with
a noncutter enzyme that does not cut the vector genome (Nakai
et al., 2003a). It should be noted that although approximate estimation of the relative amounts of circular monomers and concatemers was possible, the obtained values may not represent
accurate amounts of each form because: (1) in the densitometric analysis we did not take into account that a portion of vector genomes integrate, which may generate a smeared signal on
the Southern blots with a noncutter enzyme digestion; (2) electrophoretic mobility of relaxed circular monomers and supercoiled circular dimers is similar (Nakai et al., 2003a), which may
have overestimated the relative amount of circular monomers in
our assay; (3) supercoiled circular DNA may exhibit somewhat
impaired hybridization efficiency compared to linear DNA,
which might have resulted in underestimation of the relative
amount of circular monomers; and (4) a small portion of ds linear monomers on the blots may represent not artificial but true
ds linear DNA vector genomes, which have been included in
circular monomers in our densitometric analysis.

Animal procedures
Eight-week-old normal female C57BL/6 mice and C57BL/6
CB17 SCID mice were purchased from Jackson Laboratory
(Bar Harbor, ME). All animal procedures were performed according to the guidelines for animal care at Stanford University. Portal vein injection of rAAV vector and hydrodynamicsbased in vivo hepatocyte transfection of naked DNA vectors by
tail vein injection were performed as previously described
(Nakai et al., 1998, 2001; Liu et al., 1999; Zhang et al., 1999).
Blood samples were collected from the retro-orbital plexus.

Measurement of hF.IX in samples
Levels of hF.IX in mouse plasma were measured with an enzyme-linked immunosorbent assay (ELISA) specific for hF.IX
using affinity purified plasma hF.IX (Calbiochem, La Jolla, CA)
as a standard (Nakai et al., 1999).

Southern blot analysis
Total genomic DNA was extracted from livers 6 to 32 weeks
after vector injection, and 20 mg of DNA was analyzed for vector copy numbers and molecular forms of vector genomes by
Southern blot as previously described (Nakai et al., 1999, 2000).
The vector genome copy number standards (the number of ds
vector genomes [vg] per diploid genomic equivalent [dge]) were
20 mg of naive mouse total liver DNA mixed with the appropriate amount of the corresponding plasmid.

Densitometric analysis
Densitometric analysis of the Southern blots was performed
using a G710 Calibrated Imaging Densitometer and Quantity
One software (Bio-Rad, Hercules, CA). In order to determine
the number of vector genomes per dge, each band intensity was
quantified with a non-lane–based method using the Volume
Tools. Please note that throughout this paper vector copy number per cell represents an average number of vector genomes in
a cell among all the liver cells including vector-genome containing and not containing hepatocytes and nonparenchymal
cells. The net vector copy number in vector containing hepatocytes should be much higher than the copy numbers per cell
shown in this paper. In rAAV-mediated liver transduction, our
estimation, based on a series of our experiments, is that 0.2, 2,
and 16 vector copies per cell correspond to approximately 40,
80, and 200 net vector copies per cell, respectively (Nakai et al.,
2002). The relative amounts of circular monomers and concatemers were determined using the Southern blots of the DNA samples digested with an enzyme that does not cut the vector
genomes. Each lane was scanned with 1-mm width and the background noise was subtracted with a lane-based Rolling Disk

RESULTS
No difference in transgene expression by
rAAV vectors in normal and SCID mice
As a first step toward elucidating the effects of DNA-PKcs
on rAAV transduction in the liver, we injected normal and SCID
mice with an hF.IX-expressing rAAV vector, AAV-EF1a-F.IX.
Eight-week old female C57BL/6 CB17 SCID mice (n 5 5) and
age-matched female normal C57BL/6 mice (n 5 5) were injected with AAV-EF1a-F.IX at a dose of 2.5 3 1011 vg per
mouse via the portal vein. The plasma hF.IX levels were similar between wild-type and SCID mice up to 32 weeks, the
length of the study (Fig. 1). This was consistent with previously
published results that indicated the SCID mutation does not affect rAAV transduction levels in liver (Snyder et al., 1997) and
skeletal muscle (Song et al., 1998, 2001).

Free rAAV vector ends are efficiently cleared
in SCID hepatocytes in vivo by a mechanism
different from that for normal mice
To determine the molecular fate of rAAV vector genomes
in normal and SCID mouse livers, the AAV-EF1a-F.IX–injected mice were sacrificed 32 weeks postinjection, and liver
DNA was analyzed by Southern blot. BglII digestion cleaved
vector genomes four times (see vector map in Fig. 2), and was
used to determine total vector copy numbers per cell. They were
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while hF.IX-L2 served as a control lacking AAV-ITRs. As
shown in Figure 4, the kinetics of transgene expression from
both hF.IX-L1 and L2 was significantly slowed in SCID mice
compared to normal mice. Although the difference in plasma
hF.IX levels at 6 weeks postinjection in normal and SCID mice
injected with hF.IX-L1 was not statistically significant, the levels in the mice injected with hF.IX-L2 were significantly lower
in SCID mice than in normal mice (Student’s t test, p 5
0.0017).

A one-time large load of free vector ends are
inefficiently processed by self-circularization
in SCID mice compared to normal mice

FIG. 1. Transduction efficiency in wild-type and severe combined immunodeficiency (SCID) mice. hF.IX levels in mouse
plasma after portal vein injection of AAV-EF1a-F.IX at a dose
of 2.5 3 1011 vg per mouse. C57, normal C57BL/6 mice (n 5
5); scid, C57BL/6 SCID mice (n 5 5). Vertical bars represent
mean 6 standard errors.

Conversion of incoming ss rAAV genomes into transcriptionally active ds genomes is a slow process that takes approximately 5–6 weeks to go to completion (Miao et al., 1998).
Because ds linear DNA vector genomes are highly recombinogenic in hepatocytes, transform into a variety of vector forms
within a day (Chen et al., 2001; Nakai et al., unpublished results) and are not always detected in rAAV transduced livers,

2.45 6 0.49 and 4.41 6 0.36 (means 6 standard errors) vg/dge
in normal and SCID mice, respectively (Fig. 3A, Table 1). The
vector copy number per cell was approximately 2-fold higher
in SCID mice. (Student’s t test, p 5 0.0066). As shown in Figure 3B, digestion of liver DNA with a single cutter, AflII or
HindIII, revealed head-to-tail, tail-to-tail, and head-to-head concatemers, and no evidence of free vector DNA ends (see Table
2 for the size of each band). Interestingly, in SCID mice, the
ratios of “head-to-head to head-to-tail” and “tail-to-tail to headto-tail” molecules were increased over normal mice. Consistent
with this observation, Southern blot analysis with undigested
DNA or BamHI-digested DNA (BamHI does not cut the vector genome) and densitometric analysis of the blots clearly demonstrated that there was a larger number of concatemers in SCID
mice (Fig. 3C, Table 1). However, estimated circular monomer
copy numbers per cell (Table 1) did not show a difference with
statistical significance between normal and SCID mice (Student’s t test, p 5 0.32). These results demonstrate that self-circularization was the main pathway of removal of free rAAV
vector ends in normal mice, while in SCID mice the concatemerization pathway was more prevalent.

SCID mutation slows and reduces hF.IX
expression from naked ds linear DNA vectors
transfected into mouse hepatocytes
Next, we investigated the effect of the SCID mutation on
transgene expression from naked ds linear DNA vectors delivered to mouse hepatocytes. We injected body weight matched
8-week-old normal C57BL/6 mice (body weight, 18.5 6 0.6 g,
mean 6 standard deviation) and C57BL/6 SCID mice (body
weight, 18.9 6 0.7 g) with naked ds linear DNA, hF.IX-L1 (23
mg per mouse, n 5 9 each) or hF.IX-L2 (22 mg/mouse, n 5
10 and 9 for normal and SCID mice, respectively) using a hydrodynamics-based transfection technique. The doses of vectors were determined based on the molecular weights of each
vector so that all the mice received an equimolar amount of
DNA. hF.IX-L1 represented ds linear rAAV vector genomes

FIG. 2. Restriction enzyme recognition sites in vectors. Diagrams of predicted sizes (kb) of DNA fragments after digestion
with restriction enzymes are shown. The main arrows represent
one unit of a vector genome. The numbers to the left of the vectors are the full-length of the vector genome (kb). Thick bars
indicate probes used in the Southern blot analysis. A: AAVEF1a-F.IX (rAAV vector). B: hF.IX-L1 (naked ds DNA). C:
hF.IX-L2 (naked ds DNA). A, AflII; B, BamHI; Bg, BglII; H,
HindIII; S, SacI.

A

B

C

FIG. 3. Southern blot analysis of mouse liver DNA after injection with AAV-EF1a-F.IX. Wild-type C57BL/6 and C57BL/6
severe combined immunodeficiency (SCID) mice were injected via the portal vein with 2.5 3 1011 vg of AAV-EF1a-F.IX, and
liver DNA harvested 32 weeks postinjection was analyzed for vector genomes. A: BglII (cuts the vector genome four times) digestion for determination of vector copy number per diploid genomic equivalent (dge); 0.0–10.0 are copy number standards.
pAAV-DB was used for the standards. B: Molecular forms of vector genomes. AflII and HindIII cut the vector genome only once.
Black, open and hatched arrowheads represent head-to-tail, head-to-head and tail-to-tail forms, respectively. Note that no free
vector ends were observed (3.2 kb with AflII and 4.0 kb with HindIII). Lane a is a 1.0 copy number standard (pAAV-DB), indicating DNA was digested to completion with the enzyme used, generating a single 7.3-kb band. C: Concatemers (indicated with
an open arrowhead) and circular monomers (indicated with black arrowheads) present in vector-injected mouse liver. BamHI
does not cut the vector genome. C57, normal C57BL/6 mice; scid, C57BL/6 SCID mice. Each lane represents an individual
mouse. Identification number of each mouse is shown above the lanes.

876

NAKAI ET AL.
TABLE 1. RELATIVE AMOUNTS

OF

CIRCULAR MONOMERS

Relative amount of each
vector form a (%)
Vector
AAV-EF1a-F.IX

Mouse
C57BL/6

1d
2
3
4
5

hF.IX-L1

hF.IX-L2

Average
SCID
6
7
8
9
10
Average
C57BL/6 1
2
Average
SCID
11
13
Average
C57BL/6 6
9
Average
SCID
17
20
Average

AND

CONCATEMERS

Concatemer

Circular
monomer

Total copy
number per cellb
(vg/dge)

Estimated monomer
copy number
per cellc (vg/dge)

16
14
11
11
14
13
64
76
66
61
41
62
77
82
80
94
94
94
85
86
86
94
93
94

84
86
89
89
86
87
36
24
34
39
59
38
23
18
21
6
6
6
15
14
15
6
7
7

3.18
3.70
1.49
1.60
2.27
2.45
4.92
5.28
3.44
4.37
4.06
4.41
7.00
9.55
8.28
8.00
6.38
7.19
6.90
5.98
6.44
6.47
8.93
7.70

2.67
3.18
1.33
1.42
1.95
2.11
1.77
1.27
1.17
1.70
2.40
1.66
1.61
1.72
1.67
0.48
0.38
0.43
1.40
0.84
0.94
0.39
0.63
0.51

aThe relative amount of circular monomers and concatemers in each sample was estimated by densitometry of the Southern
blots shown in Figures 3C and 5B. The limitations of this estimation are described in Materials and Methods.
b Vector copy number per cell (vector genomes per diploid genomic equivalent [vg/dge]) was determined by densitometry of
the blots shown in Figures 3A and 5A.
cEstimated circular monomer copy numbers per cell were calculated by multiplying total copy number per cell with the relative amount of circular monomers (%)/100. Please note that although this estimated copy number correlates with the density of
each band observed in the blots, it does not necessarily represent the true number of circular genomes as described in Materials
and Methods.
d These numbers correspond to the mouse identification number in our study.
SCID, severe combined immunodeficiency.

the half life of ds linear rAAV genomes should be short. Considering this slow processing and the relatively short life span,
the steady-state concentration of ds linear rAAV vector
genomes, at any particular period of time, in hepatocytes is presumed to be small (2.5–4.4 vg/dge over 6 weeks, see above).
In contrast, naked ds linear DNA transfection allowed for a considerably large load of free vector ends to be delivered into hepatocytes at one time. The vector copy numbers in C57BL/6
mouse livers 1 day after hF.IX-L1 (23 mg per mouse, n 5 5)
or hF.IX-L2 (22 mg/mouse, n 5 4) injection were 70.12 6
2.87 vg/dge or 50.94 6 11.68 vg/dge (means 6 standard errors), respectively. Assuming that ds rAAV vector genomes
were generated in hepatocytes at a constant rate over a period
of 6 weeks, a ds vector load in a rAAV transduced hepatocyte
would be approximately 0.1 vg per day, which is 1/700–1/500
of the load in a naked ds linear DNA vector transfected hepatocyte. Therefore, ds linear DNA transfection allowed for investigation of the capacity of processing free DNA vector ends.
Six weeks postinjection, the normal and SCID mice injected

with hF.IX-L1 or hF.IX-L2 were sacrificed, and liver DNA
was analyzed by Southern blot analysis. The number of vector
genomes present in the livers of the mice were similar (8.06
6 0.89 vg/dge in L1/normal; 6.90 6 0.50 vg/dge in L2/normal; 8.17 6 0.67 vg/dge in L1/SCID; 7.48 6 1.20 vg/dge in
L2/SCID mice; values are means 6 standard errors, n 5 5
each) (Fig. 5A). As shown in Figure 5B and Table 1, the bands
representing circular vector genomes were readily detected in
normal mice but barely detected in SCID mice. Southern blot
analysis with a single cutter enzyme (SacI or BamHI) revealed
that most but not all of the free vector ends were cleared mainly
by concatemerization (Fig. 5C). An insignificant amount of free
vector ends was observed, but there was no significant difference in the amount of free vector ends in normal and SCID mice.
This suggests that the presence of free vector ends in these mice
was not related to the impaired DSB repair pathways. Thus, in
SCID mice, a one-time large load of free ends of ds rAAV
genomes or ds linear DNA vectors could not be processed into
circular monomers as efficiently as in normal mice.
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TABLE 2. EXPECTED LENGTHS OF DNA FRAGMENTS OF VARIOUS FORMS
VECTOR G ENOMES IN SOUTHERN BLOT ANALYSIS
Vector

Enzyme used

AAV-EF1a-F.IX
hF.IX-L1
hF.IX-L2

AflII
HindIII
SacI
BamHI
SacI
BamHI

H-H a
8.0

T-T a

H-T a

Free
ends

6.4

4.7
4.7
4.9
4.9
4.7
4.7

3.2
4.0
3.5
4.2
3.4
4.1

7.0
8.4
8.2

OF

6.8

a H-H, head-to-head; T-T, tail-to-tail; H-T, head-to-tail. All the fragment sizes are shown as kilobases (kb).
Real DNA fragment lengths might be shorter than expected because of deletions of vector genome termini at vector-vector junctions (Nakai et al., 1999).

DISCUSSION
Possible roles of DNA-PKcs in the removal
of free ds rAAV vector ends
Regardless of the presence or absence of DNA-PKcs, free
vector ends were efficiently cleared in mouse hepatocytes
through different pathways. We have recently demonstrated that
a proportion of rAAV concatemers relative to circular monomer
genomes was increased as the vector copy number in cells was
increased (Nakai et al., 2002). Therefore, the observed difference in the fate of rAAV genomes in normal and SCID mice
(Fig. 3) might simply be attributed to the higher number of vector genomes in SCID hepatocytes compared to the wildtype
controls. However, considering that the rAAV dose we used
and the observed vector copy numbers per cell were still within
a range where circular monomers increased as the vector copy
numbers per cell increased (Nakai et al., 2002), the lack of an
increase in circular monomers in SCID mice compared to the
normal mice implies a relative decrease in circular monomers

in SCID mice. To support this, the self-circularization pathway
was apparently impaired in the absence of DNA-PKcs when
large amounts of free vector ends were loaded into the liver at
one time by transfection with naked ds linear DNA vectors with
or without AAV-ITRs. Although we cannot fully eliminate the
possibility that the hydrodynamics-based transfection technique
might have affected the processing of incoming vector
genomes, our results suggested that there was an alternative
self-circularization pathway in the absence of DNA-PKcs. Such
an alternative mechanism(s) might be the single-strand annealing or homologous recombination DSB repair pathway because
the double-D AAV-ITR structure is frequently observed in selfcircularized vector-vector junctions (Duan et al., 1999).
The reason why the amount of circular monomer genomes
was not significantly lower in SCID mice than normal mice after rAAV vector administration if DNA-PKcs was involved in
rAAV self-circularization, as was observed in naked ds linear
DNA vector-injected mice, can be explained. One possible explanation is that in rAAV transduction in SCID mice, a DNAPKcs–independent alternative self-circularization pathway(s)

FIG. 4. hF.IX levels in mouse plasma after tail vein injection of naked double-stranded (ds) linear DNA. Normal and severe
combined immunodeficiency (SCID) mice were injected with hF.IX-expressing naked ds linear DNA, hF.IX-L1 (23 mg per
mouse, n 5 9 each) or hF.IX-L2 (22 mg per mouse, n 5 10 for normal and n 5 9 for SCID mice), using a hydrodynamics-based
transfection method. Note that elevation of hF.IX levels in SCID mice was significantly slower than in normal mice. C57, normal C57BL/6 mice; scid, C57BL/6 SCID mice. Vertical bars represent mean 6 standard errors.
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FIG. 5. Southern blot analysis of mouse liver DNA isolated after injection with naked double-stranded (ds) linear DNA. Normal and SCID mouse hepatocytes were transfected with 22–23 mg of naked ds linear DNA as described in the text. Mouse liver
DNA harvested 6 weeks postinjection was analyzed for vector genomes by Southern blot. A: BglII (cuts the vector genome twice)
digestion for determining vector copy number per diploid genomic equivalent (dge); 0.0–10.0 are copy number standards
(pVm4.1edD-hF.IX). B: Concatemers and circular monomers present in ds linear DNA-transfected mouse liver. KpnI does not
cut the vector genome. Several discrete bands numbered 1 to 5, are presumed to be as follows based on our observations (Nakai
et al., 1999, 2000, 2001, 2003a): 1, supercoiled ds circular monomers; 2, ds linear monomers (likely monomer circles broken at
one site during restriction enzyme digestion); 3, relaxed ds circular monomers and/or supercoiled ds circular dimers; 4, ds linear
dimers (likely dimer circles broken at one site); and 5, relaxed ds circular dimers and/or supercoiled ds circular trimers. Note that
these circles are present at significantly higher levels in normal mice than in SCID mice. C: The presence of a small amount of
free vector ends in both normal and SCID mice. SacI and BamHI cut the vector genome only once. Arrows with “F” indicate
free vector ends. Black, open, and hatched arrowheads represent head-to-tail, head-to-head, and tail-to-tail forms, respectively.
Lanes a are 1.0 copy number standards (pBSdD-hF.IX), which indicate DNA was digested to completion with the enzymes used.
The sizes of the products from pBSdD-hF.IX digested with KpnI, SacI, and BamHI, which can be detected with this analysis,
are 7.6 kb, 6.4 kb, and 7.0 kb, respectively. C57, normal C57BL/6 mice; scid, C57BL/6 SCID mice. Each lane represents an individual mouse. Identification number of each mouse is shown above the lanes.

may continuously remove a small fraction of slowly loaded free
rAAV vector ends over time, resulting in the generation of a significant amount of circular monomer genomes by the time transgene expression reaches a plateau (or during 5–6 weeks after
vector injection). However, if large amounts of ds linear DNA
molecules were delivered at one time, this process would only
remove a negligible amount of free vector ends over a limited
period of time. Alternatively, AAV-ITR structures in ds rAAV
vector genomes may form more preferable substrates for self-

circularization than AAV-ITRs in naked ds linear DNA vectors.
Because the CB17 SCID mutation generates a potentially partially active mutant enzyme (Blunt et al., 1996; Danska et al.,
1996) and has been known to be leaky (Kotloff et al., 1993;
Nonoyama et al., 1993), it is also possible that incomplete inactivation of the NHEJ DSB repair pathway might have allowed
for self-circularization to some extent in SCID mice.
In contrast to impaired intramolecular self-circularization of
linear vector genomes, intermolecular recombination was not
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at all affected by the SCID mutation. These results suggest that
intramolecular self-circularization and intermolecular concatemerization of rAAV vector genomes are differentially regulated
by cellular factors, although these two pathways appear to be
similar in that they involve free end joining of DNA vector
genomes.
In the naked ds linear DNA vector-injected mice, we observed a small quantity of free vector ends, which might still
be detrimental to cells because a single DSB present in extrachromosomal DNA has been reported to be lethal (Bennett et
al., 1993). At this time, it is not clear why hepatocytes with unrepaired free vector ends could survive in our study. The quiescent nature of hepatocytes might have allowed for escape
from DSB-induced toxicity as suggested by Baekelandt and colleagues (Baekelandt et al., 2000). Alternatively, it is possible
that all the concatemers were circular forms and all the free
vector ends were derived from input ds linear monomer DNA
vector genomes that persist but are not identified as a DSB signal by the cells because of their possible localization in cytoplasm or in a protected niche within nuclei.

slowly-loaded free vector ends but could not process large
amounts of free ends when they were delivered at high concentration to overload the cells. The second pathway, with an
intermediate capacity, processed most of the slowly loaded free
vector ends and a proportion of the overloaded ones. The last
pathway, with the largest capacity, processed most of the overloaded free vector ends. In addition, considering that concatemers are normally accompanied by circular monomers, and selfcircularization could occur by itself without concatemerization
(Nakai et al., 2002), the pathways of free DNA end removal
are presumed to be hierarchically organized such that self-circularization is preferred over concatemerization.
Based on our observations from past and present studies
(Miao et al., 1998; Nakai et al., 1998, 1999, 2000, 2002,
2003a,b), we propose a model for how free rAAV vector ends
are removed in hepatocytes in vivo. During loading of free
rAAV vector ends (i.e., slow transduction process over 5–6
weeks), free vector end clearance first begins to occur by selfcircularization. At low vector concentration per cell, self-circularization is favored (Nakai et al., 2002), because concatemerization requires at least two vector genomes per cell (Nakai
et al., 2000, 2002). Unlike retroviruses that can remove free
ends by self-circularization and integration (Li et al., 2001), the
integration efficiency of rAAV is very low (Nakai et al., 2001,
2002), therefore integration does not play a major role. When
the concentration of vector genomes is increased, hepatocytes
exert the self-circularization pathways until the capacity of
those pathways reaches a maximum. If the self-circularization
and concatemerization pathways were equally used to remove
free vector ends, the ratio of the amount of circular monomers
and concatemers should be maintained regardless of the number of input vector genomes with free ends, however this does
not occur (Nakai et al., 2002). If concatemerization was the preferred pathway, concatemers should be present in the absence
of circular monomers, but this was not the case. Concatemerization occurs only when vector genomes are present in excess
(Nakai et al., 2002) or beyond the capacity of self-circularization. In a separate study, we injected another hF.IX-expressing
rAAV vector, AAV-CM1 (Nakai et al., 2001) into normal and
SCID mice via the portal vein, and performed the same analyses. At lower transduction levels of approximately 1 copy per
cell (the net vector copy number in a vector-containing hepatocyte is presumed to be 40–80 copies per cell; see Materials
and Methods), most of the vector genomes were circular
monomers both in normal and SCID mice (data not shown).
Therefore, the preferential use of the circularization pathway
appears to occur even when DNA-PKcs is deficient.
The capacity of the DNA-PKcs-independent alternative selfcircularization pathway is very limited compared to the DNAPKcs-dependent pathway. It is robust enough to generate a considerable amount of circular genomes from slowly processed
rAAV vector genomes, but is readily saturated with a one-time
large load of incoming free ends, generating only a negligible
amount of circular molecules in SCID mice.
In conclusion, our present study further supports a recent
finding that DNA-PKcs–dependent NHEJ DSB repair pathway
is involved in the processing of rAAV genomes in transduced
cells, and demonstrates that there is a compensatory genome
processing pathway(s) in the absence of DNA-PKcs. Understanding the molecular basis of rAAV transduction, especially

Possible effects of DNA-PKcs on rAAV vector
transduction in the liver
The present study showed that the SCID mutation altered the
molecular fate of rAAV vector genomes and resulted in higher
transduction efficiencies as determined by vector copy numbers
per cell. However, past as well as the present studies demonstrate that the SCID mutation did not affect rAAV transduction
efficiency as determined by transgene expression (Snyder et al.,
1997; Song et al., 1998, 2001). On the other hand, when ds linear DNA vectors were transfected into mouse hepatocytes,
transgene expression was slowed and reduced in the SCID mice.
It is not clear why the SCID mutation affected transgene expression from naked ds linear DNA vectors but not from rAAV
vectors. One possible explanation is the difference in the
amount of circular monomer genomes between wild-type and
SCID mice. This difference was not significant in rAAV vector-injected mice, although it was significant in ds linear DNA
vector-injected mice. We have recently demonstrated that an
increase in the number of circular monomer rAAV genomes
per cell correlates with an increase in transgene expression,
while an increase in the number of concatemeric rAAV vector
genomes per cell does not necessarily result in a proportional
increase in transgene expression in mouse hepatocytes in vivo
(Nakai et al., 2002). This observation implies that concatemers
are not as potent as circular monomers for transgene expression. Thus, although we did not see a substantial difference in
transgene expression in rAAV-injected normal and SCID mice,
the lack of DNA-PKcs has a potential to affect transgene expression by altering molecular fates of vector genomes.

A model for the pathways of free rAAV
vector end removal
The present study demonstrated three distinct pathways of
free vector end removal (i.e., DNA-PKcs–independent selfcircularization, DNA-PKcs–dependent self-circularization and
DNA-PKcs–independent concatemerization). Our study suggested that each pathway has a different capacity. The first pathway, with the smallest capacity, processed a portion of the
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focusing on cellular factors participating in the processing of
rAAV vector genomes is essential to further improve rAAV
vector strategies. Elucidation of the molecular pathways for genome processing may allow us to regulate vector genome selfcircularization, concatemerization, or even integration, making
a new generation of rAAV vectors.
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