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Ataxia telangiectasia is caused by a genetic defect in the ATM gene that results in altered cellular sensitivity to
DNA-damaging agents such as !-irradiation. ATM deficiency is associated with an increased incidence of neurological
disorders, immune deficiency, and cancer. In this report we demonstrate that recombinant adeno-associated virus (rAAV)
gene transfer in ATM-deficient fibroblasts is significantly enhanced over normal fibroblast cell lines. This enhancement of
rAAV transduction in AT cells is correlated with an increased abundance of circular form rAAV genomes, as well as a higher
number of integrated head-to-tail concatamer proviral genomes. Studies evaluating AAV trafficking using Cy3-labeled virus
suggest that a nuclear mechanism is responsible for increased rAAV transduction in AT cells, because binding, endocytosis,
and nuclear trafficking of virus are unaffected by the AT phenotype. Additionally, the profile of rAAV transduction after UV
irradiation is significantly blunted in AT cells, suggesting that the level of DNA repair enzymes normally associated with UV
augmentation of viral transduction may already be maximally elevated. These results further expand our understanding of
genes involved in rAAV transduction. © 2000 Academic Press

INTRODUCTION

DNA damage manifested as double-stranded breaks
occurs frequently on exposure to chemical carcinogens
and radiation. For the maintenance of genomic integrity,
these errors must be recognized and repaired effectively.
When these processes are impaired, inaccurate restora-
tion of the genome leads to mutations that may result in
cell death or cancer. Ataxia telangiectasia is a human
autosomal recessive disease characterized by neurolog-
ical disorders (cerebellar ataxia), immune deficiency, and
a predisposition to cancer (Shiloh, 1995, 1997). Impor-
tantly, chromosomal instability has been recognized as
the most detrimental characteristic of the AT phenotype
(Luo et al., 1996).
The ATM gene, which was recently isolated by posi-

tional cloning (Savitsky et al., 1995), has strong homology
to proteins of the phosphatidylinositol 3-kinase (PI-3)
family (Jung et al., 1997). PI-3 kinases mediate cellular
responses to several mitogenic growth factors (Kapeller
and Cantley, 1994; Ui et al., 1995; Whitman et al., 1988).
Interestingly, ATM is a protein kinase rather than a lipid
kinase (Banin et al., 1998; Canman et al., 1998), and it has
been shown to regulate the p53-dependent cell cycle
checkpoint and apoptotic pathways (Barlow et al., 1997;
Nakamura, 1998). In wild-type cells, ATM activates p53
through phosphorylation (Banin et al., 1998), and conse-
quently the cell cycle is arrested and DNA repair path-

ways are activated (Kastan et al., 1992; Lu et al., 1998).
p53 can also be activated by ionizing and UV irradiation.
Interestingly, sensitivity to UV and ionizing radiation ap-
pears to be altered in AT patients, because the onset of
p53 activation is delayed after ionizing but not UV irradi-
ation. Although both UV and ionizing radiation result in
the phosphorylation of p53 protein, ionizing radiation
results in phosphorylation at serine-15 and UV radiation
at serine-389. These differences may account for the
differential effects of these two stimuli on AT cells (Can-
man et al., 1998; Lu et al., 1998).
Adeno-associated virus 2 (AAV2) is one of the most

promising gene therapy vectors currently available. It is a
human parvovirus with a single-stranded DNA (ssDNA)
genome (Berns, 1990). Transduction of nondividing cells,
site-specific integration, and nonpathogenic features
have made rAAV the vector of choice for many applica-
tions in gene therapy (Flotte et al., 1994; Kaplitt et al.,
1994; Kotin et al., 1991; McCown et al., 1996; Walsh et al.,
1992). Despite these advantages, the low level of viral
transduction in certain organs has been one of the big-
gest barriers in rAAV gene therapy trials. Therefore,
methods of augmenting rAAV transduction would greatly
increase its applications as a gene therapy vector. In
addition to DNA synthesis and topoisomerase inhibitors,
DNA damaging agents such as UV and !-irradiation
have been suggested to augment rAAV transduction (Al-
exander et al., 1994; Russell et al., 1995). The mechanism
of action for these agents is not clearly understood but is
thought to involve the activation of DNA repair machinery
following DNA damage (Alexander et al., 1994).
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Given the correlation between ionizing radiation-in-
duced rAAV transduction and the sensitivity of AT cells to
ionizing radiation (Taylor et al., 1975), we hypothesized
that cell lines displaying radiation sensitivity or defective
DNA repair pathways might have altered profiles of rAAV
transduction. To this end, we have characterized the
molecular processes associated with rAAV transduction
and integration within sets of normal and AT primary
fibroblasts and transformed cell lines. Our data demon-
strate a significant enhancement of rAAV transduction
and integration in ATM deficient cell lines, accompanied
by an altered profile for UV-induced rAAV transduction.
We propose a hypothesis whereby the mutated ATM
gene affects the abundance or activity of DNA repair
enzymes involved in the formation of rAAV circular inter-
mediates and concatamers, which enhance the levels of
integration and transgene expression. These results fur-
ther our understanding of mechanisms involved in rAAV
transduction and genome conversion.

RESULTS

rAAV transduction is enhanced in ATM-deficient
fibroblasts

Genotoxic agents have been reported to augment
rAAV transduction through an unknown mechanism. Be-
cause AT patients are defective in DNA repair, we tested
whether rAAV vectors have an altered transduction pro-
file in ATM-deficient cell lines compared with their wild-

type counterparts. To test this hypothesis, we used an
rAAV vector, AV.GFP3ori, that harbors the GFP reporter
transgene. To our surprise, an AT transformed cell line,
GM5849, demonstrated a 5- to 7-fold increased suscep-
tibility for rAAV transduction in comparison with the wild-
type control cell line, GM637, at m.o.i. values ranging
from 10 to 100 DNA particles/cell (Fig. 1A). These results
suggested that AT cells possess enhanced pathways for
rAAV transduction.

AT cell lines have an altered rAAV transduction
profile in response to UV irradiation

AT cells are known to display sensitivity to ionizing
radiation (Taylor et al., 1975). In addition, genotoxic
agents such as UV irradiation have been reported to
augment rAAV transduction (Miller et al., 1997; Sanlioglu
et al., 1999). Because AT cells displayed augmented rAAV
transduction, we hypothesized that the mechanism nor-
mally underlying the UV enhancement of rAAV transduc-
tion may preexist in these cells. To investigate this hy-
pothesis, both wild-type and AT-transformed fibroblasts
were UV irradiated at increasing doses before infection
with AV.GFP3ori at an m.o.i. of 100 DNA particles/cell
(Fig. 1B). A 4- to 5-fold induction in GFP expression was
obtained with wild-type fibroblasts at 15 and 25 J/m2 UV
over nonirradiated controls. In contrast, no significant
enhancement in rAAV transduction was observed in AT
GM5849 cells by UV irradiation over all the doses tested
(Fig. 1B).

FIG. 1. rAAV transduction in AT and wild-type fibroblasts. Confluent monolayers of wild-type (GM637) and AT (GM5849)-transformed fibroblasts were
infected with increasing m.o.i. values of AV.GFP3ori (A). The percentage of cells expressing GFP was determined by FACS analysis 24 h after the
infections. These data represent the mean ! SEM of six independent data points (n " 6). (B) Results from UV-induced rAAV transduction in wild-type
(GM637) and in AT (GM5849) fibroblast cell lines. AT (GM5849) and wild-type (GM637) fibroblasts were UV irradiated at increasing doses (0, 5, 15,
and 25 J/m2) before infection with AV.GFP3ori at an m.o.i. of 100 DNA particles/cell. The percentage of cells expressing GFP was determined 24 h
after the UV irradiation by FACS analysis. These data represent the mean ! SEM of four independent data points (n " 4). (C) rAAV transduction data
in three independent primary AT (GM01740A, GM01829A, GM00648C) and wild-type (GM00023, GM00041B, GM00495A) fibroblast lines. Fibroblasts
were infected with AV.GFP3ori at an m.o.i. of 200 DNA particles/cell with and without prior UV irradiation at 25 J/m2. Assays were performed in
triplicate, and transduction was analyzed at 4 days postinfection by FACS analysis. Results depict the mean ! SEM for all three cell lines (n " 9 data
points for each).
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Primary fibroblast cells isolated from AT patients
demonstrate similar alterations in rAAV transduction

To confirm that the observed phenotype of en-
hanced rAAV transduction and reduced UV response
was not restricted to the selected transformed cell
lines used in these experiments, rAAV transduction
was evaluated in primary fibroblasts isolated from AT
and normal patients. Three primary AT cells
(GM01740A, GM01829A, GM00648C) and three primary
wild-type cells (GM00023, GM00041B, GM00495A)
were used. As seen in Fig. 1C, the enhanced, baseline
susceptibility of AT primary fibroblasts to rAAV infec-
tion was even greater than that in transformed AT cell
lines. AT primary cells infected with AV.GFP3ori virus
(m.o.i. of 200 DNA particles/cell) demonstrated a 16-
fold higher level of transduction than their wild-type
fibroblast controls. Furthermore, UV irradiation before
rAAV infection lead to a 17-fold enhancement in GFP
expressing cells only in wild-type fibroblasts (Fig. 1C).
In contrast, AT fibroblasts demonstrated a minimal
2-fold enhancement in transduction after UV irradia-
tion. These results demonstrate common patterns of
rAAV transduction in primary AT fibroblasts and trans-
formed cell lines, suggesting that the ATM deficiency
affects both the baseline and UV-facilitated rAAV trans-
duction events.

Transcriptionally inactive rAAV genomes are stably
maintained in normal fibroblasts, and their conversion
to transcriptionally active forms is enhanced by UV
irradiation and the ATM deficiency

We hypothesized that ATM gene defects accounting
for enhanced baseline levels of rAAV transduction and

gene expression might lead to altered activity of DNA
repair enzymes capable of increasing the rate of sin-
gle-stranded rAAV genome conversion to double-
stranded expressible forms. This hypothesis suggests
that infection and uptake of virus are equivalent in AT
and normal cells and that events occurring subse-
quent to viral infection are responsible for the ob-
served alterations in the transduction profiles. To test
whether rAAV genomes persist in normal cells in a
transcriptionally inactive state after infection, the ef-
fect of UV irradiation administered 7 days after infec-
tion on rAAV transduction was evaluated in both AT
and normal cell lines. Both AT and normal fibroblasts
were infected and incubated for 24 h with AV.GFP3 ori,
followed by washing. The medium was then changed
and the cells were incubated for an additional 6 days.
On day 7 after infection, AT cells demonstrated a
16-fold greater transduction than normal fibroblasts,
as evidenced by the number of GFP-expressing cells
(Fig. 2A). However, in normal fibroblasts, UV irradiation
at this time point was capable of inducing GFP expres-
sion from transcriptionally inactive rAAV genomes
more than 17-fold, whereas AT fibroblasts exhibited
only a 2-fold increase in response to UV (Figs. 2A and
2B). From these results, we concluded that in wild-type
fibroblasts, rAAV genomes remained in an inactive
state that could be rescued by UV irradiation. In con-
trast, processes responsible for UV augmentation of
transcriptionally inactive rAAV genomes appear to pre-
exist in nonirradiated AT cells. This is indicated by the
findings that AT cells show a high baseline level of
transduction and a blunted response to UV irradiation
administered at 7 days postinfection.

FIG. 2. rAAV transduction in primary fibroblasts isolated from AT patients. Three independent isolates of primary AT (GM01740A, GM01829A,
GM00648C) and wild-type (GM00023, GM00041B, GM00495A) human fibroblasts were evaluated for the efficiency of rAAV transduction (A). Infections
were carried out in triplicate with increasing doses of rAAV virus (only m.o.i. of 200 DNA particles/cell is shown). The mean ! SEM (n " 9) number
of GFP-positive cells/20# field (y-axis) is given at various times postinfection (x-axis) for the three fibroblast lines evaluated each group. At 7 days
postinfection, cells were UV irradiated at 25 J/m2 (indicated by an arrow). The fold induction in rAAV transduction after UV irradiation is given in panel
B (fold increase was calculated using expression at 7-day time point equal to 1). Similar results for UV induction were seen when cells were UV
irradiated before infection (data not shown).
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Mechanism of rAAV transduction in ATM-deficient
cell lines

Binding and uptake of viral DNA are equivalent in
normal and AT fibroblasts. Although UV rescue experi-
ments indicated that rAAV genomes remained in a tran-
scriptionally inactive state within infected wild-type fibro-
blasts, we wanted to rule out that differences in baseline
transduction levels in AT compared with wild-type fibro-
blasts were due to differential uptake and accumulation
of AAV ssDNA. To address this question, we analyzed the
molecular state of the viral DNA using Southern blots of
Hirt DNA purified 1, 5, and 24 h subsequent to infection.
The results demonstrated no detectable difference in the
accumulation of viral DNA between AT and wild-type
cells (data only shown for 24-h time points in Fig. 3A).
This suggests that binding and uptake of virus are equiv-
alent for both AT and normal fibroblasts.
Conversion of single-stranded rAAV genomes to circu-

lar forms is elevated in ATM cells. Although the abun-
dance of single-stranded rAAV genomes was equivalent
in AT and normal cells, the Southern blots demonstrated
several distinct differences between these two cell types
(Fig. 3A). First, as previously reported (Sanlioglu et al.,
1999), the abundance of supercoiled circular AAV ge-
nomes (migrating at 2.8 kb) was significantly induced in
normal fibroblasts by UV irradiation at 25 J/m2. In con-
trast, AT cell lines demonstrated elevated levels of cir-
cular form genomes compared with wild-type cells in the
absence of UV irradiation. In addition, UV irradiation
increased the abundance of a higher-molecular-weight
(6 kb) genome fragment of rAAV in AT cells (Fig. 3A). Both
monomer circular form genomes (2.8 kb) and this higher-
molecular-weight 6-kb band demonstrated migration pat-
terns distinct from rAAV replication form monomers (Rfm,
4.7 kb) and dimers (Rfd, 9.4kb) (Ferrari et al., 1996; Fisher
et al., 1996).
UV enhances the formation of rAAV circular concatam-

ers in AT cells.We hypothesized that the larger 6-kb band
induced by UV irradiation of rAAV-infected AT cells rep-
resents an alternative form of circular genome (i.e., dimer
or relaxed monomer). To test this hypothesis, Hirt DNA
was size fractionated, and an enriched fraction contain-
ing the 6-kb genomic fragment was isolated for restric-
tion enzyme analysis (Fig. 3B). AseI digestion of the
purified 6-kb Hirt DNA band from AT cells yielded a
4.7-kb fragment consistent with a uniform circular head-
to-tail dimer. Furthermore, PstI digestion generated two
fragments of 3 and 1.7 kb. Last, three fragments of 1.7, 1.5,
and 1.36 kb were obtained by AseI–PstI double digestion.
In conclusion, these restriction digestion patterns sup-
port the identity of the 6-kb fragment as a circular form
dimer. End fragments that would be consistent with a
linear head-to-tail concatamer were not seen. Similarly,
digestion patterns consistent with replication form inter-
mediates were also not observed. A schematic repre-
sentation of restriction fragments that would arise from

circular forms and/or replication forms of AAV is depicted
in Fig. 3C.
These observations were also confirmed by rescue

assays of circular form genomes after transformation of
Escherichia coli Sure cells with Hirt DNA. Because only
closed circular form rAAV genomes are capable of giving
rise to CFU after bacterial transformation (Duan et al.,
1998), we digested Hirt DNA with AseI before transfor-
mation to determine the abundance of closed circular
form genomes in Hirt DNA. Results from these studies
demonstrate 1.2 # 104 ! 400 (mean ! SEM) rescued
bacterial colonies from mock digested AT Hirt DNA (total
colonies per 60-mm plate) in the absence of AseI en-
zyme. In contrast, AseI digestion of Hirt DNA before
transformation completely eliminated all rescued plas-
mids from our assay. In summary, results of Hirt DNA
Southern blots and plasmid rescue assays provide good
evidence that the conversion products of rAAV genomes
(2.8- and 6-kb bands) in AT cells are indeed uniform
head-to-tail circular genomes.

rAAV integration is elevated in ATM-deficient cells

Our results thus far demonstrate that the conversion
process of ssDNA rAAV genomes to circular concata-
mers is elevated in ATM-deficient cells. We hypothesized
that circular form genomes and/or the concatamerization
process of these circular forms may be associated with
mechanisms of integration. Several lines of evidence
support the notion that large circular concatamers may
be preintegration intermediates for rAAV. For example,
the proviral structure of rAAV in liver (Miao et al., 1998)
and other cell lines (Duan et al., 1997; Laughlin, Cardel-
lichio, and Coon, 1986; Tratschin et al., 1985) consists of
uniform head-to-tail concatamers. To test the hypothesis
that increased abundance of circular form genomes in
AT cells predisposes rAAV to a higher level of integration,
we compared the extent of GFP-expressing clone forma-
tion in AV.GFP3ori-infected AT cells (GM5849) with that in
wild-type cells (GM637). GFP colonies were quantified at
various passages postinfection, and clones were iso-
lated for analysis by Southern blotting at passage 7. As
shown in Figs. 4A and 4B, the number of clones was
stable between passages 4 and 7, suggesting that inte-
gration had taken place. Interestingly, the number of
clones seen in the AT GM5849 cell line was 7-fold higher
than that in normal GM637 cells. This increase corre-
lated with a higher abundance of circular form genomes
in these cell lines after rAAV infection. Because UV irra-
diation induces circular form AAV genomes in non-AT
cells, we compared clone formation in UV-irradiated
rAAV-infected AT and normal cells to determine any dif-
ferences in the extent of clone formation. Results from
this analysis demonstrated a 4-fold increase in the num-
ber of GFP-expressing colonies in normal GM637 cells
after UV irradiation. In contrast, no significant increase in
colony formation was seen in UV-irradiated rAAV-in-
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FIG. 3. Enhanced rAAV transduction in AT cells is reflected by an increased abundance of circular form rAAV genomes. AT (GM5849) and wild-type
(GM637) transformed fibroblasts were infected with AV.GFP3ori virus at an m.o.i. of 100 DNA particles/cell. The abundance of rAAV circular
intermediates was determined by Hirt Southern blot analysis at 24 h postinfection as described in Materials and Methods (A). Southern blotting
analysis was performed with a 32P-labeled GFP fragment (820 bp EcoRI and NotI fragment) of pEGFP-1 (Clontech). Lanes 1–10 represent undigested
Hirt DNA from uninfected controls (lanes 1 and 6) and rAAV-infected cells (lanes 2–5 and 7–10) preirradiated with 0 and 25 J/m2 (paired lanes represent
duplicate independent samples). The corresponding molecular weight for various forms of the AAV genome is given on the right in kb. Nomenclature
to the left of panel A depicts Cd (circular dimers), Cm (circular monomers), and ssDNA (of rAAV). (B) Restriction enzyme analysis of fractionated 5- to
7-kb Hirt DNA shown in panel A (25 J/m2 infected AT cells). The Southern blot in Panel B used 32P-labeled intact circular viral genome as probe. Purified
uncut Hirt DNA ran as a single 6-kb fragment (lane 11). AseI digestion (lane 12) yielded only a 4.7-kb fragment. PstI digestion (lane 13) yielded 3- and
1.7-kb fragments. AseI–PstI double digestion generated 1.7-, 1.5-, and 1.36-kb fragments (lane 14). (C) Schematic representation of expected digestion
patterns with single enzymes shown in panel B. Monomer and dimer supercoiled circular forms of the rAAV genome migrate as 2.8 and 6 kb,
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fected AT GM5849 cells. Despite the UV-induced in-
crease in stable clone formation seen in wild-type cells,
the number of GFP-positive clones in irradiated wild-type
cells remained 40% lower than that of nonirradiated AT
cells. These results suggest that the ATM deficiency
augments mechanisms that facilitate rAAV integration.

Structural analysis of integrated rAAV genomes

To confirm that GFP clones (Fig. 4B) possessed inte-
grated copies of the rAAV genome, clones were isolated
and expanded for preparation of genomic DNA. Southern
blot analysis of undigested DNA samples demonstrated
large-molecular-weight bands usually retained in the
loading well, consistent with integrated genomes or
high-molecular-weight concatamers (Fig. 4C, U). How-
ever, HindIII digestion (HindIII does not cut within the
rAAV genome) of genomic DNA demonstrated unique
single sites of integration within each of the four clones
analyzed (Fig. 4C, lanes 2–5). Detailed structural analysis
of one such clone presented in Fig. 4C (lanes 7–10)
confirmed the head-to-tail orientation of rAAV genomes.
This was expected if they had arisen from circular con-
catamers. In this clone, HindIII digestion yielded a single
fragment ($16 kb) suggestive of a single integration site.
AseI digestion (which cuts once in the viral genome)
released a fragment of 4.7 kb, suggestive of head-to-tail
concatamers, and a 12-kb fragment of flanking sequence
with less intense hybridization. Copy number standards
(Fig. 4C, p80) suggested that this proviral integration site
contained approximately three or four copies of the AAV
genome. The orientation of these integrated rAAV ge-
nomes was confirmed by AseI–PstI double digestion
(Fig. 4C, lane 10). The presence of 1.7-, 1.5-, and 1.36-kb
fragments confirms the head-to-tail orientation of these
genomes. For comparison of head-to-tail digestion pat-
terns seen in a circular genome, a rescued circular
intermediate (p80) is also shown in Fig. 4C (lanes 11–13).
These results confirm that clones evaluated in our sys-
tem have integrated copies of rAAV and that the structure
is of these proviruses is consistent with head-to-tail
circular intermediates as preintegration molecular forms
of the rAAV genome.

Trafficking of rAAV to the nucleus is unaffected
by the AT phenotype

Several mechanisms that could explain the in-
creased abundance of rAAV circular intermediates in
AT cells might involve increased binding, endocytosis,
and/or nuclear trafficking of virus. Our Southern blot

data (Fig. 3A) demonstrating equivalent accumulation
of rAAV ssDNA in wild-type and AT cells after infection
suggests that binding and endocytosis are likely not
different in these two cell types. However, it remains a
formal possibility that altered efficiencies of nuclear
trafficking of virus could explain increased transduc-
tion in AT cells. For example, in wild-type cells, rAAV
might be trapped in an endosomal compartment that is
liberated after UV irradiation. To address this question,
we evaluated the intracellular trafficking of Cy3-la-
beled rAAV in both AT and wild-type cells. Cy3AAV was
incubated with AT cells (GM5849) and wild-type cells
(GM637) at 4°C for 1 h. Cells were then immediately
fixed to examine viral binding or incubated at 37°C for
2 h to analyze nuclear trafficking. As shown in Fig. 5,
no difference in binding of Cy3AAV was detected be-
tween wild-type (Figs. 5A and 5B) and AT cells (Figs.
5C and 5D). In addition, we have previously deter-
mined that the majority of rAAV particles are trans-
ported to the nucleus within a 2-h time frame (data not
shown). Therefore, we compared the efficiency of nu-
clear transport of Cy3AAV in AT and wild-type cells 2 h
after the infection. As seen in Fig. 5, Cy3AAV was
efficiently transported to the nucleus in both wild-type
(Figs. 5E and 5F) and AT cells (Figs. 5G and 5H).
Therefore, we conclude that the observed difference in
transduction between AT and wild-type cells cannot be
due to differences in the efficiency of binding, endo-
cytosis, or nuclear transport but instead must involve
nuclear mechanisms.
Tyrosine dephosphorylation of a single-stranded D

box binding protein (ssD-BP) has been correlated with
the efficiency of rAAV transduction in certain cell types
and tissues (Qing et al., 1998, 1997; Sanlioglu and En-
gelhardt, 1999). Thus we examined the phosphorylation
status of ssD-BP in AT and wild-type cells by performing
mobility shift assays (Sanlioglu and Engelhardt, 1999).
However, no significant difference in the ratio of dephos-
phorylated (%P) to phosphorylated (&P) forms of ssD-BP
in these two cell types was found (data not shown).
Hence, we conclude that the phosphorylation status of
ssD-BP does not account for the differences in transduc-
tion. In conclusion, the only observable difference be-
tween AT and wild-type cells is the relative abundance of
AAV circular intermediates. The exact mechanism re-
sponsible for higher abundance of AAV circular interme-
diates observed in AT cells, however, remain to be de-
termined.

respectively. Both circular forms yield a 4.7-kb linearized rAAV genome fragment after digestion with AseI enzyme. These fragment sizes can be
differentiated from the expected molecular weight digestion fragments of Rfd head-to-head (7.3 and 1 kb) and tail-to-tail (3.6 and 2 kb) genomes. PstI
digestion of the circular form dimer generates 3- and 1.7-kb fragments, whereas an Rf head-to-head dimer would yield 2.5-, 1.7-, and 0.4-kb fragments
and Rf tail-to-tail dimer would generate 5-, 1.7-, and 0.17-kb fragments. Schematic representation of the AseI–PstI double digestion was omitted for
the purpose of clarity.
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DISCUSSION

In addition to adenovirus E4 gene expression, geno-
toxic agents such as ionizing radiation, UV, and hy-
droxyurea have also been shown to increase rAAV trans-
duction (Alexander et al., 1994; Ferrari et al., 1996; Fisher
et al., 1996; Russell et al., 1995). However, the mecha-
nisms accounting for this enhanced transduction are not
clearly understood. Because DNA damage is a common
feature of these genotoxic agents, DNA repair pathways
activated by DNA damage are thought to be involved in
this augmentation process (Alexander et al., 1994).
Therefore, we hypothesized that the investigation of ge-
netically mutant cell lines with modulated DNA repair
pathways may lend insight into genotoxic mechanisms
that enhance rAAV transduction. ATM deficiency is one
such example of a mutant DNA repair phenotype that
leads to enhanced sensitivity to ionizing radiation
through a defective cell cycle checkpoint pathway (Taylor
et al., 1975).
Initial studies in transformed cell lines confirmed this

hypothesis and demonstrated a 5-fold increase in base-
line rAAV transduction in AT compared with wild-type
transformed fibroblasts. Further investigation in three

primary fibroblast lines from both AT and normal individ-
uals substantiated these findings and demonstrated a
16-fold higher baseline transduction of rAAV associated
with the AT phenotype. Interestingly, genotoxic stress
caused by UV irradiation was capable of increasing rAAV
transduction in wild-type cells without significant en-
hancement in AT primary fibroblasts. These studies con-
firmed that ATM deficiency plays a role in altering the
cellular milieu in a manner conducive to rAAV transduc-
tion.
Several lines of evidence suggest that the ATM defi-

ciency alters the transduction processes of rAAV through
an enhanced conversion of viral ssDNA to circular form
genomes. These processes, which are enhanced in AT
cells, appear to be similar to those induced by UV in
non-AT cell lines (Fig. 6). Based on Southern blot analysis
of Hirt DNA, no difference in the extent of accumulated
single-stranded rAAV genomes was observed between
wild-type and AT cell lines after a 24-h infection, sug-
gesting that equivalent molar amounts of viral DNA are
taken up by these two genetically different cells lines.
Interestingly, these transcriptionally inactive single-
stranded rAAV genomes appear to be quite stable in

FIG. 4. rAAV integration in AT cells and wild-type fibroblasts. Wild-type (GM637) and AT (GM5849) transformed fibroblasts were infected with rAAV
virus at an m.o.i. of 500 DNA particles/cell with and without prior UV irradiation at 25 J/m2. After several cell passages (1/20 split each passage,
GFP-positive colonies; CFU) were counted on triplicate 100-mm plates only when cells became confluent (A). These results represent the mean !
SEM of three different experiments (n " 9). A representative photomicrograph of a GFP-positive clone is given in panel B. To confirm that these clones
had integrated copies of rAAV, clones were isolated and expanded for preparation of genomic DNA and Southern blot analysis (C). Southern blotting
of uncut (lane 1) and HindIII-digested (lanes 2–5) genomic DNA is shown for four independently isolated clones I-IV (HindIII does not cut within the
viral genome). As a control for episomal dimer circular rAAV genomes (6 kb), the rescued circular intermediate plasmid p80 was also HindIII digested
and run in lane 6. The arrowhead marks linear HindIII genomic fragments of rAAV genomes at a molecular weight greater than 16 kb. A more detailed
restriction map of genomic DNA from clone I is given in lanes 7–10 and compared with that of p80 (lanes 11–13). U, undigested; H, HindIII (no site
in rAAV); A, AseI (a single site in AAV); AP, AseI–PstI double digest. All Southern blots were probed with a 32P-labeled AseI fragment of the circular
intermediate plasmid p80. Molecular weights are given in kb to the right gels in panel C. A detailed restriction map of AV.GFP3ori virus is described
elsewhere (Duan et al., 1998).
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cells after the infection of wild-type cells, as evidenced
by successful gene conversion to circular intermediates
after UV irradiation 7 days after infection. Based on the
findings that the efficiency of binding, endocytosis, and
nuclear transport of Cy3AAV are equivalent in both wild-
type and AT cells, we conclude that enhanced transduc-
tion in AT cells occurs through a nuclear-mediated mech-
anism. This would be consistent with the hypothesis that
UV irradiation activates enzymes responsible for the con-
version of viral ssDNA to circular genomes and that the
AT defect elevates these same enzymes. However, the
phosphorylation status of ssD-BP, which is not signifi-
cantly different in AT and wild-type cells, suggests that
some other protein must be involved.
In summary, these data suggest that AT cells express

the cellular machinery necessary to convert single-
stranded rAAV DNA into circular form genomes more
efficiently than wild-type fibroblasts. Moreover, as shown
by clonal expansion studies, this increase in circular
rAAV genomes correlates with enhanced integration of
rAAV in ATM-deficient cell lines. However, a similar en-
hancement in the abundance of rAAV circular intermedi-

ates, with concordant increases in integration, was
achieved by UV irradiation of wild-type cells before rAAV
infection. The fact that UV irradiation did not induce
similar changes in AT cells suggests that pathways for
gene conversion and integration of rAAV may already be
maximal in AT cells. Southern blot analysis of genomic
DNA structurally supports the hypothesis that circular
form genomes are preintegration intermediates (Fig. 5).
These studies suggest new insights into rAAV transduc-
tion pathways that control second-strand synthesis and
integration. Furthermore, the fact that the ATM gene
deficiency enhances this process provides new avenues
for discovering cellular factors to augment gene transfer
with rAAV vectors.

MATERIALS AND METHODS

Generation of recombinant AAV stocks

The cis-acting plasmid (pCisAV.GFP3ori) that was
used for rAAV production has been described previously
(Duan et al., 1998). Recombinant AAV2 stocks were gen-
erated by cotransfection of pCisAV.GFP3ori and pRep/

FIG. 5. Endocytic trafficking of Cy3AAV. Cy3AAV was incubated with fibroblasts grown on glass slides at 4°C for 1 h to allow virus to bind. Cells
were then either fixed immediately (A–D) or incubated for an additional 2 h at 37°C (E–H). Confocal photomicrographs of Cy3AAV-infected wild-type
fibroblast cell line GM637 (A, B, E, and F) and AT fibroblast cell line GM5849 (C, D, G, and H) are shown. Each of the panels gives a confocal phase
contrast image to visualize cellular boundaries (left), gray scale image of rhodamine channel (middle), and superimposed images (right). Two
representative confocal photomicrographs are given for each time point. Each image is a stack of three 0.5-"m consecutive layers. The boundary of
the nucleus (nu) in the superimposed image is also marked for clarity.

75ATM DEFICIENCY ENHANCES rAAV TRANSDUCTION



Cap together with coinfection with recombinant
Ad.CMVlacZ in 293 cells (Fisher et al., 1996). The
AV.GFP3ori virus was subsequently purified through
three rounds of CsCl banding, followed by heat inactiva-
tion of contaminating adenovirus at 60°C for 1 h. DNA
titers were determined by viral DNA slot blot hybridiza-
tion against a EGFP P32-labeled probe with copy number
plasmid standards. Typical yields from viral preparations
were 2 # 1012 DNA particles/ml. The absence of helper
adenovirus was confirmed by histochemical staining of
rAAV-infected 293 cells for #-galactosidase, and no re-
combinant adenovirus was found in 1010 particles of
purified rAAV stocks (limits of sensitivity of assay). Sim-
ilarly, assays for wild-type AAV performed as previously
described (Duan et al., 1998) confirmed less than 1 wild-
type functional particle in 1010 particles of purified rAAV
stocks (limits of sensitivity of assay).

Cy3 Labeling of rAAV

Purified rAV.GFP3ori was conjugated with the bifunc-
tional NHS-ester carbocyanine-Cy3 using a modification
of a procedure from Amersham (Arlington Heights, IL).
This protocol conjugates Cy3 to amine groups in viral
capsid proteins through ester linkages. Purified rAAV
was dialyzed and concentrated in conjugation buffer
using Centricon 30 ultrafilters (Millipore Corporation,

Bedford, MA) before the labeling reaction. The lyophi-
lized Cy3 dye was also dissolved in conjugation buffer
(0.1 M sodium carbonate, pH 9.3). Briefly, samples of
virus (5 # 1011 particles) were incubated for 30 min at
room temperature with NHS-ester carbocyanine-Cy3 dye
in a reaction volume of 1 ml. The solutions were then
transferred to dialysis chambers (10,000 molecular
weight cutoff; GIBCO BRL, Grand Island, NY) and dia-
lyzed for 24 h against two changes of buffer containing
20 mM HEPES, pH 7.5, and 150 mM NaCl. Last, the
samples were dialyzed in DMEM with no serum over-
night and concentrated in a Centricon 30. GFP titers of
Cy3-labeled virus were approximately 80% that of mock-
labeled virus. This Cy3 virus solution was used directly to
infect the wild-type fibroblast cell line GM637 or the AT
fibroblast cell line GM5849 grown on glass slides at 4°C
for 60 min (in the absence of serum). After 4°C binding of
the labeled virus, slides were washed in serum-free
medium two times and either fixed in 2% paraformalde-
hyde for analysis or shifted to 37°C for continued infec-
tion in the presence of medium containing 10% serum.
Dye-to-protein ratios (D/P) were calculated according to
the manufacturer’s instructions (Amersham Life Science,
Clearbrook, IL) and were approximately equal to 1.

Cell lines, infection procedures, and
transduction assays

All of the cell lines used in this study, including the
transformed AT fibroblast cell line GM5849, primary AT
cell fibroblasts (GM01740A, GM01829A, GM00648C),
transformed wild-type fibroblast cell line GM637, and
wild-type primary fibroblasts (GM00023, GM00041B,
GM00495A), were obtained from Coriel Cell Repositories
(Camden, NJ). AT (GM5849) and wild-type (GM637) trans-
formed fibroblasts were plated onto 60-mm plates at 48 h
before infection. When cells reached confluency (2 # 106

cells/60-mm plate), they were infected with rAAV virus
(AV.GFPori3) in DMEM with 2% FBS for 2 h. After 2 h of
exposure to the virus, the serum concentration was in-
creased to a final concentration of 10% by adding DMEM
with 20% FBS. The efficiency of rAAV transduction was
determined at 24, 48, and 72 h after infection. Because
transduction reached a plateau by 24 h postinfection, the
percentage of GFP-positive cells was determined by
FACS analysis at this time. For UV irradiation experi-
ments, cells were UV irradiated at increasing doses (0, 5,
15, and 25 J/m2) using a Stratagene Stratalinker (La Jolla,
CA) and were then infected with AV.GFP3ori virus at an
m.o.i. of 100 DNA particles/cell. The percentage of cells
expressing GFP was determined 24 h after the infection
by FACS analysis. For AT primary cell fibroblasts
(GM01740A, GM01829A, GM00648C) and wild-type pri-
mary fibroblasts (GM00023, GM00041B, GM00495A), ex-
periments were performed on 6-well plates at 72 h post-
confluency. Cells were UV irradiated (25 J/m2) either

FIG. 6. A model for AT genotype-dependent enhancement of rAAV
transduction. After infection of both AT and wild-type fibroblasts, equiv-
alent amounts of ssDNA can be detected in Hirt DNA. These data
suggest that the uptake of virus is not altered by the AT phenotype.
However, in the absence of UV irradiation, the abundance of rAAV
circular form genomes is significantly higher in AT cells compared with
wild type. This enhanced conversion of ssDNA viral genomes corre-
lates with an increased level of transgene expression in AT cells in the
absence of UV. In contrast, UV irradiation enhanced both the abun-
dance of monomer circular rAAV genomes and transgene expression in
wild-type but not AT cells. Furthermore, the efficiency of circular rAAV
genome formation appears to be linked to a concatamerization process
that facilitates integration. This is indicated by the finding that in the
absence of UV, AT cells have a 7-fold higher extent of rAAV integration
than wild-type cells. UV irradiation of wild-type cells appears to aug-
ment cellular processes similar to the pathways responsible for in-
creased circular intermediate formation and integration in ATM-defi-
cient cells.

76 SANLIOGLU, BENSON, AND ENGELHARDT



before infection with AV.GFP3ori virus or at 7 days postin-
fection. The transduction efficiency was quantified by
counting the number of positive cells per 20# field at
various time points before and after UV irradiation.

Hirt Southern blotting analysis

Hirt DNA was isolated according to modifications of
previously described protocols at 24 h after infection with
rAAV (Duan et al., 1998; Hirt, 1967). In brief, cells were
trypsinized, pelleted, and stored at %80°C before the Hirt
procedure. Cells were then resuspended in 320 "l of Hirt
extraction buffer containing 10 mM Tris and 10 mM
EDTA, pH 8.0. Then 1 "l of DNase-free RNase (10 mg/ml)
and 36 "l of 10% SDS were added to samples, and cells
were incubated at 37°C for 0.5 h. Samples were further
treated with 1 mg/ml Pronase and 20 "g/ml proteinase K
for 2 h at 37°C. After the addition of NaCl to a final
concentration of 1.1 M, samples were incubated at 4°C
overnight. Samples were then centrifuged for 30 min at
4°C, and the supernatant was removed, extracted with
phenol–chloroform, and precipitated in 100% EtOH in the
presence of 1 "l of 10 mg/ml yeast tRNA overnight at
%20°C. After centrifugation for 30 min, pellets were
washed with 70% ethanol, and the pellet was dried and
resuspended in 50 "l of water. Then 10 "l of each
sample was electrophoresed on 0.8% agarose gels, and
Southern blots were hybridized to 32P-labeled EGFP
probes.

Fractionation of AAV circular concatamer genomes
from Hirt DNA

The AT fibroblast cell line GM5849 was infected with
rAAV virus at an m.o.i. of 25,000 DNA particles/cell after
UV irradiation at 25 J/m2. Hirt DNA was then isolated at
24 h postinfection. Hirt DNA was fractionated in a 0.8%
agarose gel, and DNA ranging from 5 to 7 kb (based on
1-kb DNA ladder) was excised and electroeluted into
low-salt buffer containing 20 mM Tris–Cl, pH 7.0, 5 mM
NaCl, and 0.2 mM EDTA. Samples were extracted in
phenol–chloroform, concentrated by butanol extraction,
and finally ethanol precipitated in the presence of excess
yeast tRNA. Then 1 "g of mouse genomic DNA was
added before restriction enzyme digestion to prevent
nonspecific degradation of small amounts of Hirt DNA.
Southern blotting was performed using a 32P-labeled
intact AAV circular viral genome rescued from E. coli
(p80).

Colony forming assays

Because assays for integration require continuous cell
passaging and the growth of primary AT fibroblasts is
limited to several passages, transformed AT and normal
cell lines were used in our integration assays. No differ-
ence was observed in growth rates between the trans-
formed cell lines (wild-type GM637 and AT GM5849
cells). Cells (1 # 106; wild-type-GM637 or AT-GM5849)

were plated onto 60-mm plates. On the next day, conflu-
ent monolayers were UV irradiated at 25 J/m2, followed
by infection with AV.GFP3ori virus at an m.o.i. of 100 and
500 DNA particles/cell. Since the same correlation was
observed between the two m.o.i. values tested, we only
report the results of infections performed at m.o.i. values
of 500 DNA particles/cell. Control infections in the ab-
sence of UV irradiation were also performed. At 24 h post
infection, cells were trypsinized and plated onto 100-mm
plates. At confluency, cells were serially passaged by
diluting cells 1:20 each time. Equal numbers of cells
were passaged each time. After the fourth passage,
clones were clearly visible. Clones were quantified after
each subsequent passage by fluorescent microscopy
only when cells were confluent. After the seventh pas-
sage, GFP positive colonies were harvested and ex-
panded for Southern blot analysis of genomic DNA.

Genomic DNA preparation and Southern blotting

Genomic DNA preparations were prepared from ex-
panded GFP-positive clones in a confluent 100-mm dish.
Briefly, cells were incubated in digestion buffer contain-
ing 100 mM NaCl, 10 mM Tris–Cl, pH 8, 25 mM EDTA, pH
8, 0.5% SDS, and 0.1 mg/ml proteinase K overnight at
50°C. After phenol–chloroform extractions (twice),
genomic DNA was precipitated by adding one-half vol-
ume of 7.5 M ammonium acetate and 2 volumes of
ethanol. After washing samples with 70% ethanol, DNA
was dissolved in ddH2O by incubation at 65°C for 30 min.
Then 10 "g of genomic DNA for each sample was di-
gested with HindIII, AseI, or AseI–PstI restriction en-
zymes and resolved on a 1% agarose gel. As a control for
head-to-tail proviral structure, the p80 plasmid, a rescued
circular, head-to-tail AAV genome, was also digested and
run on Southern blots. Southern blots were probed with
a 32P-labeled DNA fragment of the intact viral genome
originating from linearized (AseI digested) p80.
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