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UV-C and E4orf6 Augmentation of Transduction
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ABSTRACT

Numerous environmental influences have been demonstrated to enhance recombinant adeno-associated virus
(rAAYV) transduction. Such findings are the foundation of developing new and innovative strategies to im-
prove the efficiency of rAAYV as a gene therapy vector. Several of these environmental factors included geno-
toxic stresses such as UV and 7V irradiation as well as certain adenoviral gene products such as E4orf6. The
mechanisms by which these environmental stimuli increase rAAYV transduction are only partially understood
but have been suggested to involve both endocytosis and uptake of virus to the nucleus, as well as conversion
of single-stranded DNA viral genomes to double-stranded expressible forms. Two molecular intermediates of
rAAYV genomes, which have been demonstrated to correlate with transgene expression and/or the persistence
of rAAYV, include both replication form (Rf) monomers and dimers as well as circular intermediates. In the
present study, we demonstrate that augmentation of rAAV transduction by UV irradiation and the adenovi-
ral protein E4orf6 correlates with distinct increases in either circular or replication form intermediates,
respectively. UV irradiation of primary fibroblasts at 15 J/m? resulted in a 15-fold induction of head-to-tail
circular intermediates, with minimal induction of replication form rAAV genomes. In contrast, E4orf6-aug-
mented rAAYV transduction was correlated with the formation of replication form intermediates, with no al-
teration in the abundance of circular intermediates. These findings demonstrate that rAAV transduction can
occur through two independent molecular pathways that convert single-stranded AAV genomes to express-
ible forms of DNA.

OVERVIEW SUMMARY expressing E4orf6 did not alter the abundance of AAV cir-

cular forms but led to substantial amplification of replica-

Adenovirus E4orf6 gene expression has been demonstrated
to enhance rAAYV transduction, leading to augmentation of
replication form intermediates. Similarly, DNA-damaging
agents such as ionizing radiation, hydroxyurea, and UV
have also been shown to increase gene expression following
rAAYV infection. Central to the development of rAAYV as a
gene therapy vector is a better understanding of these mech-
anisms that can augment rAAV transduction and applica-
tion of this knowledge in more effective strategies for in vivo
gene transfer. In the present article, we describe two types
of environmental stimuli that augment rAAV transduction
through distinct molecular pathways. Specifically, UV-C ir-
radiation produced substantial augmentation of rAAYV cir-
cular form genomes, with little enhancement of replicative
form genomes. In contrast, replication-defective adenovirus

tion form genomes. Although both E4orf6 expression and
UV irradiation produced similar levels of augmentation in
transgene expression from rAAYV, the mechanisms of this
augmentation appear to act through distinct molecular
pathways.

INTRODUCTION

DENO-ASSOCIATED VIRUS (AAYV) is a single-stranded DNA
A virus that has been developed as a gene therapy vector. Its
diverse organ tropism, capacity for integration, and nonpatho-
genic characteristics are several reasons why AAYV is favored
as a vector for gene therapy. The abundance of the membrane-
associated heparin sulfate proteoglycan, which serves as a vi-
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ral receptor for AAV type 2, has been identified as one critical
aspect that determines the broad range of cell types infected by
recombinant AAV (rAAV) (Summerford and Samulski, 1998).
Although rAAV has been demonstrated to integrate into the
host genome randomly (Kearns ez al., 1996; Ponnazhagan e¢
al., 1997; Yang et al., 1997), the ability of wild-type (wt) virus
to integrate in a site-specific fashion at the AAVSI locus on
chromosome 19 (Kotin ez al., 1991, 1992; Samulski ez al., 1991)
has provided an incentive to develop more targeted integration
with the recombinant virus. Furthermore, persistence of rAAV
in cell lines and tissues has also been associated with episomal
genomes (Flotte ez al., 1994; Duan et al., 1998a). In contrast to
retroviruses, which require cell division for efficient transduc-
tion and integration (Miller ez al., 1990; Lewis and Emerman,
1994), the ability of rAAV to infect nondividing cells has be-
come a salient feature promoting the use of rAAV vector in
gene threapy (Alexander ez al., 1994; Kaplitt et al., 1994; Xiao
et al., 1996).

Although rAAV can transduce cells in S phase, the efficiency
of transduction is greatly augmented by inhibitors of DNA syn-
thesis and topoisomerase (Russell ez al., 1995). Moreover, DNA-
damaging agents such as ionizing radiation, UV irradiation, hy-
droxyurea, and cisplatinum also have been suggested to increase
the transduction of stationary-phase human skin fibroblasts by
AAV (Alexander et al., 1994). Alternatively, the adenoviral gene
product E4orf6 has also been shown to augment rAAV trans-
duction, leading to the enhancement of AAV second-strand DNA
synthesis (Ferrari et al., 1996; Fisher et al., 1996). In the case of
E4orf6 enhancement of rAAV transduction, augmentation of
AAV replication form (Rf) intermediates has suggested that this
pathway may act through lytic phases of the AAV life cycle.
Since adenovirus is known to be one helper virus required for wt
AAV replication (Straus et al., 1976; Richardson and Westphal,
1981; Berns, 1990; Ward et al., 1998), lytic phase augmentation
of rAAV transduction in the presence of E4orf6 is not surpris-
ing. However, helper-free limited wild-type AAV DNA synthe-
sis has also been reported with genotoxic agents such as hy-
droxyurea (Yakobson et al,, 1987) and heat shock treatment
(Yakinoglu ez al., 1988). Lytic-phase replication of wt AAV oc-
curs through head-to-head and tail-to-tail replication form dou-
ble-stranded DNA intermediates, which possess one covalently
linked end (Richardson and Westphal, 1981; Berns, 1990; Ward
et al., 1998). In contrast to lytic-phase replication of AAV, la-
tent-phase persistence of AAV has been predominantly associ-
ated with head-to-tail genomes, which can occur either as inte-
grated proviruses (Duan ef al., 1997; Yang et al., 1997; Wu et
al., 1998) or circular episomes (Duan ef al., 1998a). The head-
to-tail orientation of AAV genomes is presently thought to oc-
cur through mechanisms of linear concatamerization or circular-
ization of the viral genomes prior to integration. Despite the
structurally unique aspects of wt AAV genomes during lytic and
latent phases, little is known about the mechanisms that control
these two pathways in the rAAV life cycle.

To test the hypothesis that circular intermediates are part of
the AAV transduction process, an rAAV shuttle vector con-
taining the ampicillin resistance gene and a bacterial origin of
replication has been constructed in our laboratory (Duan et al.,
1998a). This shuttle vector was used to isolate head-to-tail cir-
cular intermediates from rAAV-infected cell lines and muscle.
These circular form genomes, which occur as monomer and
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multimer episomes, have been associated with stable transgene
expression in muscle tissue. In contrast to muscle, transduction
of liver tissue with rAAV (Miao ef al., 1998) has been demon-
strated to integrate in large head-to-tail concatemers. Although
structural similarities exist for episomal and integrated rAAV
genomes, it is not yet known whether episomal rAAV circular
genomes represent preintegration intermediates.

Here we report that the formation of rAAV circular inter-
mediates is augmented by UV irradiation. In contrast, aden-
oviral E4orf6 gene expression leads to the augmentation of Rf,
but not circular, intermediates. The molecular identification of
circular and replication form genomes by Southern blot sug-
gests that these two pathways may compete in the conversion
of single-stranded AAV genomes to expressible forms. Fur-
thermore, in rAAV-infected HeLa cells and primary fibroblasts,
circularized rAAV genomes are the major detectable molecu-
lar conversion event seen in the absence of any exogenous stim-
uli. In summary, our findings suggest that UV irradiation, but
not E4orf6, enhances the normal endogenous pathways of
rAAV single-stranded DNA genome conversion.

MATERIALS AND METHODS

Generation of recombinant AAV stocks

Two rAAYV vectors encoding green fluorescent protein (GFP)
and enhanced GRP (EGFP) transgenes were used for analysis
and designated AV.GFP2ori and AV.GFP3ori (Duan et al.,
1998a). The cis-acting plasmid (pCisAV.GFP2ori) used for
rAAV production was generated by subcloning the Not
fragment (732 bp) of the GFP transgene from pGreenLantern
(GIBCO-BRL, Gaithersburg, MD) between the cytome-
galovirus (CMV) enhancer/promoter and simian virus 40
(SV40) poly(A) by blunt-end ligation. The CM'V enhancer/pro-
moter and SV40 poly(A) sequences were derived from
pcDNA3.1 (Invitrogen, San Diego, CA). A 2.5-kb cassette con-
taining [B-lactamase and bacterial replication origin from
pUC19 was blunt ligated downstream of the GFP reporter cas-
sette. The inverted terminal repeat (ITR) elements were derived
from pSub201 (Samulski et al., 1987). The entire plasmid con-
tains a 4.7-kbp AAV component flanked by a 2-kb stuffer se-
quence that was derived from the luciferase gene of pGL3-ba-
sic vector (Promega, Madison, WI). The construction of the
cis-acting plasmid, pCisAV.GFP3.ori, was previously described
(Duan et al., 1998a). Recombinant AAV stocks were generated
by cotransfection of pCisAV.GFP3ori and pRep/Cap (Fisher
et al., 1996) together with coinfection of recombinant
Ad.CMVlacZ (Fisher et al, 1996) in 293 cells. The
rAV.GFP3ori virus was subsequently purified through three
rounds of CsCl banding followed by heat inactivation of aden-
ovirus at 60°C for 1 hr as previously described (Duan ef al.,
1997). DNA titers were determined by viral DNA slot-blot hy-
bridization against GFP or EGFP 3?P-labeled probe with copy
number plasmid standards. The absence of helper adenovirus
was confirmed by histochemical staining of rAAV-infected 293
cells for B-galactosidase, and no recombinant adenovirus was
found in 10'° particles of purified rAAV stocks. The absence
of wt AAV in recombinant stocks was confirmed using previ-
ously described methodologies (Duan et al., 1997) with a sen-
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sitivity of less than 1 functional wt AAV particle per 10'° re-
combinant DNA particles.

UV irradiation, AAV infection, and FACS analysis

FF cells (fetal fibroblasts) were prepared in our laboratory
from 13-day fetal ferret embryos. Cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal calf serum (FCS) and a 1% penicillin—streptomycin
mixture. Cells were plated the day before infection at a density
of 1 X 10° cells per 60-mm plate. The following day, conflu-
ent monolayers were washed with phosphate-buffered saline
(PBS) and immediately irradiated using a Stratalinker UV cross-
linker (Stratagene, La Jolla, CA) at different doses of UV. Cells
remained exposed to air during irradiation procedures. Imme-
diately after irradiation, cells were infected with AV.GFP2ori
virus at a multiplicity of infection (MOI) of 100 DNA particles
per cell. Infection was carried out in DMEM with 2% FCS for
2 hr. Following infection, the level of FCS was increased to
10% (v/v) final concentration to prevent serum deprivation.
Cells were then incubated at 37°C for an additional 48 hr. At
the termination of the experiment, cells were washed with PBS,
trypsinized, and analyzed by fluorescence-activated cell sorting
(FACS) to determine the percentage of GFP-positive cells.

Isolation of AAV circular intermediates

Hirt DNAs were isolated according to modications of previously
described protocols (Hirt, 1967; Duan et al., 1998a). In brief, cells
were trypsinized, pelleted, and stored at —80°C prior to the Hirt
procedure. Cells were resuspended in 320 ul of Hirt extraction
buffer containing 10 mM Tris and 10 mM EDTA, pH 8.0. One mi-
croliter of DNase-free RNase (10 mg/ml) and 36 pil of 10% sodium
dodecyl sulfate (SDS) were added to samples and cells were incu-
bated at 37°C for 0.5 hr. Samples were further treated with pronase
(1 mg/ml) and proteinase K (20 pg/ml) for 2 hr at 37°C. After ad-
dition of NaCl to a final concentration of 1.1 M, samples were in-
cubated at 4°C overnight. Samples were then centrifuged for 30
min at 4°C, and the supernatant was removed and extracted with
phenol—chloroform and precipitated in 100% ethanol in the pres-
ence of 1 ul of yeast tRNA (10 mg/ml) overnight at —20°C. Af-
ter centrifugation for 30 min, pellets were washed with 70% ethanol
and the pellet dried and resuspended in 50 ul of water. After de-
termining the concentrations of DNA by OD ¢, 3 ul of Hirt DNA
(out of 50 ul) was transformed into Escherichia coli SURE cells
(>1 X 10° CFU/ g; Stratagene) by electroporation. The totalnum-
ber of bacterial colonies was quantitated for each experimental con-
dition. The structure of rescued AAV circular intermediate plas-
mids was analyzed by restriction analysis and Southern blotting.
Briefly, the predominant diagnostic restriction digest for head-to-
tail circular intermediates included liberation of a 300-bp ITR ar-
ray following digestion with Sphl. Other diagnostic digests included
PsAl and Asel, which cut twice and once within circular form
genomes, respectively. Southern blots were performed using ITR
and GFP or EGFP *?P-labeled DNA.

Hirt DNA Southern blot analysis of circular and
replication form genomes.

Hirt DNA samples (10 ul of the 50 ul total Hirt, which
corresponds to Hirt DNA from 4 X 10° cells) were digested
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in a 20-ul total reaction volume using different restriction
enzymes (A4sel, Pstl, and Sphl). Mock Hirt digestions under
identical reaction conditions but in the absence of enzyme
were also performed as controls. After 3 hr of digestion the
entire sample was run in an 8% agarose gel for Southern
blotting or 5 ul of the samples out of 20 ul was transformed
into E. coli to determine total rescued colony-forming
units.

RESULTS

UV induces augmentation of rAAV gene expression

To evaluate the mechanisms of UV-mediated augmentation
in rAAYV transduction, we utilized primary fetal fibroblasts de-
rived from 13-day (E13) ferret embryos. As previously demon-
strated in primary fibroblasts (Alexander ez al., 1994), UV doses
ranging from 15 to 50 J/m? resulted in significant dose-depen-
dent enhancement of rAAV GFP gene expression as detected
by FACS analysis (Fig. 1). Maximal enhancement (54-fold) in
the number of transgene expressing cells was seen at 50 J/m?
UV when an AAV MOI of 100 DNA particles/cell was used.
In addition, increases in the mean fluorescence intensity were
also detected at UV doses of 25 and 50 J/m?. Given the appar-
ent increase in the intensity of transgene expression following
UV irradiation, we sought to rule out that augmentation oc-
curred primarily at the transcriptional level of the CMV pro-
moter driving GFP expression in our rAAV construct.

To test this hypothesis, HeLa cells were transfected with
100 ng of pCisAV.GFP2ori plasmid and UV irradiated on the
following day of transfection. We expected that if UV irra-
diation induced cellular factors responsible for increased ex-
pression from our CMV transgene cassette, we would observe
an augmentation in transgene expression from the transfected
proviral plasmid. Doses of UV irradiation ranging from 15
to 50 J/m? did not increase the percentage of cells express-
ing GFP (Fig. 1C). However, the relative mean fluorescence
intensity of positive cells increased 1.9-fold at 25 J/m? UV
and by 2.7-fold at 50 J/m? UV. This enhancement in the mean
fluorescence intensity of cells was similar to that seen fol-
lowing rAAV transduction (compare Fig. 1B and C). These
data suggest that despite the apparent UV transcriptional in-
duction (maximal, 2.5-fold) of our rAAV transgene cassette,
this mechanism is insufficient to explain enhancement of
rAAV transduction by UV (54-fold maximum at 50 J/m? UV)
as determined by the percentage of positive cells. However,
since transfection preceded UV irradiation, it remained pos-
sible that UV irradiation damage to the pCisAV.GFP2ori
plasmid rendered the plasmid less transcriptionally active. To
rule out this possibility, the order of UV irradiation and trans-
fection was reversed (data not shown). These experimental
results mirror those shown in Fig. 1C and demonstrated a
slight enhancement in mean fluorescence intensity of cells in
the absence of increased transgene-expressing cell numbers.
Given the fact that transcriptional effects appear not to be the
sole reason for UV-mediated augmentation of rAAV trans-
duction, we sought to evaluate other molecular end points
that might delineate the molecular events involved in this aug-
mentation.
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UV irradiation enhances the formation of AAV
circular intermediates

Several pathways have been previously suggested as end
points for the molecular conversion of AAV genomes follow-
ing infection of cell lines and tissues. These include both AAV
replication form (Rf monomers [Rf},,] and Rf dimers [Rfy4]) (Fer-
rari et al., 1996; Fisher et al., 1996) and AAV circular inter-
mediates (Duan et al., 1998a). Specifically, Rf,, and Rfyq have
been shown to increase in the presence of the adenoviral pro-
tein E4orf6. In contrast, circular intermediates have been asso-
ciated with long-term persistence of AAV genomes in muscle.
Although these molecular end points are incapable of delineat-
ing mechanisms of transduction and augmentation by environ-
mental stimuli, we reasoned that pathways that augment
replication form intermediates (which include characteristic
head-to-head and tail-to-tail genomes) may be distinct from
those that are responsible for circular intermediate formation
(which include characteristic head-to-tail monomer and con-
catemer AAV genomes). To test this hypothesis, we character-
ized the abundance of both replication form and circular inter-
mediates following rAAV transduction of FF cells and HeLa
cells.

Circular intermediates were quantified using two shuttle vec-
tors, AV.GFP2ori and AV.GFP3ori, which both encode the
ampicillin resistance gene and bacterial replication origin. AAV
circular intermediates were recovered from rAAV-infected FF
cells using the Hirt DNA isolation procedure followed by trans-
fection of Hirt DNA into E. coli Sure cells. The predominant
forms of circular intermediates seen following UV irradiation
and rAAV infection were similar to those reported for muscle
and involved head-to-tail circularized genomes. Southern blot
analysis of rescued circular intermediates, using GFP and ITR
fragments as probes (Fig. 2A), demonstrate an extremely uni-
form structure as shown in Fig. 2B. Restriction enzyme analy-
sis using enzyme cutters that cleave once in the AAV genome
gave rise to a 4.7-kb linear fragment indicative of monomer
genomes. Futhermore, Sphl digestion liberated an approxi-
mately 300-bp fragment characteristic of a partial head-to-tail
ITR array. Dideoxy sequence analysis using primers nested out-
side the ITR confirmed the orientation of these ITR arrays but
was incapable of determining whether deletions had occurred
in the central region of the ITR junction (data not shown). We
have completed a more detailed structural characterization of
ITR arrays within circular AAV genomes by chemical se-
quencing (Duan et al., 1999). Results from these studies sug-
gest that the predominant structural form of rAAV circular
genomes has one intact ITR flanked by two D sequences. This
structure is reminiscent of the previously reported double-D
AAV plasmid (Xiao et al., 1997). Other forms with more than
one complete ITR flanked by two D sequences were also seen
and may reflect a continuous conversion process to a more sta-
ble form. The implications of these structural studies suggest
mechanisms by which recombination occurs within ITRs of
stem—loop annealed single-stranded AAV genomes to give cir-
cular monomers (Duan et al., 1999).

The abundance of this primary molecular form of circular
intermediates was quantitated following UV irradiation. As
shown in Fig. 2C, the number of rescued clones from Hirt DNA
of rAAV-infected cells increased in a dose-dependent fashion
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from 5 to 15 J/m>. At higher levels of UV irradiation (50 J/m?)
the number of rescued plasmid clones decreased. However,
when the structural characteristics of isolated rescued plasmids
were analyzed by Southern blot, the percentage of head-to-tail
circular form genomes (as shown in Fig. 2B) increased linearly
over all doses of UV irradiation (ranging from 22% at 0 J/m?
to 88% at 50 J/m?). The total abundance of head-to-tail circu-
lar intermediates increased 15-fold between 0 and 25 J/m>. We
hypothesize that the decrease in total rescued clones between
25 and 50 J/m? reflects an overall decrease in cell viability.
However, given the linear increase in the specific structure of
circular intermediates, we anticipate that molecular events aug-
mented by UV irradiation lead to a dose-dependent increase in
the abundance of head-to-tail circularized rAAV genomes.

Adenovirus E4 gene expression augments rAAV
transduction through pathways distinct from
circular intermediate formation

To compare molecular pathways augmented by E4orf6 ex-
pression and UV irradiation, we directly evaluated the extent
of circular and Rf intermediate formation in fetal ferret fibro-
blast cells (FF cells). Confluent monolayer of FF cells were
coinfected with AV.GFP2ori (MOI of 100 DNA particles/cell)
and increasing doses of replication-defective (E2-deleted) ade-
novirus (Ad.dl1802). This recombinant virus is capable of ex-
pressing high levels of E4orf6 in the absence of viral replica-
tion. As previously reported, our results confirmed the ability
of Ad.d1802 to augment rAAYV transgene expression more than
100-fold at high MOIs (Fig. 3A and B). However, this aug-
mentation in transgene expression by rAAV was not accompa-
nied by alterations in the abundance of circular intermediate
formation (Fig. 3C). The abundance of Southern blot-confirmed
circular clones with head-to-tail ITR retrieved at all doses of
Ad.d1802 infection was similar to that seen in unirradiated cells
of UV experiments. Furthermore, in contrast to UV irradiation,
the total abundance of rescued CFU isolated from Hirt DNA
(regardless of their structural characteristics) did not change
over all doses of adenovirus.

Because assays for circular intermediates utilized an indirect
rescue approach in bacteria, we sought to determine whether
structural confirmation of these circular form AAV genomes
could be obtained directly from Southern blots of Hirt DNA.
Hirt Southern blots were used to compare directly the molecu-
lar conversion of rAAV single-stranded DNA (ssDNA)
genomes following both UV and E4orf6 augmentation. Figure
4 depicts a representative Hirt Southern blot of AV.GFP2ori-
infected primary FF cells (at an MOI of 500) probed with GFP.
Initial attempts to evaluate Hirt Southern blots from rAAV-in-
fected FF cells and HeLa cells were unsuccessful in visualiz-
ing circular form genomes at MOIs of 100 particles/cell. Hence
the higher MOIs were necessary for these studies. However, at
these MOIs the induction of transgene expression by UV and
Ad infection quickly approached saturation at 100% (data not
shown). Nonetheless, an indirect comparison between molecu-
lar forms of AAV, at MOIs of 500 particles/cell, and the in-
duction of GFP transgene expression cells, at MOIs of 100 par-
ticles/cell, can be made for each of the experimental conditions.
For example, at maximal levels of circular intermediate for-
mation (25 J/m?) 24% of fibroblasts express GFP. Moreover,
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FIG. 2. UV irradiation increases the abundance of AAV circular intermediates. The AV.GFP2ori shuttle vector was used to
rescue circular intermediates at 40 hr following transduction of FF cells by bacterial transformation of Hirt DN A. Restriction en-
zyme analysis of a typical rescued circular intermediate is given in (A) with molecular weights (kb) shown on the left. The ethid-
ium-stained agarose gel prior to Southern blotting is shown on the left of (A). Southern blot filters of this gel were hybridized
with GFP (middle) or ITR (right) *?P-labeled probes. Asel digestion (which cuts once in the viral genome) linearizes the provirus,
giving rise to a 4.7-kb band. Ps/ digestion (which cuts twice in the viral genome) excises a 1.7-kb fragment, which hybridizes
to the GFP probe. Sphl digestion releases a 300-bp ITR array (marked by an arrowhead). A graphic representation of the pre-
dominant form of circular intermediates isolated from FF cells is given in (B). (C) depicts the effects of UV irradiation on the
abundance of AAV circular intermediates in FF cells. Confluent monolayers of FF cells were UV irradiated at different doses
(5, 15, 25, and 50) J/m?) prior to infection with AV.GFP2ori virus at an MOI of 100 DNA particles/cell. Hirt DN A was isolated
from an equal number of cells (2 X 10°) for each condition at 40 hr postinfection and a portion of this DNA (3 plout of a to-
tal of 50 pul) was used to transform E. coli Sure cells. Bars indicate the total number of head-to-tail CFU isolated from a 60-mm
plate. Values indicate the means (=SEM) of six independent data points for each condition. The percentages of total recovered
CFU that had Southern blot-determined head-to-tail circular form genomes [as shown in (A) and (B)] are indicated by the over-
laid line in this graph. These data were generated by Southern blotting of nine colonies for each experimental data point.

comparison of UV -irradiated Hirt DNA at 25 J/m” to Ad.d1802- molecular weight of supercoiled rescued head-to-tail circular
infected cells at an MOI of 100 to 1000 particles/cell gave sim-  form plasmids. This band was not present in mock Hirt DNA
ilar extents of augmentation in transgene expression but dis-  spiked with rAAV (Fig. 4, lane 1) and hence did not represent
tinctly different molecular forms of AAV genomes. a molecular form of single-stranded or duplex form linear DNA.

As previously demonstrated, Ad.d1802 infection at these Following UV irradiation at different doses (5, 15, and 25 J/m?),
doses significantly increased Rfy, and Rfy formation in a dose-  this putative circular form AAV genome demonstrated a clear
dependent manner (Fig. 4). Little enhancement in the replica- increase in intensity that correlated with augmentation in res-
tion form genomes of AAV was seen when cells were irradi- cued circular intermediates in bacteria from the same Hirt DNA
ated at increasing doses of UV. Under these conditions, Hirt samples (Fig. 4, lanes 3, 4, and 5). No enhancement in the in-
DNA from AV.GFP2ori-infected FF cells gave rise to a faint tensity of this candidate circular form was seen in Hirt South-
band that migrated at approximately 2.8 kb, consistent with the ern blots of cells infected with increasing doses of Ad.d1802
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FIG. 3. Replication-defective adenovirus expressing E4orf6 augments rAAV transduction in the absence of an increased abun-
dance of AAV circular intermediates. Confluent monolayers of FF cells were coinfected with AV.GFP2ori virus (MOI of 100
DNA particles/cell) and increasing doses of Ad.d1802. (A) depicts representative fluorescence photomicrographs demonstrating
E4-mediated augmentation of rAAV transduction. The percentage of cells expressing GFP were determined by FACS analysis
at 40 hr following coinfection of cells (B). This graph depicts the mean (=SEM) of two independent assays performed in tripli-
cate (N = 6). Hirt DNA was isolated from an equal number of cells (2 X 10°) for each condition 40 hr postinfection and a por-
tion of this DNA (3 ul out of a total of 50 ul) was used to transform E. coli Sure cells (C). Solid bars indicate the total number
of head-to-tail CFU isolated from a 60-mm plate. Values indicate the mean (=SEM) of six independent data points for each con-
dition. The percentages of total recovered CFU that had Southern blot-determined head-to-tail circular form genomes [as shown
in (A) and (B)] are indicated by the overlaid line in this graph. These data were generated by Southern blotting of nine colonies

for each experimental data point.

(Fig. 4, compare lanes 7-10). This lack of an increase corre-
lated with unchanged levels in the abundance of rescued plas-
mids from the same Hirt samples (Fig. 4). In both UV and Ad
coinfection experiments there was a slight increase in the
amount of AAV ssDNA, which correlated with the level of aug-
mentation in transgene expression and the extent of environ-
mental stimuli provided. The reason for this increase is unclear
but may reflect increased uptake of virus. Despite this, only UV
irradiation enhanced the abundance of this candidate circular
form AAV intermediates.

AAV circular intermediates augmented by UV
appear to be supercoiled

To confirm that this candidate band migrating at 2.8 kb in-
duced by UV treatment was indeed circular form genomes, we
performed restriction enzyme analysis of Hirt DNA using Asel
and Pstl (Fig. 5A). We anticipated that if this form was circu-
lar, Asel, which cuts once within the viral genome, would give
rise to a linear 4.7-kb GFP hybridizing fragment. In contrast,
Pstl, which has two sites in the TAAV genome flanking the

CMV.GFP transgene, should give rise to a 1.7-kb GFP hy-
bridizing fragment. As shown in Fig. 5A, both Asel and Ps
digestion of Hirt DNA are consistent with this band represent-
ing a circular form of the AAV genome. In addition, digestion
of Hirt DNA with Asel, prior to transformation of bacteria, com-
pletely eliminated rescued circular intermediates (Fig. 5B).
These results confirm previous findings that demonstrate that
linear double-stranded AAV genomes harboring an amp and an
ori are not capable of yielding replication-competent plasmids
following transformation of bacteria (Duan et al., 1998a). In
summary, these data provide direct evidence for the existence
of circular form AAV genomes prior to transformation in bac-
teria. Given the apparent molecular weight and comigration of
these circular form genomes with supercoiled rescued circular
form genomes in bacteria (Fig. 5), we speculate that circular
AAV genomes also exist as supercoiled molecules in vivo.
Therefore we have concluded that AAV circular intermediates
exist as supercoiled, double-stranded, and closed circular forms
prior to entry into bacteria, and that the abundance of AAV cir-
cular intermediates is increased on UV irradiation. Furthermore,
the replication form monomer and dimers were not significantly
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augmented by UV irradiation. These results suggest that UV
induces cellular permissiveness that favors the formation of
AAV circular intermediates. Although UV-mediated augmen-
tation of rAAV tranduction appears to occur through alterna-
tive pathways than that in the presence of adenoviral E4orf6,
at high doses of UV irradiation a minor band consistent with
Rf dimers was also observed (Fig. 4). This may represent a con-
version to lytic pathways at high does of UV and suggests that
UV augmentation of rAAV transduction may be complex.

SANLIOGLU ET AL.

Induction of circular intermediates by UV is
not limited to fetal fibroblasts but also occurs
in HelLa cells

To test whether the effects of UV-augmented abundance in
circular AAV genomes were specific to fibroblasts, we per-
formed similar studies in HeLa cells. As shown in Fig. 6A,
rA AV transduction is also augmented by UV in HeLa cells. In
these studies, HeLa cells were infected with increasing doses

AV.GFP2ori MOIL <500 500 500 500 =500 500 500 500
Ad.dig02 MOI g 6 0 o0 o S 0 10 100 1000

UV joules/m? j 0 5 15 25 fr: 0 0 0 ©
Rescued CFU (x10%) 0 25 72 153 211 0 25 27 22 24
CFU +/-SEM (N=4) 0 02 03 02 05 0 02 02 02 01

9.4kb =

4.7kb =—

2 8kb = - Circular
Monomer
— SSAAV
1.6kb - S\
lane | 2 3 4 5 6 7 8 9 10
% GFP (+) Cells
07 1.9 84 24 - 07 31 10 60

( rAAV MOI=100)

FIG. 4. Hirt DNA analysis of circular and replication form genomes by Southern blotting. Southern blot analysis of Hirt DNA
isolated from AV.GFP2ori-infected FF cells (MOI of 500 DNA particles/cell) following UV irradiation (lanes 1-5) or coinfec-
tion with increasing doses of Ad.d1802 virus (lanes 6—10) is shown. Hirt DNA samples were prepared 24 hr following infection
from 2 X 106 cells. Equal amounts of Hirt DNA (10 pl out of a 50-ul Hirt preparation) were loaded onto a 0.8% agarose gel.
Gels were transferred to nylon membranes and the filters probed with a ?P-labeled 1.7-kb Psd GFP fragment isolated from
pcisAV.GFP2ori. Lanes 1 and 6 represent controls for AAV DNA alone, which were generated by spiking an equivalent amount
of rAAYV virus, as used for infections, into mock cell lysates prior to Hirt purification. Rescued replication-competent plasmids
from Hirt DNA (CFU) were determined by transforming 3 ul of each Hirt sample (out of 50 ul) into E. coli. The CFU values
above each lane depict mean values (=SEM) for N = 4 independent infections at an rAAV MOI of 500 DNA particles/cell. The
DNA samples shown in this Southern were included in the CFU analysis. Single-stranded AAV DNA, Rf},, Rfy, and candidate
circular from genomes are marked to the right of the gel. Molecular weights (in kb) are given to the left of the gel. The band in-
dicating putative circular form genomes was not visible at MOIs equal to 100 DNA particles/cell (data not shown). Hence MOIs
of 500 DNA particles/cell were used for these studies. Since transgene expression at this MOI is outside the linear range to as-
sess induction by UV and Ad.d1802, comparative values for the extent of transgene induction are given at MOIs of 100 DNA
particles/cell below each lane.
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of AV.GFP3ori virus (Fig. 6A). Maximal induction (10-fold)
was seen at MOIs of 15-50 particles/cell. At high MOIs of 500
DNA particles/cell, transgene expression was saturated even in
the absence of UV irradiation. As seen in Fig. 6B, UV irradi-
ation augmented the abundance of bacterial rescued head-to-
tail AAV circular intermediates, while coinfection with
Ad.d1802 led to a 30% decrease in the abundance of these cir-
cular forms. To compare directly the abundance of bacterial res-
cued circular AAV genomes to identifiable circular form mol-
ecules in Hirt DNA, Southern blot analysis was performed on
the identical samples analyzed in Fig. 6B. As seen in Fig. 6C,
transformation rescue assays demonstrated a correlation be-
tween the abundance of circular form genomes detected by
Southern blot. Furthermore, there was a decrease in the abun-
dance of AAV circular intermediates after infection with
Ad.d1802 at an MOI of 1000 (Fig. 6C, lane 5). As seen in fi-
broblasts, HeLa cell Hirt digestion with Asel and Ps gave
Southern blot restriction patterns consistent with this 2.8-kb
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band being a supercoiled circular form of the AAV genome
(data not shown). In addition, Asel digest of the both UV-irra-
diated and unirradiated Hirt DNA samples prior to transforma-
tion of bacteria led to the complete ablation of rescued CFU
(data not shown). In summary, we provide in two independent
cell types evidence suggesting that the augmentation of rAAV
transduction by UV and E4orf6 occurs through pathways that
lead to two distinct molecular conversion events of the single-
stranded AAV genome.

DISCUSSION

Although rAAV can transduce a wide range of cell types
(McCown et al., 1996; Xiao et al., 1996; Clark et al., 1997,
Koeberl et al., 1997; Lynch et al., 1997; Chamberlin et al.,
1998), little is known about what aspects of transduction make
this vector efficient for some organs and less so for others. Nu-
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FIG. 5. Structural confirmation of rAAV circular intermediates in Hirt DNA by Southern blotting. Restriction enzyme analy-

sis of Hirt DNA isolated from AV.GFP2ori-infected FF cells was used to confirm the circular structure of 2.8-kb GFP-hybridiz-
ing bands on Southern blot (A). Hirt DNA samples were prepared 24 hr following infection with AV.GFP2ori virus (MOI of 500
DNA particles/cell). For comparison with Rf intermediates, cells coinfected with Ad.d1802 virus (MOI of 1000 DNA particles/cell)
were also analyzed (lane 5). One-fifth portions of a 60-mm plate of Hirt DNA sample (10 ul) were digested in a total volume
of 20 ul with different restriction enzymes (uncut, 4sel, Pstl) prior to Southern blotting and hybridization against GFP 32p.la-
beled probes (1 X 107 CPM/ml) (lanes 2-4). An undigested, bacterial rescued circular intermediate plasmid (p80, as shown in
Fig. 2B) was also run as a positive control for the migration of supercoiled circular form rAAV genomes (lane 1). The structure
and molecular weight of GFP-hybridizing bands are shown to the left and right of the Southern blot. In studies using Asel di-
gestions conditions as shown in the Southern blots, 5 ul out of a 20-ul digestion reaction was transformed into E. coli to assess
the abundance of replication-competent plasmids (CFU) in Hirt DNA from rAAV-infected FF cells (B). Mock digestions were
also performed under identical buffer condition but in the absence of Asel enzyme to control for nonspecific degradation of vi-
ral DNA during digestion procedures. These data represent the mean total CFU (£SEM) rescued from four independent data
points for each condition.
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merous barriers to efficient rAAV transduction may exist, in-
cluding (1) the abundance of surface receptor(s), (2) the effi-
ciency of endocytosis, (3) the efficiency of nuclear trafficking
and viral uncoating in the nucleus, (4) the molecular conver-
sion of single-stranded AAV genomes to expressible forms, and
(5) the stability of the transformed double-stranded genomes.
In the present study, we have attempted to define further the
molecular conversion events that control the transformation of
single-stranded AAV genomes to expressible forms. Given the
low efficiency of rAAV transduction in cell types such as the
lung, a better understanding of pathways that can lead to aug-
mentation in the molecular conversion of ssDNA viral genomes
to expressible forms is highly relevant to gene therapy.

It is generally thought that many environmental stimuli such
as UV, DNA synthesis inhibitors, and E4orf6 expression aug-
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ment rAAV transduction by inducing cellular factors that fa-
cilitate the molecular transformation of single-stranded AAV
genomes. Adenovirus E4orf6 expression has been demonstrated
to increase the abundance of replication form AAV intermedi-
ates associated with the lytic replication phases of AAV. Al-
though little is known about the mechanisms that control this
effect, it is generally accepted that adenovirus-mediated AAV
transduction of cells normally is associated with lytic replica-
tion of AAV, leading to head-to-head and tail-to-tail genomes.
UV irradiation is also capable of augmenting rAAV transduc-
tion. Although it has been previously proposed to act through
similar pathways leading to the augmentation of Rf genomes
(Ferrari et al., 1996), one report has suggested that augmenta-
tion of endocytic pathways of viral uptake may be involved in
UV-mediated AAV transduction (Duan ez al., 1998b). Our data,
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UV irradiation but not E4 expression augments the abundance of circular intermediates in HeLa cells. Confluent mono-

layers of HeLa cells were infected with increasing doses of AV.GFP3ori virus (MOlIs of 15, 25, 50, and 500 DNA particles/cell)
immediately following UV irradiation at 25 J/m?. GFP expression was evaluated by FACS analysis 24 hr following the infec-
tion (A). Data represent the mean (=SEM) of six independent data points for each experimental condition. Hirt DNA was also
isolated 24 hr postinfection with AV.GFP3ori virus (MOI of 500 particles/cell) and 3 ul of this sample (out of a total of 50 ul)
transformed into E. coli Sure cells. The abundance of head-to-tail circular intermediates within rescued plasmid clones was quan-
titated following Southern blot analysis for both UV-irradiated and Ad.d1802 coinfected cultures (B). These data depict the mean
(£SEM) of eight independent data points for each experimental condition. The same Hirt samples were used in Southern blot-
ting analysis to determine the abundance of AAV circular form genomes following either UV treatment or Ad.d1802 coinfection
(C). Lanes 1| and 2 represent HeLa cells infected with AAV alone in the absence of UV. In contrast, cells infected with rAAV
following UV irradiation at 25 J/m? (lanes 3 and 4) and coinfection with Ad.d1802 at an MOI of 1000 particles/cell (lane 5) are
also shown. Molecular weights are given to the left of the Southern blot and arrows mark the positions of Rfy,, supercoiled cir-
cular, and single-stranded DNA forms of the rAAV genome.
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which demonstrate that UV irradiation leads to increased abun-
dance of circular AAV genomes, suggest that this pathway of
augmentation may be distinct from that in the presence of ade-
noviral E4orf6. Direct comparison of molecular forms of rAAV
genomes on Hirt Southern blots confirmed that replication
form-enhanced second-strand synthesis by E4orf6 is distinct
from that of UV augmentation of circular form AAV genomes.
Furthermore, in HeLa cells, the decrease in the abundance of
circular form genomes in the presence E4orf6 expression sug-
gests that these two pathways may compete in the transforma-
tion of single-stranded AAV genomes.

Given the fact that circular form genomes, and not replica-
tion form genomes, are the most abundant conversion product
in cells infected with rAAYV alone, we hypothesize that circu-
lar intermediate formation may represent the normal latent en-
dogenous pathway of transformation in the absence of external
stimuli. Our results in fibroblasts, which demonstrate an in-
crease in both single-stranded DNA and circular form genomes,
are consistent with previous reports suggesting increased en-
docytic processing of virus following UV (Duan ef al., 1998b).
Hence, under these conditions, the molar increase in rAAV
genomes following UV may lead to the enhancement of already
existing pathways for circular intermediate formation. In con-
trast, data on HeLa cells, which demonstrate increased circular
form genomes in Hirt Southern blots, in the absence of in-
creased single-stranded DNA, suggest that other pathways that
may directly alter the efficiency of genome conversion to cir-
cular forms may be augmented. Such pathways may involve
DNA repair enzymes such as ligases and recombination en-
zymes needed for the molecular conversion events involved in
circular intermediate formation.

In summary, the enhancement of rAAV transduction by
UV and E4orf6 correlates with the induction of two distinct
molecular genomes conversion pathways. Despite this corre-
lation, functional differences between these two forms of
rAAV intermediates (circular or replicative forms) are not
well understood. For example, it is presently unclear whether
both of these types of intermediates have similar capacities
for integration and/or long-term episomal persistence. Aug-
mentation of these pathways may help in the design of new
strategies for increasing the efficacy of rAAV in gene ther-
apy approaches. Given the evidence that circular intermedi-
ates convey increased persistence to rAAV genomes in mus-
cle long term, strategies to augment these intermediates may
prove extremely efficacious for other organs. By under-
standing the mechanisms of UV-augmented AAV circular in-
termediate formation, more suitable methods for in vivo use
can be developed to increase the efficacy of rAAV-mediated
gene therapy.
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