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Abstract

Recombinant adeno-associated virus (rAAV) receptor binding, endocytosis, nuclear trafficking and second strand gene conversion have been
described as potential rate-limiting steps in rAAV type-2 (rAAV-2) transduction. Several strategies have been developed to enhance rAAV-2
intracellular trafficking and gene conversion in an attempt to increase the efficiency of this virus as a gene therapy vector. To this end, the current
study has investigated novel methods for augmenting rAAV transduction by enhancing endocytosis of rAAV-2. A selective trypsinization
assay demonstrated that the abundance of internalized rAAV ssDNA was increased only in cells treated with both pyrrolidinedithiocarbonate
(PDTC) and a genotoxic agent. Treating cells with each of these agents alone had no effect on rAAV endocytosis in comparison to controls.
To investigate the mechanisms of this synergistic effect on rAAV transduction, the involvement of Racl protein was evaluated. Inhibition of
the Racl pathway by expression of a dominant negative mutant of Racl (N17Racl) decreased rAAV transduction. In contrast, expression of
a dominant active form of Racl (V12Racl) alone mimicked the up-regulated response seen in the presence of PDTC and genotoxic agents.
These studies provide potential insights into the importance of the Racl pathway to enhance uptake of rAAV-2.
© 2004 Published by Elsevier B.V.
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1. Introduction organs with rAAV, such as the liver or lung, is relatively
inefficient for reasons that are not yet fully understood. It
Adeno-associated virus (AAV) is a non-pathogenic hu- has been suggested that the low abundance of cell surface
man parvovirus with a single stranded DNA genome of ap- AAV receptor(s) and differences in intracellular proteins
proximately 4.7 kb size. Its diverse organ tropism, ability to (i.e., a D-sequence binding protein named ssD-BP) are two
transduce non-dividing cells, and capacity for integration are of several possible reasons that may account for inefficient
among the main reasons why AAV is favored as a vector for rAAV transduction Qing et al., 1997; Smith et al., 2003;
gene therapyAlexander et al., 1994; Kaplitt et al., 1994; Lai Summerford and Samulski, 1998-or instance, the phos-
et al., 2002; Xiao et al., 1996Recombinant AAV (rAAV) phorylation status of ssD-BP has been shown to be impor-
mediated gene delivery to certain tissues, including mus- tantin the conversion of AAV single stranded DNA genomes
cle, brain, and eye has been fairly successful in recent yeardo duplex forms required for gene expressi@ing et al.,
(Bennett et al., 1997; Cucchiarini et al., 2003; Fisher et al., 1997).
1997; Hauck and Xiao, 2003; Kaplitt et al., 1994; Xiao etal.,  Several types of environmental damage, including UV,
1996. In these tissues, rAAV mediates high level and long hydroxyurea (HU), and ionizing irradiation, as well as some
lasting gene expression. However, the transduction of otherviral gene products (such as adenovirus E4orf6), have been
shown to augment rAAV transduction in cell types exhibit-
mspondmg author. Tel 90-242-227-4343x44359: ing inefficient tr_ansductionﬁ(lexander et al., 1994; Fe_rrari
fax: 100-242-227-4482. et al., 1996; Fisher et al., 1996; Musonda and Chipman,
E-mail address: sanlioglu@akdeniz.edu.tr (S. Sanlioglu). 1998; Qing et al., 1998; Russell et al., 1995; Zhang et al.,
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1997. Originally, it was thought that all of these agents
acted by a similar mechanism involving the conversion of
AAV single stranded DNA into linear duplex replicative
forms (R) of AAV (Ferrari et al., 1996; Fisher et al., 1996;
Yakinoglu et al., 1988; Yakobson et al., 198However,
despite the ability of both E4orf6 and UV to enhance rAAV
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2.2. Generation of recombinant adenoviral stocks

Four recombinant adenoviral vectors expresginggalac-
tosidase (Ad.CMVLacZ) Engelhardt et al., 1993bor
E4orf6é (Ad.dI802) Fisher et al., 1996a dominant neg-
ative mutant of Racl (Ad.N17RaclKim et al., 1998;

gene expression, the mechanisms involved appear to beSulciner et al., 1996and a dominant active form of Racl
quite diverse. UV irradiation augments the abundance of (Ad.V12Racl) Pracyk et al., 1998were used for func-
AAV circular genomes, whereas E4orf6 increases the abun-tional studies. Ad.CMVLacZ vector is a first generation E1

dance of linear AAV replicative formsS@anlioglu et al.,
1999; Sanlioglu et al., 200)aDespite these differences,

deleted adenovirus vector (Ad. serotype 5) carrying alkaline
phosphatase under the control of CMV promoter. Ad.dI802

there are also several interesting similarities in the action is a replication defective E2 deleted adenovirus (Ad serotype
of genotoxic agents to induce rAAV gene expression. For 5) expressing high levels of E4orf6. Ad.N17Rac1 construct
example, several genotoxic agents, including UV, HU, and carrying an epitope-tagged dominant negative racl c-DNA
H2>0, have been shown to have redox components requiredwas constructed by homologous recombination in 293 cells

for the activation of rAAV transduction. Previously, we have
shown that the hydroxyl radical scavendé@acetyli cys-
teine (NAC) blocks the augmentation of rAAV transduction
by UV, HU, and BO, (Sanlioglu and Engelhardt, 1999
Surprisingly, during an evaluation of additional antioxidant
molecules, the anti-HIV drug, pyrrolidinedithiocarbamate
(PDTC) (Lee et al., 1997; Schreck et al., 199%2as found
to synergistically increase the augmentation of rAAV trans-
gene expression produced by UV op®h treatments. In

combination with PDTC treatment, low doses of these en-

vironmental stimuli were sufficient to significantly augment
rAAV transduction in HelLa cells. To gain insight into the

using a plasmid with an Ad5 backbone (JM17). This vector
is also an E1 deleted first generation adenovirus vector.
Ad.V12Racl is an E1 deleted first generation adenovirus
vector carrying the dominant active form of racl c-DNA.
The construction scheme of this vector was similar to that
of Ad.N17Racl. Recombinant adenoviral stocks were gen-
erated as previously describeEngelhardt et al., 1993b
Viral stocks were stored in 10 mM Tris with 20% glycerol
at —80°C. The particle titers of adenoviral stocks were
determined by Aeg readings and were typically 3 DNA
particles/ml. The functional titers of adenoviral stocks were
determined by plaque titering on 293 cells. Typically, the

mechanisms of this synergistic interaction, we investigated particle/pfu ratio was equal to 25.

the involvement of the cellular redox modulating protein

Racl, which has been demonstrated to be important for2.3. PDTC, UV, and H,O, treatments

the endocytosis of rAAV $anlioglu et al., 2000 Findings

from these studies suggest that activation of Racl can lead Hela cells were maintained in Dulbecco’s Modified Eagle
to an enhancement of AAV-2 endocytosis, which leads to Medium (DMEM) supplemented with 10% fetal calf serum

substantial increases in transduction.

2. Materials and methods
2.1. Generation of recombinant AAV stocks

The construction of thecis-acting proviral plasmid
(pCisAV.GFP3ori) used for rAAV production has been
previously described Quan et al., 1998 Recombi-
nant AAV stocks were generated by co-transfection of
pCisAV.GFP3ori and pRep/Cap together with infection of
recombinant Ad.CMVlacZ in 293 cell$-(sher et al., 1996
The rAV.GFP3ori virus was subsequently heated at®O0

(FCS) and a 1% penicillin/streptomycin mixture. The cells
were plated the day before infection at a density of 10°
cells per 35 mm plate. On the following day, the cells were
treated with either 0.1 or 0.2 mM concentrations of PDTC
(Sigma) for 1 h. The cells were then washed several times
in PBS and were either treated withh®, (0.1 or 0.2 mM)

for another hour or were UV irradiated at indicated doses (5
or 15 joules/m) just prior to infection with AV.GFPori3 at
an MOI of 50 DNA particles per cell. For studies evaluating
combined effects of PDTC and E4orf6, cells were infected
with either Ad.CMVLacZ or Ad.dI802 virus at MOls as
indicated in the figures for 24 h prior to treatment with PDTC
and infection with AV.GFP3ori virus.

for 1 h and then purified by HSPG column chromatography 2.4. Virus infections and FACS analysis

as previously describedC{ark et al., 1999 Typical yields
from this viral preparation were 30 DNA molecules/ml.
Particle titers were determined by viral DNA slot blot hy-
bridization with an EGFP #-labeled probe, using copy

For functional assays evaluating transgene expression,
Hela cells were infected with AV.GFP3ori virus at an MOI
of 50 DNA particles per cell for 24 h. Adenovirus infec-

number plasmid standards. The absence of helper adentions (Ad.CMVLacZ, Ad.dI802, or Ad.V12Racl viruses)

ovirus or wtAAV in rAAV stocks (sensitivity of less than
one infectious unit per 8 recombinant DNA particles)
was confirmed as previously describé&lign et al., 199y

were performed using various MOIs (as indicated in figures)
for 24 h prior to infection with rAAV. Adenoviral infections
were carried out in DMEM with 2% fetal calf serum for
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2 h, followed by increasing the level of FCS to 10% (v/v) MOI of 100 DNA particles per cell was used in this exper-
final concentration and continued incubation for an addi- iment to allow visualization of AAV ssDNA by Hirt South-
tional 24 h. At the termination of the experiment, cells were ern blotting. Following binding, cells were either harvested
washed with PBS, trypsinized, and the percentage of GFPdirectly to quantify viral binding or washed with PBS three
positive cells was analyzed by fluorescent activated cell sort-times and shifted to 37C for 2h to promote internaliza-
ing (FACS). tion of virus prior to harvest. Two harvesting protocols were

Hirt DNA preparations and Southern blotting for viral used, which involved either scraping the plates directly for
DNA. HelLa cells were treated with PDTC, UV, and/os®) collection or trypsinizing cells followed by washing with
or infected with Ad.LacZ or Ad.dI802 for 24 h prior to treat- PBS to remove extracellularly bound virus. Extraction of
ment with PDTC, as described in the methods above. Cellslow molecular weight Hirt DNA (viral DNA) and South-
were then washed and incubated with AV.GFP3ori virus at ern blotting were performed according to the protocols de-
an MOI of 100 DNA particles per cell for 1 h at°€. An scribed previouslyHlirt, 1967; Sanlioglu et al., 1999

=0

30
w 7]
D u T - i
) 20 IS 20
x x
o o
LL L
6] 4]
59_ 104 6‘9\. 10
W o ® o
AAV (MO S50 50 50 50 S0 S0 50 50 50 AAW(MON): 50 80 50 50 50 80 50 &0 50
Uvind: 0 0 0 5 158 5 5 15 15 H:Oz (M) O 0O 0O 01 0204 01 0202

FDTC{mh): 0 01 02 0 0 0102 0102 PDTCi{nM): O 041 02 0O 0 04 02 0102
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virus (panel (A)) or Ad.dI802 virus (panel (B)) at the indicated doses for 24 h followed by PDTC treatment for 1 h prior to infection with AV.GFP3ori
virus as explained irBection 2 The percentage of GFP expressing cells was quantified by FACS analysis 24 h after infection with AV.GFP3ori virus.
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3. Results

3.1. PDTC synergistically activates rAAV transduction
induced by genotoxic agents

Reactive oxygen intermediates (ROIs), induced by UV
irradiation or HO, treatment, have been demonstrated to
enhance rAAV transduction through as yet an unknown
mechanism $anlioglu and Engelhardt, 1999To begin to
elucidate what type(s) of ROI might be responsible for aug-
mentating rAAV transduction under these conditions, HelLa
cells were treated with a known antioxidant, PDTC, prior to
treatment with genotoxic agents and infection with rAAV.
As seen inFig. 1, contrary to our original hypothesis that
PDTC would inhibit UV and HO, mediated induction,
pre-treatment with PDTC synergistically activated rAAV
transduction mediated by UVF{g. 1, panel (A)) and/or
H,O, (Fig. 1, panel (B)). Since PDTC did not activate
rAAV transduction alone at either dose tested (0.1 and
0.2mM), we hypothesized that both pathways induced by
PDTC and genotoxic agents (UV an@d®h) must merge at
some point to synergistically activate rAAV transduction.

3.2. PDTC has no effect on rAAV transduction
induced by adenovirus

In addition to genotoxic agents, the adenoviral gene prod-
uct E4orfé has also been demonstrated to augment rAAV
transduction. However, E4orf6 and UV exposure increase
rAAV transduction by two distinct pathwaysSénlioglu
et al.,, 1999. In order to test whether PDTC could also
synergistically activate rAAV transduction induced by ade-
novirus, HelLa cells were first infected with Ad.CMVLacZ
or Ad.dI802 virus (a replication defective E2 deletion mu-
tant that expresses a high level of E4orf6) at increasing

Fig. 3. rAAV uptake is enhanced by combined use of PDTC with UV
or HyO; treatment. Selective trypsinization assays followed by Southern
blots of purified Hirt DNA were performed to determine the amount
of binding and internalization of AAV virus to Hela cells. HelLa cells
were infected with AV.GFP3ori virus (MOI of 100 DNA particles per
cell) for 1h at #C, washed, and either harvested directly to determine
viral binding (panel (A)) or shifted to 37C for 2h for assessment of
viral internalization (panel (B)). Cells were harvested by either direct
scraping trypsin, panel (A) lanes 1-5) or by trypsinization to remove
extracellularly bound virus-trypsin, panel (A) lanes 6-10, panel (B)
lanes 1-10). Treatment conditions for cells are given above each lane and
the control lane represents untreated cells. HelLa cells were treated with
0.1mM PDTC and/or 0.1 mM D, for 1 h prior to infection with rAAV.

For combined UV treatment studies, cells were washed several times in
PBS following treatment with PDTC, and were then UV irradiated at
15J/n? just prior to infection with rAAV. Cells were infected with either
Ad.LacZ (MOI of 1000 DNA particles per cell) or Ad.dI802 virus (MOI

of 500 DNA particles per cell) for 24 h prior to treatment with PDTC and
infection with AV.GFP3ori virus (MOI of 100 DNA particles per cell).
Hirt DNA was prepared from cells subjected to these conditions, and
Southern blots were hybridized with &%labeled EGFP cDNA probe.
The position of single stranded rAAV genomes (1.6 kb hybridizing band)
is marked to the left of the blots.
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doses 24 h before PDTC treatment and infection with rAAV
(Fig. 2. As previously demonstrated, Ad.dI802 induced
high levels of rAAV mediated GFP expression when com-
pared to the control E1-deleted recombinant Ad.CMVlacZ
vector Fisher et al., 1996 Interestingly, in neither case
did PDTC pre-treatment affect rAAV transduction. These
results suggest that the mechanism of induction following
combined treatments with PDTC and UV op®h is mech-
anistically distinct from that of E4orf6 induction. Several
potential explanations could account for these results. First,
enhancement of rAAV transduction by E4orf6 is thought to
be a strictly regulated nuclear event involving lytic phase
replication of the second DNA strand. In contrast, increased
circular intermediate formation following UV and 28,
treatments has been suggested to be associated with latent
phase of AAV infection $anlioglu et al., 1999; Sanlioglu
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and Engelhardt, 1999 We hypothesized that synergistic
induction of rAAV mediated gene expression by PDTC
and UV or B0, treatments occurs at a time point prior to
nuclear circularization events. This might include effects
on viral binding, endocytosis, and/or nuclear trafficking.

To begin to investigate this hypothesis, we examined the

effects of combined treatments with PDTC and genotoxic
agents on viral binding and endocytosis.

3.3. Combined treatment with PDTC and genotoxic agents
enhances the endocytosis of rAAV

Selective trypsinization assays followed by Southern
blotting of viral DNA were performed to assess viral
binding and endocytosis of rAAV. Trypsin has previously
been shown to effectively remove externally bound AAV-2
from HelLa cells Duan et al., 1999 Therefore, this assay
can easily distinguish trypsin-resistant, internalized AAV
genomes from trypsin-sensitive, externally bound AAV. As
seen inFig. 3A, none of the treatment conditions in any
combination altered the binding of trypsin-sensitive rAAV
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substantial portion of the increase in rAAV transduction
associated with this phenomenon.

3.4. Synergigtic activation of rAAV transduction by PDTC
and genotoxic agents involves Racl pathway

It has previously been reported that the small intracellular
GTP-binding signaling molecule Racl is activated by rAAV
infection and is required for AAV endocytosisdnlioglu
etal., 2000. In this study, inactivation of Racl by expression
of a dominant negative form of Rac1, Ad.N17Ra8liciner
et al.,, 1996, did not affect binding, but led to the inhi-
bition of AAV endocytosis. Racl is also well known for
its ability to regulate ROI formation in cells through acti-
vation of NADPH-oxidase Joneson and Bar-Sagi, 1998;
Toporik et al., 1998 Based on the fact that PDTC is an ROI
modulating agent and synergistically activates endocytosis
in the presence of $0,, we hypothesized that the site of
action by PDTC and genotoxic stimuli (UV or2) might
reside at the point of Racl regulation. To this end, HeLa cells
were infected with either Ad.N17Rac1 viruSylciner et al.,

particles to HeLa cells. In contrast, combined treatments of 1999 or Ad.CMVLacZ virus Engelhardt et al., 1993a

PDTC with UV irradiation or HO led to increased inter-
nalization of trypsin-resistant rAAV ssDNA in HelLa cells
after incubation for 2 h at 37C (Fig. 3B, lanes 7 and 8). At

24 h prior to treatment with UV, D, and/or PDTC and
infection with rAAV. The results indicate that N17Racl
expression significantly reduces the augmentation of

the 2h time points analyzed, treatment of cells with each FAAV transduction induced by PDTC/UVHg. 4A) or
of these agents individually had no measurable effect on PDTC/HO; (Fig. 4B) treatments. In contrast, no such in-

rAAV endocytosis Fig. 3B, lanes 2—4). In addition, when
cells were pre-infected with Ad.CMVLacZ or Ad.dI802
adenoviral constructs 24 h prior to the infection with rAAV,
no increase in rAAV uptake was detectdeig. 3B, lanes

hibition was observed with Ad.CMVLacZ infected cells,
suggesting that the effect was specific to N17Racl expres-
sion and that Racl is either directly involved in the action of
PDTC and genotoxic agents or alternatively lies proximal to

9 and 10). These results substantiate the GFP expressiofihe site of action. Furthermore, since N17Racl did not com-
data, documenting synergistic augmentation and indicat- pletely block the synergistic activation, additional players
ing that enhanced endocytosis of rAAV accounts for a Or pathways might also be involved in this induction.
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A.D. Sanlioglu et al./Virus Research 104 (2004) 51-59 57

3.5. Condtitutively active Racl augments rAAV UV redox mediated augmentation of rAAV transduction—a
transduction by enhancing the endocytosis of rAAV virus previous findings by our group—might involve pathways
associated with RacSanlioglu and Engelhardt, 1999
One hypothesis for the function of Racl in the synergis-  With the goal of finding more specific antioxidants that
tic interactions of PDTC and genotoxic agents includes the might inhibit redox mediated induction of AAV infection,
possibility that these agents directly activate Racl. To inves- we tested whether PDTC treatment could block UV or
tigate this hypothesis, we tested whether direct constitutive HoO, mediated effects on rAAV. To our surprise, PDTC
activation of Racl, by expressing a dominant active form of treatment in conjunction with UV or $O, treatment syn-
Racl (V12Racl)Rracyk et al., 1998wvould enhance rAAV ergistically activated rAAV transduction, PDTC alone or
transduction in the absence of genotoxic agents. As seen inin conjunction with adenoviral E4orf6é expression had no
Fig. 5 Ad.V12Racl infection significantly increased rAAV  effect on rAAV transduction. This is in agreement with
transduction in a dose dependent fashion. In contrast, rAAV a previous report concluding that genotoxic agents and
transduction of Ad.CMVLacZ infected cells was 10-fold adenovirus regulate rAAV transduction through distinct
lower than that following Ad.V12Racl infection. Exper- pathways $anlioglu et al., 1999 To further elucidate the
iments analyzing the extent of rAAV endocytosis under mechanisms of PDTC synergistic action with genotoxic
these conditions demonstrated that V12Rac1 expression in-agents, selective trypsinization assays followed by Hirt
creased the amount of endocytosed trypsin-resistant rAAV Southern blotting of viral DNA were performed to assess
DNA within cells by 30 min post-infectionHig. 50. In the extent of viral binding and endocytosis. These stud-
contrast, no such increase was evident when cells wereies clearly indicated that rAAV endocytosis was enhanced
infected with Ad.CMVLacZ virus. Furthermore, neither when cells were treated with combination of PDTC and UV
the expression of V12Racl nor LacZ affected the bind- or PDTC and HO,. No increase in rAAV endocytosis was
ing of rAAV to Hela cells. Taken together, these results observed when these agents were individually used to treat
demonstrate that the constitutively active form of Racl cells. As viral binding was unaffected by treatment with
has the ability to augment rAAV transduction by enhanc- these agents, receptor abundance at the cell surface did not
ing the endocytosis of rAAV in the absence of genotoxic seen to be a critical factor. The enhancement of rAAV en-
agents. docytosis was also correlated with the synergistic activation
We next tested if these agents would biochemically ac- of rAAV transduction as assessed by gene expression.
tivate the Racl pathway. Using a Racl activation assay Based on the hypothesis that Racl was a central effector
(Sanlioglu et al., 200)bwe were able to demonstrate that involved in the activation of rAAV endocytosis by PDTC
UV, H,0,, and PDTC activated Racl individually (data not and UV or HO,, we next performed several experiments
shown). However, we did not observe that PDTC in combi- to support the functional involvement of Racl. First, ex-
nation with genotoxic agents, synergistically activated Racl. pression of N17Rac1l effectively blocked synergistic activa-
This might suggest that Racl might only be a component of tion of rAAV transduction induced by PDTC and genotoxic
the synergistic activation cascade. agents. As V12Racl expression activated rAAV endocyto-
sis and transduction in the absence of the other agents, Racl
was found to be involved in the endocytosis of rAAV-2 and
4. Discussion as combined PDTC and UV orJ@, treatments augment
the endocytosis of rAAV-2, we sought to directly evalu-
Research elucidating the transduction biology of AAV-2 ate whether Racl was biochemically activated by treatment
has uncovered several cellular barriers to infection prevent- with PDTC and genotoxic agents. Findings from Racl acti-
ing wide range use of this vector for gene therapy. These inc-vation assays confirmed the hypothesis that PDTC, UV, and
lude the abundance of receptoBiMmmerford and Samulski, H»O» all increased the GTP-bound form of Racl (data not
1998 and co-receptorsqing et al., 1999; Summerford et shown).
al., 1999 at the cell surface, ubiquitination of endocytosed  In summary, the reported experiments substantiated func-
virus (Duan et al., 2000 nuclear trafficking Hansen et al.,  tional studies evaluating the synergistic activation of AAV-2
2000, and gene conversion to duplex expressible forms endocytosis and transduction following treatment with these
(Alexander et al., 1994; Ferrari et al., 1996; Fisher et al., agents. Further insights into these molecular mechanisms
1996; Musonda and Chipman, 1998; Zhang et al., 1997 may lead to new approaches for enhancing endocytosis and
However, little is known about potential barriers involving transduction efficiency of rAAV-2 as a gene therapy vector.
endocytosis of AAV-2. Endocytosis of AAV-2 has previ-
ously been demonstrated to be dependent on Rzexdlipglu
et al., 2000, a small GTPase recruited to the cell surface Acknowledgements
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