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The 34-kDa product of adenovirus E4 region open reading frame 6 (E4orf6) dramatically enhances trans-
duction by recombinant adeno-associated virus vectors (rAAV). This is achieved by promoting the conversion
of incoming single-stranded viral genomes into transcriptionally competent duplex molecules. The molecular
mechanism for enhancing second-strand synthesis is not fully understood. In this study, we analyzed the
cellular consequences of E4orf6 expression and the requirements for efficient rAAV transduction mediated by
E4orf6. Expression of E4orf6 in 293 cells led to an inhibition of cell cycle progression and an accumulation of
cells in S phase. This was preceded by specific degradation of cyclin A and p53, while the levels of other proteins
involved in cell cycle control remained unchanged. In addition, the kinase activity of cdc2 was inhibited. We
further showed that p53 expression is not necessary or inhibitory for augmentation of rAAV transduction by
E4orf6. However, overexpression of cyclin A inhibited E4orf6-mediated enhancement of rAAV transduction. A
cyclin A mutant incapable of recruiting protein substrates for cdk2 was unable to inhibit E4orf6-mediated
augmentation. In addition, we created an E4orf6 mutant that is selectively defective in rAAV augmentation of
transduction. Based on these findings, we suggest that cyclin A degradation represents a viral mechanism to
disrupt cell cycle progression, resulting in enhanced viral transduction. Understanding the cellular pathways
used during transduction will increase the utility of rAAV vectors in a wide range of gene therapy applications.

There is increasing interest in adeno-associated virus (AAV)
as a potential gene delivery vector for human gene therapy (10,
27, 35, 68). AAV is a small human parvovirus with a single-
stranded linear DNA genome, and recombinant vectors consist
of the viral inverted terminal repeats (ITRs) flanking the for-
eign gene of interest. rAAYV is packaged into AAV particles by
cotransfection, together with a plasmid containing the AAV
rep and cap genes, into cells in which a lytic infection is induced
by infection with adenovirus (Ad) or transfection of helper
plasmids (53, 69). The virtues of AAV as a vector include its
lack of pathogenicity, high titer, ease of manipulation, absence
of all viral open reading frames, and ability to transduce non-
dividing cells. Transduction with rAAV has been demonstrated
with many recombinant genes and in numerous cell types,
including differentiated and nondividing cells (27, 68). The
mechanisms of rAAV-mediated transduction are poorly un-
derstood and variable results for transduction efficiencies have
been reported. Transduction into nondividing cells in vivo has
recently been demonstrated to be surprisingly effective, al-
though in all settings there is a delay before gene expression is
detected (61a, 68). In contrast, transduction into cells in cul-
ture is relatively inefficient but can be enhanced by treatment
with inhibitors of DNA synthesis, genotoxic agents, and DNA-
damaging agents such as UV irradiation and hydroxyurea (2,
22, 51). In addition, it has been suggested that rAAV prefer-
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entially transduces cells in S phase (52). It has been shown that
transduction with purified rAAV is limited by conversion of
the incoming single-stranded genome into a transcriptionally
active double-stranded form (22, 23). This rate-limiting step
can be considerably enhanced by the expression of Ad E4
region open reading frame 6 (E4orf6), which promotes second-
strand synthesis (22, 23).

These observations suggest that there may be a link between
E4orf6 and the cell cycle. Many viral oncoproteins deregulate
cell cycle control by interfering with functions of nuclear cell
cycle regulatory proteins (reviewed in reference 26). Most
small DNA viruses replicate their genomes only when the
infected cell progresses into the S phase. Examples include the
autonomous parvoviruses, which have an absolute requirement
for S-phase transition for their replication. This may be par-
tially determined by the necessity for duplex formation, which
is probably dependent on a cellular function expressed early in
S phase (13). The dependent parvoviruses, such as AAV, har-
ness the changes in cellular milieu caused by helper viruses,
such as Ad, for their own replication (3, 9). Exactly how the
helper virus affects the cell to create an environment permis-
sive for AAV remains unclear. Although the links between the
Ad E1 gene products and cell cycle control have been well
established, the connections for other early Ad proteins which
are also necessary for AAV helper activity have been less
closely examined.

Progression through the mammalian cell cycle is controlled
by the interplay of distinct positive and negative regulators.
These function in part by coordinating the phosphorylation of
key proteins by cyclin-dependent kinases (CDKs). CDKs are in
turn regulated in a complex fashion by phosphorylation, de-
phosphorylation, and their association with cyclins or specific
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CDK inhibitors (reviewed in references 30 and 33). Cyclin
levels oscillate throughout the cell cycle and are restricted
spatially within a cell, thus restricting CDK activity both tem-
porally and spatially. Cyclins and CDKs are divided into func-
tional subgroups based on the phase of the cell cycle they
regulate. The cyclin E-cdk2 and cyclin A-cdk2 complexes are
necessary for entry and progression through S phase, while the
cyclin B-cdc2 complex is required for the G,/M transition.
Cyclin A associates with cdk2 during S phase and with cdc2
during G, phase (41, 42, 45, 61), and a number of observations
suggest that cyclin A is involved in controlling DNA replication
(8, 18, 28). Cyclins also play a role in substrate selection for
kinase action. For example, the RXL motif has been found in
both substrates and inhibitors of cyclin A-cdk2 and mediates
the interaction with a hydrophobic patch on the surface of
cyclin A (1, 12, 57).

Little is known about functions of E4orf6 that would explain
its role in second-strand synthesis. We hypothesized that there
might be a link between augmentation of rAAV transduction
by E4orf6 and cell cycle regulation, replication, and/or DNA
repair, and we set out to define relevant functions for E4orf6.
The E4orf6 protein physically associates with the E1b 55-kDa
protein in productively infected cells (56), and this complex is
involved in the transport of adenovirus mRNAs to the cyto-
plasm (5, 44). It is estimated that 50% of the total E4orf6 in
infected cells is complexed with E1b (14), while noncomplexed
E4orf6 may have additional functions not dependent on Elb
(39). Products of the E4 region have also been implicated in
regulating Ad DNA synthesis (6, 64, 65). In addition, the
Ed4orf6 protein inhibits transcriptional activation by p53 (16),
results in degradation of p53 (59), and has oncogenic potential
(32). One mechanism suggested for enhancing rAAV trans-
duction by E4orf6 is dephosphorylation of a single-stranded-
DNA-binding protein that recognizes the D sequence of the
viral ITR and inhibits second-strand synthesis (47, 48), al-
though the identity of the protein and its kinase are not yet
known. To begin to decipher the function of E4orf6 in creation
of an environment suitable for AAV transduction, we exam-
ined the effect of this protein on key regulators of the cell cycle.
In this report we show that induction of E4orf6 expression in
293 cells results in an accumulation of cells in S phase. Con-
comitant with disruption of cell cycle progression is a decrease
in the level of the cyclin A protein, induced posttranscription-
ally by E4orf6 expression. Overexpression of cyclin A by co-
transfection inhibits the augmentation of rAAV transduction
mediated by E4orf6. In addition, we have identified a motif in
the E4orf6 protein that is essential for rAAV augmentation. A
greater understanding of the pathways used by Edorf6 to aug-
ment rAAV transduction will suggest strategies to improve the
efficiency of rAAV vectors for human gene therapy applica-
tions.

MATERIALS AND METHODS

Plasmids. The E4orf6 coding region was amplified from Ad type 5 (Ad5) DNA
by PCR and subcloned under the control of the cytomegalovirus immediate-early
promoter in expression vector pcDNA3.1 (Invitrogen) or pRKS. The
E4orf6.AXA mutant was created by using the QuickChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, Calif.) to change residues R243 and 1245 to
alanine and then subcloned into pRKS. pRKS5.cyclinA was constructed by sub-
cloning an EcoRI fragment of pCycA into pRKS5. The pRKS5.cyclinB,
pRKS.cyclinE, and pCMV.cdk2 constructs were generously provided by T.
Hunter. pcDNA.cyclinAhpm was kindly provided by B. Schulman. Wild-type
human p53 was expressed from the simian virus 40 promoter in pSV2.p53 (63),
and the reporter for p53-specific transactivation was pPG13.Luc (20). These
plasmids were gifts from T. Halozonetis and W. El-Deiry, respectively.

Cell culture, transfection, and reporter assays. All cell lines were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS). The inducible Edorf6 cell line 10-3 has been previously
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described and characterized (23, 24). It was generated by stable transfection of
293 cells with the plasmid pMT-E4orf6, which expresses the E4orf6 gene under
control of the zinc-inducible sheep metallothionein promoter. Mouse embryonic
fibroblasts (MEFs) (passage 9 or less) from knockout mice, p53*/~ or p537/~,
were kindly provided by G. Wahl and C. Barlow. All other cell lines were
obtained from the American Type Culture Collection. Where indicated, cells
were irradiated with a Stratalinker UV cross-linker (Stratagene).

Transfections were performed in duplicate by calcium phosphate precipitation
by standard methods and repeated multiple times. The transfections were per-
formed on cells plated in 35-mm-diameter plates. Total amounts of DNA were
maintained at 4.5 pg in all transfection assays. For luciferase assays, cells were
transfected with 1.0 wg of the pPG13.Luc reporter, 1.0 wg of pSV2.hp53 or
pSV2.hp53.C273, and 1.5 ug of pcDNA, pRKS5.Edorf6 or pRKS.Edorf6. AXA.
The cells were harvested for luciferase activity 30 h posttransfection as specified
by the manufacturer (Promega). Luciferase activity was measured in a Lumi-
nometer (Berthold) and normalized for transfection efficiency by determining
B-galactosidase activity from cotransfected pCMVp.

Viruses and transduction assays. Recombinant AAV expressing the Esche-
richia coli lacZ gene or the Aequorea victoria green fluorescent protein (GFP)
under the control of the cytomegalovirus promoter were generated and purified
by standard methods as previously described (23, 69). Titers of virus were de-
termined by dot blot hybridization. Cells were infected with rAAV (1,000 ge-
nomes/cell) for 2 h in DMEM-2% FBS and then replaced with fresh medium
containing 10% serum. For rAAV.LacZ, transduction was determined by assess-
ing B-galactosidase expression with histochemical staining in situ (23, 66) or by
measuring B-galactosidase activity in cell extracts following a 24-h infection with
rAAV-LacZ, using the GalactoLight kit (TROPIX). For rAAV.GFP, cells were
viewed under a confocal microscope (kindly provided by F. Gage). When indi-
cated, the cells were either induced to express E4orf6 for 24 h by addition of zinc
(ZnS0,) or transfected 24 h prior to infection. Wild-type Ad5 and El-deleted
recombinant viruses expressing GFP or p53 were propagated in 293 cells and
purified by sequential rounds of ultracentrifugation in CsCl gradients. Titers
were determined by plaque assays on 293 cells. The E4 mutant d/1004 was
propagated and subjected to titer determination on W162 complementing cells.

Western blotting. Cells were lysed in lysis buffer (50 mM Tris-HCI [pH 7.6],
1% Nonidet P-40, 150 mM NaCl, 0.1 mM ZnOAc) with proteinase inhibitors and
normalized for protein concentration by the Lowry assay (Bio-Rad). Equal
amounts of protein (50 to 100 wg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and Western blotting was per-
formed to detect specific proteins. For time course experiments, treated and
untreated samples were normalized for protein content at each time point and an
equal volume of lysate was loaded for all time points. E4orf6 protein was
detected with monoclonal antibody 45 (MAb45) (38). Primary antibodies specific
to the following proteins were purchased from Santa Cruz (Santa Cruz, Calif.):
p53 (DO-1), cyclin A (BF683), cyclin B (GSN-1), cyclin D (HD11), cyclin E
(HE111), cdk2 (M2), and proliferating-cell nuclear antigen (PCNA) (PC10).
Antibodies to p21 (Ab-1) and cdc2 (Ab-1) were purchased from Oncogene. The
antiphosphotyrosine antibody was purchased from Upstate Biotechnology. Pro-
teins were detected by enhanced chemiluminescence (NEN, Boston, Mass.) as
specified by the manufacturer.

Northern blot analysis. Total RNA was extracted with ULTRASPEC
(BIOTECX), supplemented with linear acrylamide (Ambion, Austin, Tex.), as
specified by the manufacturer. A modification of the Northern blot method
described by Burnett (7) was used. Briefly, RNA was denaturated and electro-
phoresed as published (7). It was transferred to a nylon filter in 20X SSC (1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and was fixed with a UV
cross-linker (Stratagene). Filters were stained with methylene blue to ensure
equal loading and transfer. Hybridization was performed with the rapid-hybrid-
ization buffer (Amersham, Little Chalfont, United Kingdom) as specified by the
manufacturer. Radiolabeled probes were synthesized with the Rediprime kit
(Amersham) and purified on G-50 columns (Amersham).

FACS analysis. To establish exponential-phase cultures of 10-3 cells, the cells
were seeded at a low density in six-well plates containing DMEM supplemented
with 10% FBS. At 24 h later the cells were fed with fresh growth medium
containing either zinc at various concentrations, aphidicolin, or zinc plus alphidi-
colin. At various time points posttreatment, the cells were trypsinized, collected,
and washed twice with cold phosphate-buffered saline. The cell pellets were
thoroughly resuspended in 2 ml of cold 80% ethanol and stored at 4°C. On the
day of the fluorescence-activated cell sorter (FACS) analysis, cells were collected
by centrifugation and the pellets were resuspended in 0.5 ml of propidium iodide
staining buffer (5 pg of propidium iodide per ml, 0.5% Tween 20, and 1% bovine
serum albumin in phosphate-buffered saline). The cell suspension was incubated
in the dark at room temperature for 15 min and analyzed on an EPICS XL flow
cytometer (Coulter Corp., Hialeah, Fla.) for DNA content. Excitation was car-
ried out with the 488-nm lines of an argon ion laser operating at a continuous
output of 200 mW. Cell cycle analysis by DNA distribution was performed by the
MultiCycle AV software (Phenix Flow Systems, San Diego, Calif.).

Kinase assays. Cdc2 kinase assays were performed with the cdc2 kinase assay
kit (Upstate Biotechnology) as specified by the manufacturer. For cdk2 kinase
assays, cells were lysed in RIPA buffer (20 mM Tris-HCI [pH 8.0], 100 mM NaCl,
0.2% Nonidet P-40, 0.2% Triton X-100, 0.2% deoxycholate, 1 mM dithiothreitol,
10% glycerol) and supplemented with protease inhibitors. cdk2 proteins were
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FIG. 1. Effect of E4orf6 expression on cell cycle progression. The cell line 10-3 was derived from 293 cells after stable transfection with pMT-E4orf6 and expresses
the Edorf6 protein under control of the zinc-inducible sheep metallothionein promoter (24). (A) Exponentially growing 10-3 cells in the presence or absence of zinc
induction were studied for DNA content by propidium iodide staining and FACS. (B) Both 10-3 and 293 cells were incubated with increasing concentrations of zinc,
and the proportion of cells in each stage of the cell cycle was determined after 24 h. (C) E4orf6 expression in 10-3 cells was induced with 150 pM zinc, and the time
course of cell cycle alterations was observed by FACS. For one set of cells, zinc was removed after 24 h (indicated by an arrow), and the effect of E4orf6 expression

was reversible.

immunoprecipitated, and the immune complexes were washed twice in kinase
buffer (50 mM HEPES [pH 7.4], 10 mM MgCl,, 1 mM dithiothreitol, 10 mM
NaF, 10 mM B-glycerophosphate). After a 60-min incubation at 30°C in 25 pl of
kinase buffer containing 25 uM ATP, 5 wCi of [y->*P]ATP, and 1 pg of histone
H1, the kinase reaction was terminated by adding an equal volume of 2X sample
buffer (100 mM Tris [pH 6.8], 20% glycerol, 4% SDS, 0.1% bromophenol blue).
Kinase activity was assessed by gel electrophoresis and PhosphorImager analysis
(Molecular Dynamics).

RESULTS

Induction of E4orf6 disrupts progression through the cell
cycle. We have generated a cell line called 10-3, which is de-
rived from the human embryonic kidney cell line 293 and
expresses the E4orf6 protein under control of a zinc-inducible
promoter (24). We have previously demonstrated dramatic
augmentation of rAAV transduction in these 10-3 cells upon
induction of E4orf6 (23). This cell line is therefore an excellent
model system in which to study both the effect of Edorf6
expression on the host cell and the requirements for efficient
rAAYV transduction. In the present study we first investigated
the impact of Edorf6 expression on cell cycle progression.
Using FACS analysis, we analyzed the effect of zinc-induced
E4orf6 expression on the distribution of cells at each stage of
the cell cycle. Induction of Edorf6 in 10-3 cells resulted in

significant alterations to the cell cycle profile (Fig. 1A). With
increasing concentrations of zinc, we observed an increase in
the number of 10-3 cells in S phase, combined with a decrease
in the number of these in G, and G,. The proportion of cells
in each of the different phases of the cell cycle was quantitated
as a function of different concentrations of zinc, as shown in
Fig. 1B. Some experimental variation was observed, but the
S-phase accumulation was observed in all experiments. The
number of dead cells was consistently below 8% under all
conditions. The parental 293 cell line was treated and analyzed
in parallel. No significant change in cell cycle profile was ob-
served in 293 cells with similar concentrations of zinc (Fig. 1B).
This demonstrated that the accumulation in S phase observed
for 10-3 cells can be attributed to E4orf6 expression and not to
zinc treatment. Cell cycle profiles were analyzed over a time
course of E4orf6 induction with 150 wM zinc (this concentra-
tion produced the S-phase accumulation but showed minimum
toxicity). This showed that within 24 to 40 h of induction, the
number of cells in S phase had peaked at almost 40% and that
this was accompanied by a dramatic decrease in the number of
cells in the G, phase (Fig. 1C). This effect could be reversed by
the removal of zinc at 24 h postinduction (Fig. 1C).
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FIG. 2. Effect of combining aphidicolin synchronization and E4orf6 expres-
sion in 10-3 cells. Cells were synchronized by treatment with 0.5 pg of aphidicolin
per ml in the absence of zinc, together with zinc induction, before or after zinc
induction. Cells were harvested at intervals after release from the aphidicolin
block, and their DNA content assessed by propidium iodide staining and FACS
sorting. Data is plotted to show the proportion of cells in G,/G, (A), S (B), or
G,/M (C) phases of the cell cycle.

These results suggested that E4orf6 expression either pro-
motes cell entry into S phase or prevents exit from S phase. To
ascertain where in the cell cycle the block occurred, we per-
formed further FACS analysis after synchronization of 10-3
cells with aphidicolin in the presence or absence of E4orf6
induction with zinc (Fig. 2). Treatment for 20 h with aphidi-
colin (0.5 wg/ml) led to a partial (60 to 80%) synchronization
of cells in G,/G, (Fig. 2A). In the absence of E4orf6 expres-
sion, release of the aphidicolin block allowed almost 100% of
cells to enter S phase within 8 h (Fig. 2B). This was accompa-
nied by a drop in the number of cells in G,, and after 8 h cells
began to enter G,/M (Fig. 2C). Within 36 h, the cell cycle
profile had returned to normal. However, for cells that were
induced for E4orf6 expression with zinc either before, during,
or after synchronization, this pattern was altered. For cells
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induced before or at the same time as aphidicolin treatment,
the increase in the number in S phase is delayed, and this is
accompanied by a gradual decrease in the number G,/G,.
These cells express E4orf6 and fail to accumulate in G,/M (Fig.
2C). Cells which are first arrested with aphidicolin and then
induced with zinc rapidly move into S phase but, unlike un-
treated cells, do not return to a normal cell cycle profile and
continue to show an accumulation in S phase (Fig. 2B). Taken
together, these results suggest that E4orf6 expression leads to
a slow accumulation in S phase, with a block at exit from S
phase and entry into G,/M. An S/G, block induced by resvera-
trol in the absence of E4orf6 expression was not sufficient to
enhance rAAV transduction significantly (data not shown).
This suggests that in addition to arresting cells at the S/G,
block, E4orf6 expression results in further modifications to the
cell in order to augment rAAV transduction.

Effect of E4orf6 expression on the level of cellular proteins
in 10-3 cells. The above findings demonstrate that Edorf6
affects cell cycle regulation in the presence of the adenovirus
E1 gene products expressed in 293 cells. To begin to charac-
terize the molecular basis for arrest of cell cycle in 10-3 cells,
we examined whether E4orf6 expression affects the level of
cellular proteins that are key regulators of cell cycle progres-
sion. Western blotting with specific antibodies was used to
investigate the steady-state levels of E4orf6 and cellular pro-
teins in 10-3 cells treated with zinc. Upon incubation with
increasing concentrations of zinc, E4orf6 induction was de-
tected by Western blotting (Fig. 3A) and also by Northern
blotting (Fig. 3B). The levels of p53 and cyclin A, two cellular
proteins involved in the control of cell cycle progression, were
down-regulated specifically upon E4orf6 expression (Fig. 3A).
Moreover, cyclin A and p53 levels remained low in E4orf6-
expressing cells 24 h after infection with TAAV (data not
shown). Analysis of RNA by Northern blotting of total RNA
extracted from zinc-treated cells suggested that the decrease in
both p53 and cyclin A levels was a posttranscriptional event,
since RNA levels did not diminish with E4orf6 expression (Fig.
3B). Time course studies showed that at a zinc concentration
of 150 uM, Edorf6 expression could be demonstrated by 12 h
postinduction. Alterations in the levels of cyclin A and p53
were very rapid, with detectable decreases in both by 12 h and
some indication of a slight effect even earlier (Fig. 3D). The
levels of both proteins increased in untreated cells over time,
due to continued cell proliferation. To confirm that the effect
on these protein levels was specific and not a general phenom-
enon, we assessed the levels of other cellular proteins involved
in cell cycle progression and control. Western blotting could
not detect any alterations in the steady-state levels of cyclin B,
D, E, or H or in cdc2, cdk2, p21, pRb, or PCNA, 24 h following
induction of E4orf6 (Fig. 3C and data not shown).

Other treatments such as UV and genotoxic agents also
enhance rAAV transduction (22, 51). It is interesting that UV
treatment, at the level that enhances rAAYV transduction, also
leads to a decrease in the steady-state levels of cyclin A (Fig.
3E). In contrast to our observations with E4orf6, this decrease
in cyclin A levels is due to down-regulation at the transcrip-
tional level (46, 58).

p53 is neither essential nor inhibitory for augmentation of
rAAV transduction by E4orf6. We were interested in deter-
mining whether these alterations in cellular proteins had any
bearing on the augmentation of rAAV transduction by E4orf6
expression in the 10-3 cell line. The E4orf6 protein binds p53
and blocks its ability to activate transcription (16). Inhibition of
p53 activity and degradation of the protein by E4orf6 might be
functionally important for its augmentation effect. If this were
the case, one might expect adenovirus-mediated augmentation
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FIG. 3. Expression of the Ad protein E4orf6 leads to the specific degradation of

p53 and cyclin A. (A) Protein extracts were made from 10-3 cells grown in the

absence or presence of increasing amounts of zinc, 24 h after induction. Proteins (50 pg per lane) were separated by SDS-PAGE, transferred to a nitrocellulose
membrane, and detected by immunoblotting and enhanced chemiluminescence (Amersham). Proteins were detected with specific antibodies to E4orf6 (MAbA45), p53
(DO-1), and cyclin A (BF683). (B) Total cellular RNA extracted from uninduced and zinc-induced 10-3 cells was separated on an agarose-formaldedyde gel, transferred
to a nitrocellulose membrane, and hybridized with radiolabeled cDNA probes for E4orf6, cyclin A, and p53. (C) The protein levels of cyclin B, D, E, and H, as well
as other cell cycle proteins such as cdc2, cdk2, p21, and PCNA, remained unchanged in 10-3 cells following a 24-h incubation with zinc. (D) Time course of E4orf6

induction and cyclin A and p53 degradation in 10-3 cells treated with 150 uM zinc. E
is an increase in protein levels for untreated cells. (E) Cyclin A was also down-regulat

qual volumes of cell lysate were loaded for each time point, and therefore there
ed in 293 cells exposed to UV light at 10 or 25 wJ/m?. Treated or untreated cells

were harvested 2 or 24 h following exposure, and cyclin A protein levels were detected by Western blotting using the BF683 antibody. WB, Western blotting; NB,

Northern blotting.

of rAAV transduction not to require E4orf6 in cells that lack
pS3. Conversely, overexpression of p53 might be expected to
prevent the E4orf6 augmentation effect. We therefore tested
rAAYV transduction in cell lines lacking p53. In the Saos2 cell
line, which lacks functional p53, augmentation of rAAV trans-
duction by adenovirus infection still required E4orf6 (66a). It is
possible that this cell line has acquired further mutations that
may affect the interpretation. Therefore, we performed the
experiment in early-passage MEFs obtained from mutant
mice. MEFs from knockout p53~/~ mice showed transduction
similar to MEFs from wild-type or heterozygous mice (Fig.
4A). The results with MEFs reflect those seen with all other
cell lines so far examined (22, 23). Transduction by rAAV
alone showed low levels of gene expression that could be dra-
matically enhanced by coinfection with wild-type Ad5 but not
by a mutant adenovirus (d/1004) with the entire E4 region
deleted (Fig. 4A). This result shows that even in the absence of
p53, E4orf6 is necessary for the augmentation effect of adeno-
virus infection. To assess whether p53 might inhibit E4orf6-
mediated augmentation of rAAV transduction, we transduced
cells with rAAV.LacZ in the presence of p53 overexpression.
This was done with 293 cells either by coinfection with a re-
combinant Ad-expressing p53 (Fig. 4B) or by cotransfection of
Edorf6 with a pS3 plasmid (Fig. 6B). In neither case was there
inhibition of the E4orf6-mediated augmentation of rAAV
transduction. Despite degradation of pS3 during Ad infection

(25, 49, 59), the levels in cells infected with the recombinant
Ad-p53 remained high, due to the elevated level of overexpres-
sion from the constitutive CMV promoter, as confirmed by
Western blotting (Fig. 4B). Together, these results show that
p53 is neither necessary nor inhibitory for the augmentation of
rAAV transduction by E4orf6.

cdc2 kinase activity is inhibited upon E4orf6 expression.
Cyclin A associates with c¢dk2 in S phase and with cdc2 in
G,/M, to modulate the activity of these kinases. Their proper
activation is crucial for cell cycle progression and DNA repli-
cation. Given the decrease in cyclin A levels, we asked whether
the activity of these kinases was altered upon E4orf6 expres-
sion in 10-3 cells incubated with 150 wM zinc. Kinase activity
was assessed by the ability of cdc2 or cdk2 immunoprecipitates
to phosphorylate H1 histone after 36 h of E4orf6 induction in
10-3 cells. While no difference was observed for cdk2, cdc2
kinase activity was reduced by 70% (Fig. 5A). Western blot
analysis of cell extracts showed that the overall steady-state
levels of these two kinases were not altered upon E4orf6 in-
duction in these cells (Fig. 3C). In addition to cyclin binding,
cdc2 regulation is achieved mainly by reversible phosphoryla-
tion (29). To test whether the reduction in kinase activity was
due to phosphorylation of cdc2, we analyzed the electro-
phoretic mobility of cdc2 after E4orf6 induction. In untreated
10-3 cells, cdc2 appeared as a single band, but a second form
appeared after 24 h of E4orf6 expression (Fig. 5B). To test
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knockout mice requires E4orf6. MEFs (passage 9) were transduced with rAAV.GFP (1,000 genomes/cell) alone or in the presence of wild-type Ad5 (multiplicity of
infection, 50 PFU/cell) or the E4 mutant d/1004 (AdAE4). GFP expression was assessed after 48 h by using a confocal microscope. (B) Overexpression of p53 does not
prevent augmentation of rAAV transduction by Ad. 293 cells were transduced with rAAV.LacZ (1,000 genomes/cell) alone or in the presence of Ad5, Ad.GFP, or
Ad.p53 (multiplicity of infection, 100 PFU/cell). Transduction was assessed by measuring B-galactosidase activity in cell extracts after 24 h. Overexpression of p53 was

confirmed by Western blotting of cell extracts with a p53-specific antibody (DO-1).

whether this second form of cdc2 was due to tyrosine phos-
phorylation, proteins phosphorylated on tyrosine residues were
immunoprecipitated and immunocomplexes were subjected to
Western blotting with antibodies specific for cdc2. A strong
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FIG. 5. The kinase activity of cdc2 is inhibited following expression of
Edorf6. (A) Immunoprecipitates from 10-3 cells cultured in the absence (—) or
presence (+) of 150 uM zinc for 36 h were tested for their ability to phosphor-
ylate H1 histone in vitro. Kinase activity was inhibited for cdc2 but not for cdk2.
(B) Protein extracts were made from 10-3 cells in the absence or presence of zinc
induction (150 nM) at different intervals between 1 and 60 h. Proteins (50 pg per
lane) were separated by SDS-PAGE, transferred to a nitrocellulose membrane,
and detected by immunoblotting with a cdc2 antibody (top). Note the appear-
ance of a higher-molecular-weight species by 24 h after E4orf6 induction. Ty-
rosine-phosphorylated proteins (PY) were immunoprecipitated from these ex-
tracts and subjected to Western blot analysis with a cdc2-specific antibody
(bottom).

band corresponding to cdc2 was observed 24 h following
Ed4orf6 induction (Fig. 5B). These results suggest that in the
presence of E4orf6, the kinase activity of cdc2 may be inhibited
due to phosphorylation on a tyrosine residue.

Overexpression of cyclin A inhibits the augmentation of
rAAV transduction by Edorf6. We then asked whether the
decrease in cyclin A levels observed in 10-3 cells contributed to
the E4orf6 effect on rAAV transduction. Expression vectors
for cyclin A, B, or E or cdk2 were cotransfected in 293 cells
together with the Edorf6 plasmid. Cells were subsequently
infected with rAAV.LacZ at 24 h posttransfection and assessed
for transduction after a further 24 h (Fig. 6). Cyclin A overex-
pression had a dramatic inhibitory effect on the ability of
E4orf6 to augment rAAV transduction. This was dose depen-
dent and clearly visible by both histochemical staining of trans-
duced cells with 5-bromo-4-chloro-3-indolyl-B-p-galactopyr-
anoside (X-Gal) (Fig. 6A) and B-galactosidase assays on
cellular extracts (Fig. 6B). This effect was specific to cyclin A,
since none of the other proteins had any significant effect.

A conserved hydrophobic patch has been identified on the
surface of cyclin A, and this region has been demonstrated to
mediate binding to RXL-containing proteins (57). We tested
the ability of a cyclin A hydrophobic patch mutant, CyAhpm
(with mutations M210A, L214A, and W217A), which does not
interact with the RXL domain (57), to inhibit the E4orf6-
mediated augmentation of rAAV transduction. This mutant
had no inhibitory effect on E4orf6-mediated augmentation
(Fig. 6B). The specific degradation of cyclin A upon E4orf6
induction, together with the inhibition of E4orf6 augmentation
by cyclin A overexpression, suggests a link between cyclin A
and E4orf6-mediated enhancement of rAAV transduction.

The E4orf6 protein contains a putative RXL motif that is
essential for augmentation of rAAV transduction but not other
functions. We noted that the E4orf6 protein contained a do-
main similar to the RXL motif identified in proteins that either
interact with cyclin A or are substrates for cdk-cyclin A-medi-
ated phosphorylation (Fig. 7A). To assess whether this motif
played any role in augmentation of rAAV transduction by the
E4orf6 protein, the RXL sequence was changed to AXA by
site-directed mutagenesis (mutations R243A and L245A).
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FIG. 6. Cyclin A overexpression inhibits augmentation of rAAV transduction
by Edorf6. (A) Human 293T cells were transfected with pcDNA-GFP (pcDNA)
or Edorf6 or cotransfected with E4orf6 and cyclin A. Cells were infected with
rAAV.LacZ (1,000 genomes/cell) at 24 h posttransfection, and transduction was
assessed after a further 24 h by histochemical staining for B-galactosidase activity
in situ. (B) Inhibition is specific to cyclin A, whereas other cell cycle proteins and
the cyclin A hydrophobic patch mutant (hpm) had no effect on E4orf6-mediated
augmentation. Plasmids expressing the indicated proteins were transfected into
293T cells, which were subsequently transduced with rAAV.LacZ, and B-galac-
tosidase activity was assessed in cell extracts after a further 24 h. Presented are
means and standard deviations for three to six independent experiments.

Western blotting with MADb45 showed expression of the mu-
tant protein at a similar level to that of the wild-type protein.
(Fig. 7B). In an assay for augmentation, wild-type or mutant
E4orf6 was transiently expressed in 293 cells, which were in-
fected with rAAV.LacZ after 24 h, and the degree of trans-
duction was assessed by X-Gal staining of cell monolayers (Fig.
7C) or B-galactosidase assays on cell extracts (Fig. 7D). The
E4orf6.AXA mutant had completely lost its ability to augment
rAAYV transduction, suggesting that this region may play a role
in the enhancement effect.

A number of activities have been ascribed to the E4orf6
protein in addition to its ability to act as a helper for AAV
replication and transduction. One of the functions reported for
this protein is its ability to inhibit pS3-mediated transcriptional
activation (16). We examined the effect of the AXA mutation
on E4orf6 inhibition of transcriptional activation by p53 in
transient-transfection assays. Saos2 osteosarcoma cells, which
lack endogenous p53, were transfected with a plasmid express-
ing the Edorf6 protein, together with a plasmid encoding p53,
and a luciferase reporter plasmid containing p53-binding sites
cloned upstream of a minimal promoter. As previously re-
ported, transactivation by p53 was inhibited by the wild-type
Edorf6 protein (16) to about 40% of its normal activity (Fig.
7E). The E4orf6.AXA mutant inhibited p53-mediated tran-
scriptional activation in a similar manner to the wild-type pro-
tein (Fig. 7E). These results demonstrate that the E4orf6.AXA
mutant retains at least some of the functions of the wild-type
protein.

J. VIROL.

DISCUSSION

To understand how the Ad Ed4orf6 protein modifies the
cellular millieu to enhance rAAYV transduction, we have exam-
ined the effect of this protein on cell cycle regulators. We
found that induction of E4orf6 expression in a cell line based
on 293 cells, leads to accumulation of cells in S phase. A
number of observations suggest that this alteration in cell cycle
progression may play a role in the AAV life cycle. Transduc-
tion by rAAYV vectors is known to occur preferentially in cells
which are in S phase (52), and so accumulation in this phase
could be partly responsible for enhanced rAAV transduction
obtained in the presence of E4orf6. Duplex formation for the
related autonomous parvoviruses also requires factors present
in S-phase cells (13). Thus, AAV may benefit from the alter-
ation in cell cycle induced by Ad helper proteins.

Concomitant with disruption of cell cycle progression, we
observed a decrease in the levels of cyclin A and p53 proteins,
induced posttranscriptionally by Edorf6 expression. Others
have reported a similar degradation of p53 in BRK and 293 cell
lines upon E4orf6 expression and also in Ad-infected cells (32,
36, 49, 59). However, the augmentation of rAAV transduction
in p53~/~ MEFs and in the presence of p53 overexpression
suggests that degradation of p53 is not a prerequisite for rAAV
transduction or E4orf6-mediated augmentation. In contrast,
overexpression of cyclin A by cotransfection inhibits the aug-
mentation of rAAV transduction mediated by E4orf6. This
suggests that cyclin A levels are relevant to augmentation of
rAAV transduction by E4orf6.

Checkpoints maintain the order and fidelity of cell cycle
events. Although most of the regulators of cell cycle check-
points were initially characterized in yeast, several mammalian
homologues have been described (21, 54). The DNA replica-
tion checkpoint ensures that only cells which have successfully
completed one round of DNA replication will undergo cell
division. While crucial to cell viability, these checkpoints are
not necessary during viral replication. The cyclin A-cdk2 com-
plex phosphorylates many proteins substrates associated with
cell cycle progression and DNA replication. Cells which enter
S phase due to the action of the cyclin E-cdk2 complex would
not go through a successful replication process in the absence
of cyclin A and would therefore not proceed with the cell cycle.
This situation would be ideal for both AAV transduction and
replication, since the cellular DNA replication machinery as-
sembled by the cell can then be harnessed by the virus. Down-
regulation of cyclin A-cdk2 and cyclin A-cdc2 kinase activities
by specific degradation of cyclin A by E4orf6 may represent a
viral mechanism that interrupts cellular DNA replication to
enhance viral production. This may play a role in Ad replica-
tion, and the helper-dependent AAV takes advantage of the
effect. Expression of E4orf6 inhibits the activity of cdc2 in two
ways, by degrading cyclin A and also by affecting the phosphor-
ylation status of cdc2 directly. It has been suggested that failure
to pass a DNA replication checkpoint results in the inhibition
of cdc25 activity by the action of protein kinases such as Cdsl
(34, 43, 70) and its recently identified mammalian homologue
Chk2 (31). The inhibition of the cdc25 phosphatases ensures
that cdc2 is kept inactive until the completion of DNA repli-
cation to prevent the transition to mitosis in the presence of
unreplicated DNA. If Edorf6-expressing cells are not able to
complete cellular DNA replication successfully due to the lack
of cyclin A, the cdc25 phosphatases will probably be phosphor-
ylated on inhibitory residues, which will render them unable to
dephosphorylate cdc2 and initiate mitosis. We have observed
hyperphosphorylated forms of cdc25 proteins following E4orf6
expression, which is consistent with this model (12a). The out-
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FIG. 7. The E4orf6 protein contains a putative RXL domain that is necessary for augmentation of rAAV transduction but not for other functions of the protein.
(A) Edorf6 contains a putative RXL domain. Sequence alignments of the putative RXL domains of cyclin A binding proteins and E4orf6. This region was altered in
the Edorf6.AXA mutant, as indicated. (B) Western blot of cell extracts from 293T cells transfected with expression vectors pcDNA-GFP, E4orf6, or E4orf6. AXA
confirmed expression of the E4orf6 proteins. (C) The E4orf6. AXA mutant is unable to augment rAAYV transduction. Human 293T cells were transfected with either
pcDNA-GFP (pcDNA), E4orf6, or E4orf6.AXA and infected with rAAV-LacZ (1,000 genomes/cell) at 24 h posttransfection. The cells were fixed 24 h postinfection
and stained for B-galactosidase activity in situ. (D) Cells were treated as in panel C and quantitated for B-galactosidase activity. (E) The E4orf6.AXA mutant retains
its ability to inhibit p53-mediated transactivation. Saos2 cells were transfected with expression vectors for wild-type or mutant p53, E4orf6, E4orf6.AXA, empty vector,
and the PG13.Luc reporter plasmid. After 30 h, cells were harvested for luciferase activity.

come of Edorf6 expression is thus inactivation of cdc2 kinase
activity, which may be responsible for the block to exit from S
phase. It is interesting that after UV irradiation, which causes
a cell cycle arrest due to a failure to pass a DNA damage
checkpoint, cyclin A levels also fall and cdks are inactivated by
a combination of p21 and phosphorylation (46). A similar
situation has been reported for wild-type AAV infection of
primary human cells, in which cells arrest due to transcrip-
tional down-regulation of cyclin A and induction of p21 (25b).

We noted that the E4orf6 protein contains a sequence that
resembles an RXL motif. Mutation of this region abolishes the
ability to enhance rAAV transduction, suggesting that the
RXL motif may play a role in the augmentation effect. Tran-
sient-transfections and reporter gene assays showed that the
E4orf6.AXA mutant retained the ability of the wild-type pro-
tein to inhibit transcriptional activation by the cellular p53
protein. This demonstrates that the protein is at least partly
functional. This mutant protein presents a tool to be used in
determining which functions of E4orf6 are relevant to en-
hancement of rAAV transduction. One of the proteins that
associates with E4orf6 is the Ad E1b 55-kDa protein (14, 56).
Viruses with the E1b gene deleted also show a decrease in their
ability to augment rAAV transduction, suggesting that Elb

may play a role (23). In this report, we have analyzed E4orf6
augmentation only in the context of 293 cells which also ex-
press Ad E1 genes. One explanation for the lack of augmen-
tation by the E4orf6. AXA mutant might be its inability to form
a functional complex with the E1b 55-kDa protein. The region
responsible for the interaction between these two proteins had
been previously mapped to the N-terminal 55 amino acids of
the E4orf6 protein (50), and the mutations incorporated into
the AXA protein are at residues 243 and 245. We have found
that E4orf6.AXA is unable to bind to Elb, relocate E1b to the
nucleus, and lead to p53 degradation (11a). In agreement with
these observations, it has been recently reported that a region
of the E4orf6 protein between amino acids 241 and 250 forms
an arginine-faced a-helix which is required for E1b nuclear
localization by E4orf6 (40). It is possible that the RXL domain
in the amphipathic a-helix of E4orf6 is necessary for interac-
tion with a cellular protein required for relocalization of E1b
and replication of Ad.

Alternatively, phosphorylation of either protein may be im-
portant for their association. Both the E1b 55-kDa protein and
E4orf6 are phosphoproteins (4, 60), and the AXA mutation
may result in altered phosphorylation. The putative RXL motif
in Edorf6 raises the intriguing possibility that it can act as a
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substrate and bind to cyclin A. We have been unable to detect
a direct interaction between these two protein (25a), but this
could be due to the transient nature of the association and to
the fact that E4orf6 expression leads to rapid cyclin A degra-
dation. Phosphorylation may be a clue to how E4orf6 achieves
its enhancement of rAAV transduction. One cellular protein
suggested to be a target of E4orf6 is a single-stranded DNA
binding protein that recognizes the D region of the viral ITR
and prevents second-strand synthesis (48). The tyrosine phos-
phorylation status of this protein correlates well with the effi-
ciency of rAAV transduction in human cells in vitro and mu-
rine cells in vivo (47). Treatments that augment rAAV
transduction, such as E4orf6 expression or hydroxyurea, result
in dephosphorylation of the single-stranded DNA binding pro-
tein as assessed by a shift in the complex in an electrophoretic
gel mobility shift assay (48). Our data suggests that there may
be links between E4orf6 and the regulation of phosphorylation
for additional cellular proteins. A potential cellular target for
Edorf6 might be the human replication protein A (RPA), al-
though there is presently no published data to support this.
RPA is composed of three subunits of 70, 34, and 11 kDa and
plays an essential role in initiation and elongation of DNA
replication (reviewed in reference 67). The protein is phos-
phorylated in a cell cycle-dependent manner in human cells,
primarily on the 34-kDa subunit, and is mediated by the cdc
and cdk kinases (15, 19). By using in vitro replication assays, it
has been shown that RPA is involved in AAV replication (37,
62). It is possible that part of the E4orf6 enhancement effect is
mediated through RPA, perhaps by changes to its phosphory-
lation status. It is interesting that some of the effects on cellular
proteins that we have uncovered for E4orf6 are shared with
other treatments known to enhance rAAV transduction, such
as UV irradiation and DNA-damaging agents. These treat-
ments also lead to down-regulation of cyclin A levels, phos-
phorylation and negative regulation of cdc25 proteins, a block
to entry into mitosis, and changes in phosphorylation of RPA
(11). Transduction by rAAV vectors in vivo can occur effi-
ciently in nondividing cells and may occur by a different mech-
anism. However, since there is a delay to gene expression in
most in vivo settings, even in vivo transduction will benefit
from understanding the pathways involved and the require-
ments for efficient gene expression from rAAV vectors. Al-
though there may be multiple routes to enhancement of rAAV
transduction (17, 55), there may be common pathways that are
activated by enhancing agents. Understanding the require-
ments for second-strand synthesis and the ways in which helper
viral proteins can promote this step, will greatly enhance the
usefulness of rAAV as a gene therapy vector.
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