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Recombinant adeno-associated viruses (rAAVs) have attracted considerable interest as gene delivery sys-
tems because they show long-term expression in vivo and transduce numerous cell types. Limitations to
successful gene transduction from rAAVs have prompted investigations of a variety of treatments to enhance
transgene expression from rAAV vectors. Tyrphostin-1, an epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitor, dramatically enhances rAAV transgene expression. Elegant studies have demonstrated that
a single-strand D-sequence-binding protein (ssDBP) is phosphorylated by EGFR and binds to the D sequence
element in the AAV terminal repeat (TR). Binding of the Tyr-phosphorylated ssDBP prevents conversion of
single-stranded vector DNA to a double-strand conformation. We observed dramatic increases in transgene
expression in lung epithelial cells (IB3) with tyrphostin treatment. Gel shift analysis of ssDBP revealed that
its DNA binding characteristics were unchanged after tyrphostin treatment or adenovirus infection. Tyrphostin
stimulated rAAV transgene expression to a greater extent than adenovirus coinfection. Southern hybridizations
revealed that the vector DNA remained in the single-strand conformation in tyrphostin-treated cells but
double-stranded replicative form monomer DNA was most abundant in adenovirus-infected cells. Northern
analyses revealed that tyrphostin treatment enhanced mRNA accumulation more than in adenovirus-infected
cultures even though replicative form DNA was undetectable. Analysis of the JNK, ERK, and p38K mitogen-
activated protein kinase pathways revealed that tyrphostin treatment stimulated the activity of JNK and p38K.
Our data suggest that tyrphostin-induced alteration of stress response pathways results in dramatic enhance-
ment of transcription on linear vector DNA templates in the IB3 cell line. These results expand the downstream
targets of the EGFR in regulating rAAV transduction.

Gene delivery vectors developed from recombinant adeno-
associated viruses (rAAVs) have shown successful gene trans-
duction in a variety of cell types in culture and tissues in animal
models. Successful transduction has been demonstrated in
muscle (37, 47), lungs (10, 19), the central nervous system (23),
the retina (4), hematopoietic cells (18), liver (36), skin (22),
and heart (24). The success of preclinical investigations has led
to several ongoing and planned human gene therapy trials.

In spite of the vector’s wide tropism, there are limitations to
successful transduction. In the initial step of virus uptake, the
virion binds to coreceptors. For adeno-associated virus type 2
(AAV2), heparin sulfate proteoglycan is believed to be the
primary receptor, whereas 2,3-linked sialic acid is the primary
receptor for AAV5 (44, 45). The fibroblast growth factor re-
ceptor and �V�5 integrin have been reported to function as
coreceptors for AAV2 (29, 40). A lack of heparin sulfate pro-
teoglycan or its localization to a less accessible cell location
such as the basement membrane in airway epithelium limits
AAV2 vector transduction (13, 49). After internalization, the
virion translocates to the nucleus. Some cell types do not ef-
fectively move the virion to the nucleus, resulting in diminished
transgene expression (21). A component of the internalized
virus is shunted to proteosomes, resulting in vector degrada-
tion (11). Upon entry into the nucleus, the virus is uncoated,

and the single-stranded DNA is converted to a transcription-
ally competent double-stranded conformation.

A variety of physical, chemical, and biological agents have
been used to stimulate rAAV transgene expression. Inhibition
of proteosome activity results in increased transgene expres-
sion, presumably due to more efficient vector delivery to the
nucleus (11). Treatment of cells with DNA-damaging agents
such as UV light and gamma irradiation has been shown to
stimulate expression by several hundred-fold (3, 32). UV irra-
diation increases the accumulation of double-stranded circular
vector DNA (33).

Coinfection of the target cell with adenovirus stimulates
transgene expression by several mechanisms. Expression of
adenovirus E4 orf 6 results in conversion of single-stranded to
double-stranded vector DNA with concomitant increases in
transgene expression (15, 16, 33). Expression of the adenovirus
VA gene also stimulates AAV gene expression (45). One of the
strongest stimulators of vector delivery and expression is inhi-
bition of the epidermal growth factor receptor (EGFR) via
tyrphostins (26). EGFR phosphorylates a single-stranded D-
sequence-binding protein (ssDBP), also identified as FKBP52,
on Tyr residues (27). This phosphorylation alters the protein’s
interaction with the D sequence in the AAV terminal repeat
(TR). When the interaction is altered, second-strand DNA
synthesis is enabled, resulting in subsequent expression of the
genes carried by the vector. Analysis of extracts from tissues
that are refractory to AAV2 transduction, such as the lung,
reveal that there is a greater ratio of phosphorylated to de-
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phosphorylated ssDBP than observed in tissues that are more
readily transduced (28).

We began a study of tyrphostin’s extraordinary ability to
stimulate vector transduction to determine if other factors
involved in transgene expression are also affected by inhibition
of the EGFR. Our results indicate that tyrphostin treatment of
IB3 airway epithelial cells has a profound stimulatory effect on
rAAV-mediated transgene expression. Curiously, tyrphostin
treatment did not increase single- to double-stranded conver-
sion of vector DNA, and the D-sequence-binding properties of
the ssDBP were not altered in IB3 cells. Further analysis re-
vealed that the stress-activated protein kinase pathway (JNK
and SAPK) and the p38 kinase pathway were stimulated by
tyrphostin. Stimulation of these pathways is known to increase
transgene expression from reporter plasmids driven by the
cytomegalovirus (CMV) early promoter (7). Thus, cellular
stress responses induced by tyrphostin may explain the dra-
matic increase in transgene expression from the CMV promot-
er-driven rAAV vector. Our data suggest that a tyrphostin-
induced alteration of stress response pathways results in
dramatic enhancement of transcription on linear vector DNA
templates in the IB3 cell line.

MATERIALS AND METHODS

Tyrphostin-1 and cell lines. A storage solution of tyrphostin-1 (Sigma), an
epidermal growth factor receptor inhibitor, was prepared by dissolving in di-
methyl sulfoxide (DMSO) to a final concentration of 50 mM and stored at �20°C
in tubes wrapped in foil. Care should be taken to protect tyrphostin from light
and to minimize repeated freeze-thaw cycles. Exposure to light will result in less
stimulation of transgene expression. The working stock solution of 500 �M
tyrphostin was prepared in culture medium by first diluting the storage solution
1:5 in ethanol and then adding culture medium so that the final concentrations
of DMSO and ethanol were 1 and 5%, respectively.

IB3 cells are undifferentiated simian virus 40 T antigen-transformed human
lung epithelial cells isolated from a cystic fibrosis patient (50). IB3 cells were
maintained on LHC-8 medium with glutamine (Biofluids) supplemented with
antibiotics and 5% fetal bovine serum. 293 cells were used for packaging rAAV.
KB, HeLa, and 293 cells were maintained on minimal essential medium supple-
mented with glutamine, antibiotics, and 10% fetal bovine serum. IB3 cells were
grown to confluence and shifted to medium lacking fetal bovine serum for 2 to
4 days prior to transduction with vectors.

Recombinant AAV vector production and purification. The vAVCMVluc (de-
rived from pAVCMVluc) vector contains the cytomegalovirus early promoter
attached to the firefly luciferase gene, followed by a simian virus 40 poly(A)
signal. The vAVgfp vector (derived from pTRUF5) contains the CMV promoter
driving the green fluorescent protein gene (gfp) followed by a simian virus 40
poly(A) signal. Downstream of the gfp expression cassette is the herpes simplex
virus thymidine kinase promoter driving a neo gene, followed by the bovine
growth hormone gene poly(A) signal. Both vectors were produced by the previ-
ously described adenovirus-free, two-plasmid transfection system (8).

The vector was purified by the single-step gravity flow (heparin) column
purification strategy of Auricchio et al. (5). The physical particle number of
recombinant vector stocks was determined by quantitative real-time PCR anal-
ysis of rAAV genomes; this procedure gave more reproducible results than
quantitative DNA slot blot analysis and required less sample for analysis. Primers
for real-time PCR analysis were designed to amplify a 119-bp fragment of the
CMV promoter. The CMV forward primer (5�-CATATATGGAGTTCCGCGT
TACATAA-3�) and CMV reverse primer (5�-CCCTATTGGCGTTACTATGG
GA-3�) were designed to have an annealing temperature of 60°C. The CMV
Taqman probe (5�-CCTGGCTGACCGCCCAACGAC-3�) was designed to have
an annealing temperature of 70°C and was purchased as a dual-labeled probe
with a 5� 6-FAM fluorophore and a 3� BlackHole Quencher-1 quencher (Inte-
grated DNA Technologies). Real-time PCR was performed with a GeneAmp
5700 sequence detection system. The cycling consisted of 10 min at 50°C, 10 min
at 95°C, and 40 PCR cycles of 1 min at 60°C and 20 s at 95°C. Quantitation of
vector genomes was done with the GeneAmp 5700 sequence detection system
software.

Gel shift analysis of ssDBP. Cells were grown and treated for each experiment
as described in Discussion. Briefly, IB3 cells were grown to confluence and
placed on serum-free medium for 2 days. KB and HeLa cells were grown to 80%
confluence in six-well plates prior to treatment and harvesting. Harvesting of
cells was accomplished by washing the cells in phosphate-buffered saline and
scraping in 1.0 ml of phosphate-buffered saline. The cells were pelleted by
low-speed centrifugation and stored at �70°C until lysis. Whole-cell extracts
(WCE) were prepared as described previously (30). Cell pellets were lysed in
electrophoretic mobility shift assay (EMSA) buffer (50 mM Tris, 150 mM CaCl2,
0.5% Nonidet P40, 20 mM EDTA, 0.1% Tween 20, 1.0 mM phenylmethylsulfo-
nyl fluoride, 1.0 mM leupeptin, and 1.0 mM pepstatin, pH 8.0). Upon lysis, the
extracts were frozen and thawed three times. Cellular debris was pelleted by
low-speed centrifugation, and the supernatants (WCE) were saved. The protein
concentration of each WCE was measured with the detergent competent protein
assay as described by the manufacturer (Bio-Rad). WCE were adjusted to a final
concentration of 5.0 �g/�l by dilution in EMSA buffer.

Gel shift analysis was performed with WCE and substrate DNA consisting of
a 20-nucleotide oligomer derived from the D-minus sequence (5�-AGGACCCC
CTAGTGATGGAG-3�) of the AAV2 TRs. Ten picomoles of D-minus sequence
was end labeled for 30 min at 37°C with 50 �Ci of [�-32P]ATP with T4 polynu-
cleotide kinase (Promega). For gel shift analysis, 10 �g (2 �l) of WCE was
incubated for 20 min at room temperature with 10,000 cpm of radiolabeled
D-minus sequence, 4 �l of 5� binding buffer (50 mM HEPES-NaOH, 40 mM
MgCl2, 200 mM KCl, 40% glycerol, and 1 mM dithiothreitol, pH 7.9), and 1.0 �g
of poly(dI:dC) brought to a final volume of 20 �l with water. Nondenaturing 4%
Tris–borate (6) 15-cm acrylamide gels were run for 1 h at 100 V prior to loading.
Gels were loaded and electrophoresed at 100 V for 2.5 h. The gels were dried and
exposed to Kodak Biomax X-ray film.

Luciferase and protein assays. Cell lysates of transduced or transfected cul-
tures were prepared by washing cells with phosphate-buffered saline containing
5 mM MgCl2 and lysed by adding 250 �l of 1� reporter lysis buffer (Promega)
to each well of a 48-well plate. The entire plate was frozen at �70°C and thawed
at room temperature while shaking. The freeze-thaw cycle was repeated two
more times, and cellular debris was pelleted and discarded after low-speed
centrifugation. Then 20 �l of lysate was added to luminometer tubes (Sarstedt
no. 55.476 tubes), and luminometric quantitation was performed with a Perkin
Elmer Lumat LB 9501 luminometer.

The detergent competent protein assay was also performed on the lysates as
per the manufacturer’s protocol (Bio-Rad) to determine total protein in the
lysates. Optical density measurements were taken at 750 nm with a microplate
reader. Protein concentrations in the samples were determined by comparing
optical density measurements of the samples to those of a series of bovine serum
albumin standards.

Nucleus/cytoplasm fractionation of transduced IB3 cells. One to three days
after transduction, cells were harvested by scraping and pelleted by low-speed
centrifugation. Pellets were fractionated into nuclear and cytoplasmic fractions
by a procedure modified from that of Sperinde and Nugent (39). Cell pellets
were resuspended in 200 �l of ice-cold HEPES–NP-40 buffer (10 mM HEPES,
10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and 0.625% Nonidet P40, pH 7.4)
by vortexing for 10 s and incubating on ice for 10 min. The mixture was centri-
fuged at 10,000 � g for 10 s at 4°C, and the supernatant (cytoplasmic fraction)
was removed and saved. The nuclear pellets were washed two more times with
HEPES–NP-40 buffer, and the centrifugation was repeated after each washing
step. Finally, the nuclear pellet was redissolved in 200 �l of HEPES–NP-40.

In order to test for the efficiency of fractionation of the cells, the cytoplasmic
and nuclear fractions were assayed for acid phosphatase activity by a procedure
modified from that of Connolly et al. (9). Acid phosphatase is a lysosomal
enzyme and is found exclusively in the cytoplasm of cells. The assay was per-
formed by adding 400 �l of 2� substrate 20 mM p-nitrophenylphosphate (104
phosphatase substrate; Sigma Chemical Co.), 400 �l of 2� acid phosphatase
buffer (0.4 M sodium acetate, pH 5.5), and 20 �l of either the nuclear or
cytoplasmic fraction to a microcentrifuge tube and incubating at 37°C for 2 h.
The samples were vortexed and centrifuged briefly, and 200 �l was added in
triplicate to a 96-well plate. The optical density of each sample was measured at
410 nm. For all fractionations, less than 1% of total phosphatase activity was
found in the nuclear fraction (data not shown).

Southern and Northern hybridization analyses. IB3 cells were grown to con-
fluence in six-well plates and placed on serum-free medium for 2 days. The
cultures were treated with serum-free medium, 500 �M tyrphostin, or adenovirus
(multiplicity of infection of 5) for 1 h and washed with serum-free medium. The
cultures were then infected with 500 rAAV2 (vAVCMVluc) particles per cell (2.5
� 109 total particles) for 2 h in serum-free medium. The inoculum was removed,
and fresh medium was placed on the cultures and incubated for 3, 24, and 48 h.
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The cultures were harvested and fractionated into nuclear and cytoplasmic frac-
tions as described above.

Luciferase assays were performed on equal aliquots of the cytoplasmic frac-
tion. An equal volume of 2� capsid digestion buffer (100 mM Tris-HCl [pH 8],
2 mM EDTA, 1% sodium dodecyl sulfate [SDS], 0.4 mg of proteinase K per ml)
was added to the remaining portions of the nuclear and cytoplasmic fractions and
incubated at 37°C overnight. The following day, the samples were extracted with
phenol-chloroform and concentrated by ethanol precipitation. The replication
control samples were prepared by transfection of 293 cells with the pAVCMVluc
vector plasmid and the pSH5 plasmid (8). Total DNA was isolated from these
cells after 24 h as described above and digested with DpnI at 37°C for 3 h to
remove input pAVCMVluc and pSH5 plasmids. Agarose gel electrophoresis and
Southern hybridizations were performed with a radiolabeled CMV DNA frag-
ment from pAVCMVluc as described previously (6).

IB3 cells were grown to confluence in 10-cm plates and placed on serum-free
medium for 2 days. Untreated, tyrphostin-treated, or adenovirus-infected (mul-
tiplicity of infection of 5) cells were transduced with 100 particles of vAVgfp per
cell. Cells were harvested by scraping at 24, 48, and 72 h. Total cellular RNA was
isolated with Trizol reagent according to the manufacturer’s instructions (In-
vitrogen). Then 20 �g of total RNA was electrophoresed on a 1% agarose–
formaldehyde gel. The RNA was transferred to nitrocellulose filter paper. The
RNA was then hybridized to a radiolabeled DNA probe from the gfp gene as
described previously (6). The amount of radioactive signal on the blot was
determined with a Molecular Dynamics phosphoimager.

Transfection studies of IB3 cells. The pAVCMVluc plasmid was linearized by
digestion with PvuII or PvuI. PvuII produces a full-length rAAV2 monomer.
PvuI cuts the pAVCMVluc plasmid twice, generating two linear DNA species,
one of which has the linear double-stranded rAAV2 genome flanked by plasmid
DNA and the other of which consists of a fragment of the plasmid backbone. The
PvuII-digested products were separated from undigested plasmid DNA on a 1%
agarose electrophoresis gel and purified on gel extraction columns (Qiagen).
Similarly, the rAAV2-containing fragment from PvuI digestion of pAVCMVluc
was separated and purified as described above. Uncut pAVCMVluc plasmid
DNA was run on a 1% agarose gel, and a relaxed and a supercoiled fraction were
separated and purified as described above. IB3 cells were grown to confluence in
48-well plates and placed on serum-free medium for 2 days. Cells were Lipo-
fectamine transfected (according to the manufacturer’s instructions) with ap-
proximately 100 ng of each form of DNA described above and incubated for 24 h.
Cells were washed, and appropriate cells were treated with serum-free medium,
500 �M tryphostin-1, or adenovirus (multiplicity of infection of 5) for 1 h, washed
again, and incubated for 24 h. Cells were harvested, and the luciferase assay and
detergent competent protein assay were performed.

Immunoblot analysis of IB3 cells. IB3 cells were grown to confluence in
six-well plates and placed on serum-free medium for 2 days. The cultures were
treated with a variety of agents. Cultures were treated for 2 h with: the vehicle
control for tyrphostin (1% DMSO and 5% ethanol); 500 �M tyrphostin; adeno-
virus (multiplicity of infection of 5); the vehicle control for PD98059 and aniso-
mycin (1% DMSO); 50 �M PD98059 (Upstate); 300 �M anisomycin (Sigma); or
combinations of virus and reagent. Cultures were also treated with 200 ng of
epidermal growth factor (EGF) (Sigma) for 30 min. Cultures were washed with
serum-free medium and harvested either immediately or 24 h later. A set of
cultures were treated with 100 �J/m2 of UV light and harvested 1 h or 24 h later.
Cultures were harvested and lysed by scraping into 150 �l of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (6). Pro-
tein samples were separated by electrophoresis on SDS–10% PAGE gels. After
electrophoresis, the proteins were electrophoretically transferred to a nitrocel-
lulose membrane. Immunodetection of phosphorylated and total ERK1/2,
JNK1/2, and p38 was performed with antibodies against the phosphorylated and
total protein (Cell Signaling) as per the manufacturer’s protocol. The proteins
were detected with an enhanced chemiluminescence detection kit (ECL; Amer-
sham) as per the manufacturer’s protocol.

RESULTS

Luciferase expression in vAVCMVluc-transduced, tyrphos-
tin-treated IB3 cells. Previous studies have demonstrated that
tyrphostin treatment of several different cell types results in a
dramatic stimulation of rAAV transgene expression (26). To
determine if tyrphostin affects transgene expression in lung
cells, we used the IB3 cell line. IB3 cells are simian virus 40 T
antigen-transformed airway epithelial cells originally derived

from a cystic fibrosis patient (50). To more closely approximate
the relatively low proliferation level of airway epithelia, the
cells were grown to confluence and then incubated in serum-
free medium for 2 to 4 days. The use of quiescent cells also
enables an analysis of the effects of tyrphostin on vector trans-
gene expression without the stimulating effects of proliferating
cells on transgene expression. Cells prepared in this manner
were quiescent, as judged by a lack of [3H]thymidine incorpo-
ration (results not shown).

To determine the maximum level of tyrphostin for use with
IB3 cells, quiescent cells were treated with 250, 500, and 750
�M tryphostin-1 for 2 h and then infected with 100 particles of
rAAV2 (vAVCMVluc) per cell. The cells were washed with
serum-free medium and incubated for 48 h. The cultures were
harvested by scraping, and luciferase and detergent compatible
protein assays were performed. Maximal stimulation of trans-
duction was realized at a concentration of 500 �M (Fig. 1A).
This result for IB3 cells is comparable to that obtained with
other cell lines (26). To determine the optimal time of treat-
ment with tyrphostin, we added it 2 h before, at the same time
as, and 2 h after rAAV2 infection. We routinely observed the
highest stimulation of transgene expression when tyrphostin
was added 2 h after treatment with the vector (Fig. 1B). Others
have shown that induction of DNA damage, presumably sub-
sequent repair, leads to an increase in rAAV2 transgene ex-
pression (3). We observed no detectable DNA synthesis, as
measured by [3H]thymidine incorporation upon tyrphostin
treatment of quiescent cells, suggesting that DNA synthesis
was not induced by the treatment (results not shown).

To determine if the amount of rAAV affects the level of
tyrphostin stimulation, quiescent IB3 cells were transduced
with increasing amounts of vAVCMVluc and 500 �M tyrphos-
tin at 2 h after addition of the vector. Twenty-four hours after
transduction, the cultures were harvested and analyzed for
luciferase expression. For comparison, separate cultures were
transduced with rAAV and adenovirus. Increasing amounts of
vector resulted in increased gene expression in tyrphostin-
treated cells up to 100 particles per cell. Over a 1,000-fold
stimulation with tyrphostin (compared to the control cells) was
realized up to the 100 particle-per-cell level (Fig. 2). However,
at 1,000 particles per cell, the tyrphostin stimulation effect
dropped to slightly over 10-fold. The diminished tyrphostin-
mediated stimulation at greater than 100 particles suggests that
a limiting factor that is depleted at higher doses may be re-
quired for transduction.

Temporal levels of transgene expression in the presence of
adenovirus and tyrphostin. rAAV vector expression increases
with time of incubation in cell culture and in animal models.
The increase is believed to be due to the accumulation of
transcriptionally competent, double-stranded vector DNA with
time. To determine the kinetics of tyrphostin stimulation, cells
were left untreated, infected with adenovirus, or treated with
tryphostin-1 for 2 h and then transduced with 100 particles of
vAVCMVluc per cell. Transduced cultures were incubated for
the indicated times and harvested, and luciferase activity was
determined (Fig. 3). In the untreated cultures, there was a
gradual increase in transduction that peaked at 48 h. Lucif-
erase activity increased with time in the adenovirus-infected
cultures up to the 72-h time point. Tyrphostin-treated cultures
realized maximum expression at 12 h, which then diminished at
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each succeeding time point. These results suggest that tyrphos-
tin rapidly stimulates transgene expression compared to ade-
novirus-infected cultures. These results also suggest that there
should be more double-stranded, transcriptionally competent
vector DNA in the tyrphostin-treated cultures than in the ad-
enovirus-infected and untreated cells. Alternatively, tyrphostin
may enhance vector transduction by additional means.

Tyrphostin does not alter the D-sequence-binding charac-
teristics of ssDBP from IB3 cells. The ssDBP is phosphory-
lated by the EGFR on Tyr residues (30). Phosphorylation of
ssDBP can be detected in EMSAs with radiolabeled single-
stranded AAV D sequence (26, 30). Inhibition of EGFR by
tyrphostins results in alteration of the ssDBP-D sequence com-
plex in EMSAs (26). Several studies have shown that the level
of Tyr phosphorylation of the ssDBP is inversely proportional
to the level of rAAV transgene expression (28, 30). This is
believed to be reflective of the amount of single- to double-
stranded vector DNA conversion.

To determine if the ssDBP is similarly affected in IB3 cells,
whole-cell extracts were prepared from actively growing HeLa,
KB, and IB3 cells and quiescent IB3 cells that were left un-
treated or treated with different amounts of tyrphostin. Equal
amounts of protein were then used to shift an end-labeled
D-sequence oligomer. The banding pattern of the shifted frag-
ments observed in Fig. 4 was very similar to that observed by
others, in which the top band is the Tyr-phosphorylated form
of the ssDBP (26, 28, 30). The predominant ssDBP-D se-
quence complex in all three cell types corresponded to the
Tyr-phosphorylated form of the protein (Fig. 4, lanes 1, 7, 13,
and 19). The only change in the ratio of phosphorylated to
dephosphorylated ssDBP was observed in HeLa cell extracts
from cultures treated with 500 �M tyrphostin (lane 4). Alter-
ation of the ssDBP binding pattern was not observed in IB3
cells regardless of the treatment (Fig. 4, lanes 7 to 18). The
specificity of the D sequence binding was demonstrated with

extracts of KB cells in which increasing amounts of unlabeled
D sequence oligonucleotide successfully competed for bind-
ing to the labeled probe (Fig. 4, lanes 24 to 26). Increasing
amounts of a nonspecific oligonucleotide did not efficiently
compete for ssDBP binding (Fig. 4, lanes 27 to 29). These
results suggest that in IB3 cells, tyrphostin treatment or ade-
novirus infection does not alter the D-sequence-binding char-
acteristics of the ssDBP. Thus, tyrphostin stimulation of rAAV
transgene expression in IB3 cells probably occurs by a different
mechanism from that observed in other cell lines.

Analysis of vector DNA from vAVCMVluc-transduced, tyr-
phostin-treated IB3 cells. To examine the conformation of
vector DNA, IB3 cells were transduced with 500 particles per

FIG. 1. Luciferase expression from vAVCMVluc-transduced, tyrphostin-treated IB3 cells. (A) IB3 cells were grown to confluence and placed
on serum-free medium for 2 days. Cells were treated with the indicated concentrations of tyrphostin for 2 h. The tyrphostin-containing medium
was replaced with normal medium, and the cells were infected with 100 particles per cell of vector for 2 h. The vector was replaced with normal
medium and incubated for 48 h. Cells were harvested, and protein and luciferase assays were performed on cell extracts. Luciferase activity is
expressed as relative light units (RLU) per microgram of total protein. Error bars represent the standard deviation of the mean of triplicate assays.
(B) IB3 cells were made quiescent as described in the text and treated with 250 �M tyrphostin for 2 h at 2 h prior to infection (�2 h), at the same
time as infection (0 h), or 2 h after infection (�2 h). The cells were harvested 48 h from the zero time point, and luciferase expression was assessed
as described above.

FIG. 2. Luciferase expression from IB3 cells transduced with in-
creasing amounts of vAVCMVluc. Quiescent IB3 cells were infected
with the indicated amounts of vAVCMVluc for 2 h and left untreated
(control), treated with 500 �M tyrphostin for 2 h, or infected with
adenovirus at a multiplicity of infection of 5. Twenty-four hours later,
the cultures were harvested, and protein and luciferase assays were
performed. Results are reported as relative light units (RLU) per
microgram of protein. Error bars represent the standard deviation of
the mean of triplicate assays.
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cell of vAVCMVluc and treated with tyrphostin, infected with
adenovirus, or left untreated. The cultures were harvested at 3,
24, and 48 h and separated into nuclear and cytoplasmic frac-
tions. Total DNA was isolated, separated by agarose gel elec-
trophoresis, and analyzed by hybridization with a radiolabeled
probe. At 3 h, all of the detectable vector DNA was in the
single-stranded conformation (Fig. 5A). There was a slight
increase in vector DNA in the nucleus of the tyrphostin-treated

cultures; however, this phenomenon did not occur in subse-
quent analyses (data not shown).

The cytoplasmic fractions from the transductions were also
assessed for luciferase activity (Fig. 5B). At 3 h there was no
detectable luciferase activity in any of the samples. At 24 h,
replicative form monomer (RFm) DNA was only observed in
the nuclei of adenovirus-infected cells. However, luciferase
activity was substantially higher in the extracts from tyrphostin-
treated cells. The amount of RF vector DNA increased in the
adenovirus-infected cultures by 48 h but was not detected in
either the control or tyrphostin-treated transductions. Lucif-
erase activity at 48 h was comparable between the tyrphostin-
treated and adenovirus-infected cultures. These results suggest
that there were no dramatic changes in nuclear accumulation
of vector DNA in tyrphostin-treated cultures compared to ad-
enovirus-infected or untreated cells. Adenovirus infection in-
duced single-stranded to double-stranded vector DNA conver-
sion more efficiently than in tyrphostin-treated or untreated
cells. However, there was more luciferase activity in tyrphostin-
treated cells at 24 h in spite of undetectable RF DNA. Thus,
the RF DNA in the tyrphostin-treated cells would seem to be
more transcriptionally active than that found in the adenovi-
rus-infected cells.

Tyrphostin treatment results in higher levels of mRNA from
vAVgfp. To determine if an increase in mRNA transcription
could explain the dramatic increase in transgene expression in
the apparent absence of detectable double-stranded RF vector
DNA, Northern analyses were performed. Quiescent IB3 cells
were left untreated, treated with tyrphostin, or infected with
adenovirus and transduced with 100 particles of vAVgfp per
cell. Expression of the gfp gene was monitored by fluorescence
microscopy (Fig. 6A). The tyrphostin-treated cultures showed

FIG. 3. Time course of luciferase expression from IB3 cells trans-
duced with vAVCMVluc and treated with tyrphostin or coinfected
with adenovirus. Quiescent IB3 cells were left untreated or treated
with 250 �M tyrphostin for 2 h. Cells were washed to remove the
tyrphostin and infected with 100 particles per cell of vAVCMVluc for
2 h. A parallel set of cultures were coinfected with the vector and
adenovirus at a multiplicity of infection of 5. The viruses were re-
moved, and the cultures were incubated in normal medium. The cul-
tures were harvested at the indicated times, and protein and luciferase
assays were performed. Results are reported as relative light units
(RLU) per microgram of protein. Error bars represent the standard
deviation of the mean of triplicate assays.

FIG. 4. D-sequence EMSA analyses of HeLa, IB3, and KB cell extracts. Quiescent IB3 cells and exponentially growing HeLa, IB3, and KB cells
were treated with increasing amounts of tyrphostin (T) for 2 h, and then the cells were harvested and WCE were prepared as described in Materials
and Methods. Alternatively, cells were infected with adenovirus (Ad) for 36 h prior to preparation of the WCE. For adenovirus-infected
tyrphostin-treated cells, the tyrphostin was added to the cultures for 2 h after the 36-h adenovirus infection. KB cells were also treated with 1 �g
of EGF per ml for 24 h prior to WCE preparation. Equal amounts of protein were used to shift a radioactively end-labeled, single-stranded
D-sequence oligonucleotide. KB cell extracts were also incubated with a 1-, 10-, and 100-fold excess of unlabeled competitor (comp.) D sequence
or a nonspecific (NS) competitor oligonucleotide. The locations of the Tyr-phosphorylated ssDBP/DNA complex is indicated as �P. The
Tyr-dephosphorylated form is indicated as �P on the left side of the figure.
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substantially more gfp expression than the adenovirus-infected
cultures at 24 h. Unlike the luciferase results shown in Fig. 3
and 5, gfp expression in the tyrphostin-treated cultures re-
mained greater than the level of expression in the adenovirus-
infected cultures at 48 and 72 h. This difference in expression
may be a function of differences in protein stability between
the luciferase and green fluorescent proteins.

Total RNA was prepared at 24, 48, and 72 h after transduc-
tion and analyzed by Northern hybridization. At 24 h there was
approximately threefold more gfp mRNA (Fig. 6B, lane 3) in
the tyrphostin-treated culture compared to the adenovirus-
infected cells (lane 2). At 48 h, the mRNA level in tyrphostin-
treated cells diminished (Fig. 6B, lane 6) and mRNA from
adenovirus-infected cells increased (Fig. 6B, lane 5). At 72 h
more gfp mRNA remained in the adenovirus-infected cells
(Fig. 6B, lane 8) compared to the tyrphostin-treated cultures
(Fig. 6B, lane 9). The vAVgfp vector contains a CMV promoter
attached to the gfp gene, followed by the simian virus 40
poly(A) signal and the herpes simplex virus thymidine kinase
transcription promoter attached to a neo gene and bovine
growth hormone poly(A) signal (51). The largest mRNA spe-
cies of approximately 2.3 kb is likely due to readthrough of the
polymerase through a poly(A) signal at the end of the gfp
cassette, which then terminates at the poly(A) signal for the
adjacent neo gene. The two smaller mRNA species likely ter-

minate at the poly(A) signal downstream of the gfp cassette
and may be the result of alternative splicing or perhaps differ-
ential transcription initiation. These results demonstrate that
tyrphostin treatment results in a significant increase in mRNA
levels in the absence of detectable RF vector DNA. Thus,
tyrphostin stimulates transcription from the CMV promoter or
increases the stability of the mRNA.

Tyrphostin-mediated stimulation of gene expression from
linearized plasmid DNA. The results from the Northern and
Southern analyses shown above suggested that tyrphostin stim-
ulates rAAV transduction of IB3 cells by mechanisms other
than increasing single- to double-stranded conversion of vec-
tor DNA. Several attempts to demonstrate tyrphostin stim-
ulation of luciferase expression in DNA transfections with
pAVCMVluc failed to demonstrate any effect of the inhibitor
on luciferase activity (data not shown). We hypothesized that
the supercoiled plasmid used in transfection does not accu-
rately emulate the linear vector DNA molecule. To determine
if a linear form of the vector is affected by tyrphostin treat-
ment, we treated the pAVCMVluc plasmid with either PvuI or
PvuII. PvuI cuts once, in the backbone of the plasmid, and
PvuII cuts at the ends of the AAV TR elements in the plasmid,
releasing the vector DNA from the plasmid. The linearized,
supercoiled, and relaxed circular plasmid conformations were
purified after separation by gel electrophoresis. The purified

FIG. 5. Southern hybridization analyses of RF vector DNA. Quiescent IB3 cells were left uninfected and untreated (lanes UI), infected with
500 particles per cell of vAVCMVluc (lanes C), infected with vAVCMVluc and treated with 500 �M tyrphostin (lanes T), or infected with
vAVCMVluc and adenovirus at a multiplicity of infection of 5 (lanes Ad). The cultures were harvested at 3, 24, or 48 h and separated into
cytoplasmic (C) and nuclear (N) fractions. (A) Total DNA was isolated from equal proportions of cytoplasmic and nuclear fractions and analyzed
by agarose gel electrophoresis and hybridization to a radiolabeled CMV sequence probe. The replication control (Repl.Cont.) was obtained from
293 cells cotransfected with the pAVCMVluc and pSH5 (8) plasmids, infected with adenovirus, and harvested 24 h after transfection. The locations
of the monomer (RFM) and dimer (RFD) RFs and single-stranded DNAs (ss) are indicated on the right. The positions of DNA size markers are
shown on the left (in kilobase pairs). (B) Luciferase assays were performed on aliquots of cytoplasmic fractions from each of the indicated
treatments and time points. RLU, relative light units.
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DNAs were then transfected onto IB3 cells, and 24 h later the
cells were treated with tyrphostin or infected with adenovirus.
The cultures were harvested 24 h later, and luciferase activity
was determined.

As expected, tyrphostin and adenovirus infection stimulated
vAVCMVluc transduction (Fig. 7). Neither agent improved
gene expression from relaxed or supercoiled plasmid transfec-
tion compared to untreated cultures. However, tyrphostin, and
to a lesser extent adenovirus, stimulated gene expression from
both linearized plasmid DNAs. Supercoiled plasmid DNA is
well known to be more efficiently transfected into cells in
culture and gave the highest level of activity here. However,
since we did not determine nuclear plasmid copy number, we
cannot definitively determine which DNA conformation was
transfected most efficiently under these conditions. These re-
sults, combined with the Northern analyses, suggest that when
the vector DNA is in a linear conformation, tyrphostin stimu-
lates transcription from the CMV promoter. If tyrphostin in-
creased mRNA stability, there would be no difference in the
level of expression between the supercoiled and linear trans-
fected DNAs.

Analysis of role of MAPK pathways in rAAV2-mediated
transgene expression in tyrphostin-treated IB3 cells. The
EGFR is a strong activator of the ERK1/2 mitogen-activated
protein kinase (MAPK) pathway (31), and tyrphostin is a po-
tent inhibitor of the EGFR tyrosine kinase (20). We hypothe-
sized that tyrphostin enhances rAAV2-mediated transgene ex-
pression in IB3 cells by inhibiting one of the major downstream
targets of EGFR, the ERK1/2 MAPK pathway. To determine
if tyrphostin treatment of IB3 cells could decrease phosphor-
ylation (and therefore activation) of the ERK1/2 MAPK path-
way, we used immunoblot analysis of extracts from cells treated
with tyrphostin and a variety of agents that may affect the
ERK1/2 pathway.

Quiescent IB3 cells were treated with agents as indicated in
Fig. 8 and harvested immediately after treatment or 24 h later.
Immunoblot analysis for phosphorylated and total ERK1/2 was
performed. Surprisingly, the basal phosphorylation of ERK1/2
in untreated cells on serum-free medium was higher than ex-
pected (Fig. 8, lanes 1 and 13). Treatment with tyrphostin
dramatically decreased the amount of phosphorylated ERK1/2
in cells harvested immediately after treatment (Fig. 8, lane 3);
however, the phosphorylation status of ERK1/2 returned to
nearly normal levels 24 h later (Fig. 8, lane 14). The vehicle for
tyrphostin (1% DMSO and 5% ethanol) also decreased the
amount of phosphorylated ERK1/2 (Fig. 8, lane 2) but to a
lesser extent than that observed from tyrphostin treatment.
Thus, tyrphostin blocks signal transduction through the ERK
pathway. EGF treatment (Fig. 8, lane 5) and perhaps adeno-
virus infection (lane 4) led to a marginal increase in ERK1/2
phosphorylation. PD98059, an inhibitor of MEK1/2 (2), caused
a decrease in phosphorylation of ERK1/2 in cells harvested
immediately after treatment (Fig. 8, lane 7), but the phosphor-
ylation status of ERK1/2 returned to normal levels 24 h later
(Fig. 8, lane 17). UV irradiation (Fig. 8, lane 8) and AAV
infection (Fig. 8, lane 10) did not affect ERK1/2 phosphoryla-
tion. Anisomycin, a potent agonist of MAP kinases JNK/SAPK
and p38K (14), led to a decrease in ERK1/2 phosphorylation
(Fig. 8, lane 9), but that activity was restored to normal levels
within 24 h (Fig. 8, lane 19). These results indicate that treat-
ment of IB3 cells with anisomycin, PD98059, tyrphostin, or the
tyrphostin vehicle alone led to a decrease in the level of phos-
phorylated ERK1/2.

The transfection data showing tyrphostin stimulation of gene
expression from linearized plasmid DNA suggest that the
EGFR inhibitor’s mode of action may be similar to a cellular
stress response. To determine if stress-activated protein kinase
(JNK/SAPK) is activated by tyrphostin, IB3 cell extracts were
analyzed by immunoblots. With the same set of treatment
conditions described above, immunoblots were performed with
antibodies against phosphorylated JNK1/2 and p38K and total
JNK1/2 and p38K (Fig. 8). The responses of the two different
types of MAP kinases were similar. IB3 cells treated with
tyrphostin (Fig. 8, lanes 3 and 12) showed activation of JNK1/2
and p38K immediately after treatment. Known inducers of the
JNK1/2 pathway, UV irradiation (Fig. 8, lanes 8) and aniso-
mycin (lane 9), also showed activation of JNK1/2 and p38K
immediately after treatment. Activation of JNK1/2 and p38K
persisted for 24 h after UV treatment (Fig. 8, lane 18). The
p38K remained phosphorylated in the anisomycin-treated cells
up to 24 h later (Fig. 8, lane 19). These results indicate that

FIG. 6. Northern analysis of mRNA from vAVgfp-transduced IB3
cells. Quiescent IB3 cells were left untreated, infected with adenovirus
type 5 (Ad) at a multiplicity of infection of 10, or treated with tyrphos-
tin and transduced with 100 particles per cell of vAVgfp. (A) At 24, 48,
and 72 h later, expression was assessed by fluorescence microscopy
prior to RNA isolation. (B) Northern analysis of RNA isolated from
vector-transduced cells that were left untreated (lanes C), adenovirus-
infected at a multiplicity of infection of 5 (lanes Ad), and treated with
500 �M tyrphostin (lanes T). A sample of RNA from untransduced
cells (lanes U) was included. The locations of single-stranded DNA
size markers (in kilobases) are shown on the left of the image.
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tyrphostin treatment of IB3 cells resulted in a transient stim-
ulation of the p38K and JNK pathways.

Stimulation of rAAV transduction by inducers of the
JNK1/2 and p38K pathways. UV irradiation of cells in culture
is a known stimulator of rAAV transduction (3). To determine
if PD98059 or anisomycin treatment stimulates vector trans-
duction, IB3 cells were transduced with vAVCMVluc, treated
with these agents, and harvested 24 h later. Luciferase assays
revealed that PD98059 did not affect transduction efficiency
over control cells or cells treated with the vehicles for tyr-
phostin or the MEK inhibitor (Fig. 9A). Therefore the ERK
pathway alone is not responsible for the stimulation in vector
transduction. In comparison, anisomycin treatment and UV irra-
diation induced modest increases in vector transduction in IB3
cells (Fig. 9B). These results suggest that agents that stimulate
the JNK1/2 and p38K pathways result in increased transduc-
tion from the vAVCMVluc vector. However, inhibition of
phosphorylation by PD98059 of ERK1/2, a downstream target
of the EGFR, is not sufficient for increased transduction.

DISCUSSION

The limitations of rAAV vector transduction prompted the
investigation of a variety of agents for their ability to enhance
gene transduction. One of the most potent stimulators of trans-
duction is the EGFR tyrosine kinase inhibitor tyrphostin (26).
The proposed mechanism of stimulation of transduction from
tyrphostin treatment is induction of second-strand DNA syn-
thesis on the single-stranded vector genome. DNA synthesis is
enabled by alteration of ssDBP binding to the D element in the
viral terminal repeat (26, 27). Tyrphostin treatment of cells
results in inhibition of Tyr phosphorylation on the ssDBP,

which in turn affects the protein’s interaction with the AAV
TR (30). The altered affinity enables single-stranded to double-
stranded conversion of the vector genome. The studies pre-
sented here extend the investigations into the mechanisms of
how tyrphostin stimulates recombinant AAV2 vector-medi-
ated gene transduction.

With an undifferentiated airway epithelial cell line and trans-
duction with an AAV luciferase vector, we demonstrated up to
a 1,000-fold increase in transgene expression when cells were
treated with tyrphostin and transduced with a low multiplicity
of infection of vector. This observation is consistent with ear-
lier studies in other cell lines (26, 30). An inconsistency be-
tween our results and those of others is the lack of an effect on
ssDBP interactions with the AAV TR D sequence. Although
we saw an alteration in ssDBP interactions with its cognate
binding site in tyrphostin-treated HeLa cells, we did not ob-
serve similar effects on ssDBP interactions from IB3 cells.
None of the following treatments resulted in alteration of the
shifted bands in the EMSA: adenovirus coinfection, EGF
treatment, or the use of extracts from exponentially growing
IB3 cells. In the adenovirus-coinfected cells, ssDBP binding
was not affected, yet RF DNA was produced, suggesting that a
detectable alteration in D-sequence binding is not predictive of
RF formation or transgene expression. The reason for this
discrepancy may be due to the airway epithelial origin of the
cell line or perhaps the simian virus 40 T antigen used to
originally establish the cell line (50). These results suggest that
the mechanism of tyrphostin-mediated transgene expression
may be unrelated to the ssDBP in the IB3 cell line.

Among other agents known to stimulate rAAV transduc-
tion, adenovirus coinfection has also been shown to stimulate
single- to double-stranded DNA conversion of the vector ge-

FIG. 7. Tyrphostin-mediated stimulation of gene expression from vAVCMVluc and linear plasmids. Quiescent IB3 cells were transfected with
100 ng of pAVCMVluc plasmid DNA that had been isolated after agarose gel electrophoresis separation of supercoiled, relaxed, and PvuI- or
PvuII-digested DNA. At 24 h later, the DNA-transfected cultures were treated with 500 �M tyrphostin as described in Materials and Methods.
Parallel cultures were left untreated, transduced with 50 particles per cell of vAVCMVluc and treated with tyrphostin, or coinfected with 50
particles per cell of vAVCMVluc and adenovirus (multiplicity of infection of 5). At 24 h later, the cultures were harvested, and luciferase assays
were performed. The results of triplicate assays are shown. Error bars represent the standard deviation of the mean. RLU, relative light units.
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nome (15, 16). Adenovirus coinfection stimulated vector trans-
duction in IB3 cells. However, comparison of the levels of
adenovirus- and tyrphostin-mediated stimulation from 12 to
72 h after transduction indicated that the two agents probably
enhance transgene expression by different mechanisms. Tyr-
phostin stimulation of transgene expression peaked at 12 h and
diminished thereafter. Adenovirus stimulation was at its lowest
at 12 h and increased to its highest level at the 72-h time point.
The accumulation of RFM vector DNA in the adenovirus-
coinfected cultures and corresponding increases in gene ex-
pression are consistent with the model of adenovirus-mediated
single- to double-stranded DNA conversion leading to higher
transgene expression. However, the higher level of luciferase
activity at 24 h in the complete absence of RFM DNA in the
tyrphostin-treated cells strongly suggests that in IB3 cells tyr-
phostin stimulates transgene expression by a mechanism other
than single- to double-stranded vector DNA conversion.

The absence of accumulation of RF DNA in the tyrphostin-
treated cultures and the abundance of RF in the adenovirus-
coinfected cultures raises several possible hypotheses regard-
ing rAAV transduction. It is possible that only a very low level
of RF DNA is required for active transcription and that this
level is attained in the tyrphostin-treated cells. Therefore, a
similar low level of RF DNA in the adenovirus-infected cul-

FIG. 8. Immunoblot analyses of signal transduction pathways. Quiescent IB3 cells were treated as indicated at the top of the figure. One set
of cultures were harvested immediately after treatment (lanes 1 to 12). A parallel set were harvested 24 h later (lanes 13 to 19). Equal amounts
of protein were loaded in each lane and subjected to SDS-PAGE and subsequent immunoblot analyses. The blots were first probed with antibodies
to the phosphorylated form (�-P) of the proteins (anti-phosphorylated-ERK1/2, anti-phosphorylated-JNK1/2, and anti-phosphorylated-p38K). The
blots were then stripped of the first antibody and reprobed with antibodies that detect the total protein (anti-ERK1/2, anti-JNK1/2, and anti-p38K).
Veh.1 refers to the vehicle in which tyrphostin (T-1) was dissolved. Veh.2 refers to the vehicle in which PD98059 was dissolved. AAV and
adenovirus (Ad) were used at multiplicities of infection of 1,000 and 5, respectively, in these experiments. Lanes containing phosphorylated
(P-Mkr) and nonphosphorylated (Mkr) ERK and JNK marker proteins are indicated.

FIG. 9. Stimulation of transgene expression in tyrphostin-, PD98059-,
anisomycin-, and UV-treated IB3 cells. Quiescent IB3 cells were trans-
duced with 50 particles per cell of vAVCMVluc. (A) The cultures were
then left untreated (Con) or treated for 2 h with the vehicle for tyr-
phostin (V-1), 500 �M tyrphostin (Tyr), the vehicle for PD98059 (V-2), or
PD98059 (PD). (B) Alternatively, cultures were left untreated (Con)
or treated for 2 h with 500 �M tyrphostin (Tyr) or anisomycin (Ani) or
irradiated with UV light (UV). At 48 h later, the cultures were har-
vested and assayed for luciferase activity. The results of triplicate
assays are shown. Error bars represent the standard deviation of the
mean. RLU, relative light units.

6402 SMITH ET AL. J. VIROL.



tures would be sufficient for transcription to occur, and the
majority of the RF DNAs are replication products that are
transcriptionally inactive. Another possible explanation for our
results is that second-strand synthesis on the single-stranded
vector DNA extends past the 3� end of the CMV promoter so
that transcription initiates from the double-stranded promoter
region, and this partially double-stranded vector DNA would
then be activated by tyrphostin. In this scenario, the partially
double-stranded vector DNA would be indistinguishable from
input vector in the agarose gel. Although the tyrphostin stim-
ulation is significant, the mechanism of stimulation remains to
be fully defined.

Northern analyses revealed that vector from tyrphostin-
treated cells yielded approximately threefold more mRNA
than from adenovirus-coinfected cultures. This suggests that
although much more RF DNA is found in adenovirus-infected
than in tyrphostin-treated cultures, the tyrphostin treatment
results in a more transcriptionally active template. This inter-
pretation is further supported by the results of the DNA trans-
fection assays. Several attempts to determine if tyrphostin
stimulated gene expression from the CMV promoter in the
vector by transfection assays with supercoiled plasmid were
unsuccessful. However, when we transfected plasmid DNA
that had been linearized, we observed tyrphostin-mediated
stimulation of transgene expression. Our rationale for this ap-
proach was that the linearized plasmid DNA closely approxi-
mates the linear conformation of RFM vector DNA in the
vector-transduced cell.

The requirement for free DNA ends suggests that tyrphos-
tin’s effects may be part of a stress or DNA damage response.
The presence of free DNA ends on plasmid or RFM vector
DNA would be analogous to the presence of double-strand
breaks in chromosomal DNA. Free double-stranded ends are
binding sites for the DNA end-binding Ku protein, which in
turn would recruit double-stranded DNA-activated protein ki-
nase (DNA-PK), which are part of the damage response re-
sulting in nonhomologous end-joining repair mechanisms (25).
How the cell handles free DNA ends on AAV vectors affects
the episomal conformation of vector DNA. The conformation
of AAV vector DNA is affected by DNA-PK status, with cir-
cular genomes persisting in DNA-PKcs� mice, which contain
the enzyme catalytic subunit, and linear genomes persisting in
DNA-PKcs� mice (38). In cell culture, UV treatment followed
by vector transduction results in the formation of circular vec-
tor genomes, whereas adenovirus infection or expression of
adenovirus E4 orf 6 results in a greater abundance of linear
vector genomes (12). There is some evidence that DNA-PK
also affects the regulation of cellular mRNA transcription (35,
43), but a direct effect of the kinase on AAV gene expression
has not been demonstrated.

The EGFR is a strong activator of the ERK1/2 MAPK
pathway (31), and tyrphostin is a potent inhibitor of the EGFR
(20). It is not uncommon for one or more of the MAPK
pathways to play an integral role in the infectious process of a
virus, such as adenovirus (1, 34, 42). We hypothesized that
tyrphostin stimulates rAAV2-mediated transgene expression
by inhibiting the ERK1/2 MAPK pathway. Tyrphostin and the
MEK1/2 inhibitor PD98059 decreased phosphorylation, and
hence inactivation, of ERK1/2 in IB3 cells. However, inhibi-
tion of ERK1/2 phosphorylation by treatment of cells with

PD98059 did not enhance rAAV2-mediated transgene expres-
sion. Because inhibition of ERK1/2 phosphorylation alone was
insufficient to enhance rAAV2-mediated transgene expression,
we concluded that tyrphostin must have other effects on IB3
cells, perhaps including effects on other MAPK pathways.

Others have alluded to the possibility that tyrphostin exerts
pleiotropic effects with respect to rAAV transduction (26).
Analysis of the p38K and JNK/SAPK pathways revealed that
tyrphostin, UV irradiation, and anisomycin stimulated these
pathways. Tyrphostin not only affects the EGFR tyrosine ki-
nase pathway but induces a cellular stress response as well.
Tyrphostin and UV irradiation stimulated the JNK/SAPK and
p38K pathways to comparable levels, and anisomycin was the
strongest stimulator of these pathways. UV irradiation and
anisomycin were also found to stimulate rAAV transgene ex-
pression two- to threefold in IB3 cells, but in the same exper-
iment tyrphostin stimulated expression over 600-fold. Thus,
activation of the stress response stimulates rAAV transgene
expression. Tyrphostin’s dramatic effects on transgene expres-
sion indicate that other, unknown effects exerted by the EGFR
inhibitor may significantly stimulate expression.

Our investigations have extended the observation of oth-
ers that tyrphostin dramatically increases rAAV transgene
expression. At least for IB3 cells, the mechanism appears to be
independent of phosphorylation of the ssDBP. This interpre-
tation is supported by the results from the Southern hybridiza-
tion studies, in which there was no detectable increase in RFM

DNA in response to tyrphostin, whereas there was a demon-
strable increase in RFM and replicative form dimer in adeno-
virus-infected cells. We believe that the double-stranded RF
vector DNA in the tyrphostin-treated cells is more transcrip-
tionally active than the vector DNA in the adenovirus-infected
cells. Others have demonstrated that transcription from the
CMV promoter can be upregulated by cellular stressors (7).
Stressors that activate the JNK/SAPK and p38 MAPK path-
ways have been shown to dramatically increase expression
from the CMV promoter (7). Our transfection studies with
linearized plasmid DNA are consistent with the hypothesis that
tyrphostin, as a cellular stressor, dramatically increases expres-
sion from the CMV promoter. These studies indicate that
multiple pathways may be modulated in attempts to increase
rAAV vector transduction in airway epithelial cells.
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