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Adenovirus interaction with av integrins is important for virus entry. We have examined the effects of
adenovirus attachment on intracellular signaling in HeLa cells, with an emphasis on pathways known to be
activated following integrin interaction with other ligands. We found no evidence for [Ca21]c-mediated
signaling or for tyrosine phosphorylation of pp125FAK, p130CAS, and paxillin. However, adenovirus attachment
is known to activate phosphatidylinositol-3 kinase, which in turn may regulate endocytosis via rab5 GTPase.
We found that adenovirus uptake was increased by overexpression of wild-type rab5 and decreased by
dominant-negative rab5. These results indicate a role for rab5 in adenovirus entry.

Adenovirus infections are a common cause of human dis-
ease, and recombinant adenovirus vectors are frequently used
for gene transfer. Uptake of adenovirus into cells by receptor-
mediated endocytosis involves at least two viral proteins, the
fiber and the penton base. The adenovirus fiber binds to fiber
receptors on the cell surface (4, 5, 14, 23, 32), and the penton
base binds to av integrin receptors (1, 3, 22, 35, 36). Several
intracellular molecular events downstream of this interaction
correlate with adenovirus entry into cells. The penton base-av
integrin interaction activates the Raf-1/MAPK pathway, lead-
ing to increased interleukin-8 production (6). The penton
base-av integrin interaction also leads to phosphoinositide-
3-OH kinase activation, which is essential for viral entry (19).
In addition, focal adhesion kinase (pp125FAK) activation may
occur following adenovirus surface binding (19). Finally,
GTPase molecules of the dynamin and Rho families which
modulate the actin cytoskeleton have been shown to mediate
viral entry (18, 34). Despite the above advances, our under-
standing of the cell-mediated events that govern viral entry is
incomplete.

av integrins are coreceptors for adenovirus infection, and
they also serve as receptors for proteins of the extracellular
matrix and provide a physical connection to the cytoskeleton.
Integrins play an important role in intracellular signal trans-
duction, controlling gene expression and cell division (28).
Previous studies have shown that ligand binding to av integrins
can activate several intracellular signaling processes. It can
trigger a transient increase in intracellular calcium concentra-
tion ([Ca21]c) which may regulate integrin uptake and recy-
cling (17;27). Ligand binding to av integrins also activates
phosphatidylinositol-3 kinase [PI(3)kinase] (15), which in turn
may regulate endocytosis via the rab5 GTPase (21). In addi-
tion, ligand binding can stimulate phosphorylation of several
proteins, including focal adhesion kinase, pp125FAK. pp125FAK

is autophosphorylated following integrin ligand binding, and

the autophosphorylated protein regulates turnover of the focal
adhesion contacts (8, 9, 16). Following pp125FAK activation,
p130CAS and paxillin are phosphorylated (24, 26, 33). These
intracellular events following integrin ligand binding lead to
focal adhesion site formation and reorganization of the actin
cytoskeleton; they are also potential regulators of adenovirus
endocytosis and gene transfer.

Effect of adenovirus on [Ca21]c. Binding of ligand to av
integrins transiently increases [Ca21]c in several cell types (17,
27). Because an increase in [Ca21]c can regulate av integrin
uptake and recycling (17), [Ca21]c was an attractive candidate
for involvement in adenovirus-mediated signal transduction.
Therefore, we measured [Ca21]c in HeLa cells loaded with
fura-2-acetoxymethyl ester (5 mg/ml; fura-2 AM; Molecular
Probes, Eugene, Oreg.) before and after virus binding with a
Photoscan 2 spectrofluorometer (Photon Technologies Inter-
national, New Brunswick, N.J.) (11). Figure 1 shows that 100
PFU/cell of Ad2/CMVbgal (37) or Ad5RSVbgal (10) did not
alter [Ca21]c. However, subsequent addition of 1 mM hista-
mine triggered an immediate increase in [Ca21]c in the con-
tinued presence of virus. As a further test of the potential role
of Ca21 in viral infection, we examined the effect of 0 to 50 nM
calmidazolium (Calbiochem, San Diego, Calif.), an inhibitor of
Ca21-calmodulin (31). The cells were preincubated in medium
with calmidazolium for 30 min, and then 10 PFU/cell of Ad2/
CMVbgal was added in the continued presence of inhibitor for
30 min. Calmidazolium did not inhibit adenovirus-mediated
b-galactosidase gene transfer, and at high concentrations there
was a small increase in transgene expression (data not shown).
These data suggest that changes in [Ca21]c may not play an
important role in adenovirus infection, even though calcium
can be an important regulator in av integrin-mediated signal-
ing in response to other ligands (9, 28).

Effect of adenovirus on protein tyrosine phosphorylation.
Previous studies have shown that focal adhesion kinase
(pp125FAK) can be autophosphorylated and activated by av
integrins. There is evidence that adenovirus binding to the cell
surface can activate pp125FAK phosphorylation although that
may not be essential for viral entry (19). pp125FAK activation
following av integrin ligand binding is associated with in-
creased tyrosine phosphorylation of p130CAS and paxillin (8,
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25, 26, 33). We tested the effect of adenovirus on pp125FAK,
p130CAS, or paxillin phosphorylation. For these studies, we
used HeLa cells in suspension as well as serum-starved HeLa
cells (0.3% fetal calf serum for 36 h) attached to culture dishes.
Cells (2 3 106) were incubated with 50 PFU/cell of Ad2/
CMVbgal (37) or Ad5RSVbgal (10) for 0 to 30 min at 37°C,
washed with phosphate-buffered saline, and suspended in 500
ml of lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS],
1% deoxycholate, 50 mM NaF, 0.5 mM Na3VO4, 0.1 U/ml of
aprotinin, 10 mg/ml of leupeptin, and 4 mg/ml of pepstatin).
Monoclonal anti-pp125FAK, anti-p130CAS, or antipaxillin anti-
bodies (2 mg; Transduction Laboratories, Lexington, Ky.) were
added to the supernatants and incubated with shaking on ice
for 1 h. GammaBind G Sepharose (30 ml; Pharmacia Biotech,
Uppsala, Sweden) was added, and incubation on ice was con-
tinued for 2 h, after which the precipitate was carefully washed,
solubilized in 23 sample buffer, boiled for 3 min, and run on an
SDS–8 or 12% polyacrylamide gel. The proteins were trans-
ferred to polyvinylidene difluoride filters (Millipore). Filters
were blocked for 2 h (3% bovine serum albumin in 10 mM Tris,
pH 7.5, 100 mM NaCl, 1% Tween 20), incubated with PY20H
peroxidase-conjugated antiphosphotyrosine antibody (Trans-
duction Laboratories), and washed, and the bound antibody
was detected by chemiluminescence (Pierce Chemical Co.,
Rockford, Ill.). Equal protein loading in pp125FAK, p130CAS,
and paxillin phosphorylation experiments was verified by strip-
ping and reblotting the filters with the appropriate monoclonal
antibody.

We found that adenovirus did not increase pp125FAK phos-
phorylation (Fig. 2A) in HeLa cells; instead there was a small
decrease. Likewise, we saw no change in the tyrosine phos-
phorylation of pp125FAK following incubation of attached, se-
rum-starved HeLa cells with Ad2/CMVbgal (Fig. 2B). Similar
results were obtained with cells exposed to Ad5RSVbgal (data
not shown). Incubation with adenovirus had no effect on the
total amount of pp125FAK (not shown). In contrast, as previ-
ously reported (33), pp125FAK phosphorylation increased

when attached HeLa cells were exposed to 10% fetal calf
serum or when a suspension of HeLa cells was allowed to
attach on vitronectin (Fig. 2E). We further found that adeno-
virus had no effect on p130CAS phosphorylation (Fig. 2C). We
also showed that paxillin phosphorylation was not affected by
the addition of adenovirus (Fig. 2D). We obtained similar
results with attached, serum-starved cells (not shown). The
role of pp125FAK in adenovirus infection was tested further
with av integrin-positive pp125FAK2/2 cells, which are defi-
cient in focal adhesion kinase pp125FAK (16). Figure 3
shows that b-galactosidase expression was similar in both
pp125FAK2/2 and control cell lines 24 h after infection with 10
PFU/cell of Ad2/CMVbgal. These results agree with the pre-
viously published data (19) and confirm that pp125FAK activity
is not required for adenovirus infection and gene transfer.

Effect of rab5 GTPase activity on recombinant adenovirus
b-galactosidase gene transfer. Ligand binding to av integrins
can activate PI(3)kinase, which in turn may regulate endocy-
tosis via rab5 GTPase (21). To test the hypothesis of whether
rab5 GTPase may play a role in adenovirus entry, we trans-
fected HeLa cells with wild-type rab5 or dominant-negative
rab5:S34N (30) cloned in pcDNA3.1(1) (InVitrogen, San Di-
ego, Calif.) or with a control plasmid. We first showed that our
rab5 expression constructs are functional by determining
endocytosis of dextran-fluorescein isothiocyanate (FITC) (FD-
10S; Sigma) in HeLa cells (300,000 cells/dish) cultured on glass
coverslips. At 24 h after transfection, the cells were incubated
for 15 min at 37°C with 330 mg/ml of dextran-FITC. We de-
termined fluorescence intensity with videomicroscopy and
showed that expression of wild-type rab5 significantly in-
creased (190% of control value) uptake of dextran-FITC,
whereas dominant-negative rab5:S34N expression decreased it
(75% of control value). To test the effect of rab5 on recombi-
nant adenovirus gene transfer, HeLa cells on 24-well plates
were transfected (100,000 cells/well) with 6 mg of Lipofectin
(Gibco-BRL) and 1 mg of plasmid. Twenty-four hours after
transfection, the cells were incubated with 50 PFU/cell of Ad2/
CMVbgal for 15 min and the adenovirus b-galactosidase ac-

FIG. 1. Effect of adenovirus (100 PFU/cell) on [Ca21]c. HeLa cells were loaded with fura-2, and [Ca21]c was monitored after adding Ad2/CMVbgal, Ad5RSVbgal,
vehicle control, or histamine (1 mM) at the times indicated by the arrows. Data are examples from single experiments; each experiment was repeated at least three times.
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tivity was assayed with the Luminescent b-galactosidase De-
tection Kit II (Clontech, Palo Alto, Calif.) and luminometry
(Luminoscan RS; Labsystems Oy, Helsinki, Finland) 24 h fol-
lowing infection. HeLa cells overexpressing wild-type rab5 dis-
played a slightly increased (118% of control; statistically not
significant) level of adenovirus b-galactosidase expression.

HeLa cells expressing rab5:S34N showed reduced b-galactosi-
dase activity compared to the control (78% of control; P ,
0.05) (Fig. 4). The cells were also transfected with a combina-
tion of coxsackievirus/adenovirus receptor (CAR) and rab5,
rab5:S34N, or a control plasmid. The data indicate that the
S34N-mutated rab5 significantly decreased (102% versus
141%; P , 0.05), while the wild-type rab5 only slightly in-
creased (141% versus 156%; not significant), adenovirus-me-
diated gene transfer in HeLa cells overexpressing CAR (Fig.
4). In summary, HeLa cells with the most rab5 GTPase activity
(wild-type overexpression) have approximately 40 to 50%
more adenovirus b-galactosidase expression than the cells with
partial inhibition of rab5 (dominant-negative overexpression).
Interestingly, an increase caused by wild-type rab5 in the up-
take of dextran-FITC was significantly greater than an increase
observed in viral b-galactosidase expression, implying that en-
dogenous levels of rab5 may be sufficient for internalization of
all bound virus. We tested our lipofection efficiency with pEGFP-
C1-plasmid (Clontech) coding for green fluorescent protein
and showed that about 50% of the HeLa cells were transfected
(data not shown). It is possible that our rab5 GTPase con-
structs would have a stronger effect on adenovirus b-galacto-
sidase expression with more complete transfection efficiency
into HeLa cells.

Effect of rab5 on Cy3-labeled adenovirus endocytosis. Be-
cause rab5 GTPase activity did show a regulatory effect on
adenovirus b-galactosidase gene transfer, the effect was further
explored with Cy3-labelled viruses. Recombinant adenovirus
particles were fluorescently labeled by stirring 3 3 1011 virus
particles with 200 ml of Fluorolink Cy3 (Amersham Life Sci-
ence Inc., Arlington Heights, Ill.) in 100 mM sodium carbonate
buffer, pH 9.3, for 30 min at room temperature with protection
from light. Cy3-labelled adenovirus was dialyzed twice (Slide-
A-Lyzer; Pierce) against a dialysis buffer (150 mM NaCl, 20
mM MgCl2, 10 mM Tris-HCl, pH 7.8, and 10% glycerol) (38).
HeLa cells were cultured on microscope coverslips (300,000
cells/60-mm-diameter dish) and transfected (3 mg of plasmid

FIG. 2. Tyrosine phosphorylation of pp125FAK, p130CAS, and paxillin in
HeLa cells following the addition of adenovirus. (A-D) Ad2/CMVbgal (50 PFU/
cell) was added to the cells for the indicated times. (A, C, and D) Tyrosine-
phosphorylated pp125FAK, p130CAS, and paxillin, respectively, using HeLa cells
in suspension. (B) pp125FAK phosphorylation for attached serum-starved cells.
(E) pp125FAK phosphorylation in attached (a) or in suspended cells (b). Each
experiment was repeated at least three times.

FIG. 3. Adenovirus-mediated gene expression in pp125FAK-deficient cells
(2/2) and pp125FAK-positive control cells. Cells were infected with 10 PFU/cell
of Ad2/CMVbgal at 37°C for 30 min. b-Galactosidase activity was measured 24 h
later. Values are expressed as percentage of the control, and error bars represent
the mean 6 standard error of the mean. n is at least eight for each experiment.

FIG. 4. Adenovirus-mediated gene expression in HeLa cells or HeLa cells
overexpressing CAR. The cells were transfected with wild-type rab5, dominant-
negative rab5:S34N, or a control plasmid. Twenty-four hours later, the cells were
incubated with 50 PFU/cell of Ad2/CMVbgal for 15 min and the adenovirus
b-galactosidase activity was determined 24 h later. n equals 15 for each experi-
ment. Error bars indicate standard errors of the mean, and an asterisk indicates
P , 0.05 compared to the control.
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and 18 mg of Lipofectin) with CAR and/or wild-type rab5,
rab5:S34N, or a control plasmid. Distribution and intensity of
endocytosed virus was determined in HeLa cells fixed in 4%
paraformaldehyde by fluorescent laser-scanning confocal
microscopy (Leica Aristoplan CLSM; Leica Lasertechnics
GmbH, Heidelberg, Germany) and videomicroscopy of at least
150 randomly selected cells in each condition. The data were
analyzed with image analysis software MCID-M2 (Imaging
Research Inc., St. Catharines, Ontario, Canada). Efficiency of
endocytosis was estimated by determining the average of the
amount of fluorescently labelled adenovirus in each cell. Over-
expression of wild-type rab5 increased endocytosis of labelled
virus in HeLa cells compared to the control, and rab5:S34N
expression decreased the amount and intensity of fluorescent
endosomes (Fig. 5). The HeLa cells overexpressing CAR had
an increased amount of endocytosed Cy3-adenovirus com-
pared to the control, indicating that endocytosis depended on
virus attachment to the CAR. In the presence of CAR over-
expression, rab5:S34N decreased and wild-type rab5 further
increased Cy3-adenovirus endocytosis (Fig. 5).

Discussion. Li et al. showed that adenovirus binding to cell
surface av integrins activates PI(3)kinase (19). It has also been
shown that PI(3)kinase may regulate endocytosis via rab5
GTPase (21). Antibodies against rab5 and dominant-negative
rab5 mutants have inhibitory effects on endosome fusion
in vitro (12, 13, 20). Overexpression of wild-type rab5 causes
enlargement of early endosomes and increases the rate of
endocytosis (29). Overexpression of a dominant-negative rab5
mutant in intact cells causes fragmentation of early endosomes
and reduces endocytosis (2, 7). Our data support the hypoth-
esis that adenovirus endocytosis and gene transfer are regu-
lated by rab5 GTPase. It is possible that adenovirus binding to
the av integrin activates PI(3)kinase, which in turn regulates
rab5 GTPase and controls adenovirus entry into a cell. In our
assay, an approximately 40 to 50% difference in b-galactosi-
dase activity and an approximately 50% difference in fluores-

cently labelled adenovirus uptake was seen between conditions
with the most and the least rab5 GTPase activity. A more
pronounced effect might be expected if rab5 activity were com-
pletely eliminated. The data demonstrate that both intracellu-
lar and cell surface molecules are important mediators of viral
infection. A complex series of intracellular events probably
regulates viral endocytosis, exit from the endosome, cytoplas-
mic transport, and nuclear entry. Additional knowledge of
these events will provide a better understanding of how ade-
novirus infect cells.
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