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entry to target cells is only partly known. Briefly, the
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The expression level of the coxsackievirus and ade-
ovirus receptor (CAR) gene in human cervical cancer
ell lines (Hela, Caski, HT-3, and SiHa) appears to be
orrelated with their susceptibility to adenoviral
ector-based gene transfer. Hela, Caski, and HT-3
ells, which express the CAR molecule on the cell sur-
ace, showed a higher susceptibility to infection of
dCMVGFP than SiHa cells with no detectable level of
AR expression. Transient expression of the CAR gene

n SiHa cells dramatically enhanced the susceptibility
o adenoviral infection. Furthermore, SiHa-CAR, a sta-
le transfectant which expresses the CAR gene
howed a highly increased susceptibility to adenoviral
nfection in contrast to SiHa. These results demon-
trate that the low susceptibility of SiHa to adenoviral
nfection is closely related to its loss of the CAR gene
xpression. In addition, the low infection efficacy can
e overcome by the ectopic expression of the CAR
ene. These results also give insight into a possible
pplication of the CAR gene to adenovirus-mediated
ene delivery. © 2001 Academic Press

Key Words: coxsackievirus and adenovirus receptor;
denovirus vector; infection efficacy; cervical cancer
ell lines.

The adenoviral vector is a useful tool for gene delivery
nd gene therapy (1, 2). Even though a recombinant
denovirus derived from subgroup C has a wide host
ange, infection efficacy is very low in some cell types and
stablished cell lines (3–5). The mechanism of adenovirus

Abbreviations used: CAR, coxsackievirus and adenovirus receptor;
iHa-CAR, SiHa cell which stably expresses CAR gene; GFP, green
uorescent protein; AdCMVGFP, a recombinant adenovirus which
xpresses GFP; AdCMVp53, a recombinant adenovirus which ex-
resses p53; AdRSVbgal, a recombinant adenovirus which expresses
-galactosidase; m.o.i., multiplicity of infection.
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denovirus attaches to the primary receptor, the coxsack-
evirus and adenovirus receptor (CAR), on the host cells
6) and its internalization is facilitated by the interaction
etween the virus and av integrins on the cell surface (7).
The CAR is a 46-kDa transmembrane protein that is

omposed of an extracellular domain, a hydrophobic
ransmembrane domain, and a cytoplasmic domain (3).
ven though the accurate cellular function of the CAR
as not been elucidated, it has been shown that the
AR functions as a high-affinity receptor for both sub-
roup C adenovirus and coxsackie B virus and that its
ytoplasmic and transmembrane domains are not es-
ential for coxsackievirus and adenoviral infection (8).
Recently, several groups reported that the difference

n the expression levels of the CAR (9, 10) and integrins
11–14) is associated with their sensitivity to viral in-
ection in various cells. However, there has been no
irect evidence of any relationship of the expression
evel of the CAR and susceptibility to adenovirus infec-
ion in cervical cancer cell lines.

In this report, we demonstrate that the loss of the CAR
ue to its down-regulation at the transcription level is
irectly correlated with low infection efficacy of adenovi-
us in the cervical cancer cell line, SiHa. Transient ex-
ression of the CAR in SiHa increases its sensitivity to
denovirus-mediated gene transfer. In addition, the
iHa-CAR cell line that stably expresses the CAR gene
hows an enhanced susceptibility to adenovirus-medi-
ted gene transfer. These results also indicate that the
ow susceptibility of SiHa to adenoviral infection can be
vercome by the ectopic expression of the CAR gene and
uggest that the CAR gene may be applicable as a useful
ool to boost infection efficacy of adenovirus.

ATERIALS AND METHODS

Cell lines. The cervical cancer cell lines HeLa, Caski, HT-3, and
iHa were maintained in Dulbecco’s modified Eagle medium



(DMEM) supplemented with 10% fetal bovine serum. The human
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mbryonic kidney cell line 293 was maintained in Eagle’s minimal
ssential medium (EMEM) supplemented with 10% fetal bovine
erum. All cell lines were obtained from ATCC (American Type
ulture Collection, Rockville, MD).

Adenoviral vectors and infection. The recombinant adenovirus,
dCMVp53, was generated as described previously (15). AdCM-
GFP was also generated by the same method, except that the 0.8 kb
DNA of green fluorescent protein (GFP) was inserted at the HpaI
ite in the multiple cloning region of pDACMVpA to give rise to
dCMVGFP. One of the replication-deficient AdCMVGFP clones was
elected and propagated. Another replication deficient adenovirus,
dRSVbgal, a b-galactosidase-expressing adenovirus, was provided
y Wei Wei Zhang (GenStar Therapeutics Corporation, San Diego,
A). Virus titers were determined by both plaque assay and optical
bservance at A260 (one A260 unit 5 1012 particles/ml).

Flow cytometry analysis. To measure infection efficiency of AdCM-
GFP in four cervical cancer cell lines, cells were infected with PBS or
0 multiplicity of infection (m.o.i.) of AdCMVGFP. After infection for
4 h, cells were collected with trypsinization and washed twice with
BS. The expression of the GFP transgene product was assayed by flow
ytometry. For CAR gene expression analysis, HeLa, Caski, HT-3, and
iHa cells were washed twice with PBS and then incubated for 30 min
t 4°C with RmcB monoclonal antibody (1:1000), obtained from Dr.
effrey M. Bergelson (Children’s Hospital of Philadelphia, Philadelphia
A). Cells were washed with PBS and incubated for 30 min at 4°C with
secondary FITC-conjugated goat anti-mouse antibody (1:50). For neg-
tive control, only secondary FITC-conjugated goat anti-mouse anti-
ody (Zymed, South San Francisco, CA) was treated.

RT-PCR analysis. Total cellular RNA was extracted from each
ell line using TRIzol (GIBCO-BRL, Gaithersburg, MD). Two micro-
rams of total RNA was reverse transcribed and total cDNA
as subjected to a 50 ml-PCR using a CAR gene primer set

59-ATCAGAAGGTGGATCAAGTG-39 and 59-TTACTGCCGATGTA-
CTTCT-39) or a GAPDH primer set (59-CGTGGAAGGACTC-
TGACC-39 and 59-TCCACCACCCTG-TTGCTGTA-39) by a RT-PCR
it (Promega, Madison, WI). The final PCR products were electro-
horesed in 1.2% agarose gel and photographed under UV light.

Transient transfection and construction of a stable cell line, SiHa-
AR. CAR cDNA was provided by Dr. Jhin-Gook Kim (Samsung
edical Center, Seoul, Korea). CAR cDNA was cloned into pcDNA3.1

Invitrogen, Carlsbad, CA) for mammalian expression with sense
pcDNA3.1-sCAR) or antisense direction (pcDNA3.1-asCAR). For
ransient transfection, approximately 2 3 105 cells of SiHa were
eeded in s 60-mm dish 24 h before transfection. Cells were trans-
ected with 5 mg of empty vector, pcDNA3.1-sCAR or pcDNA3.1-
sCAR using FuGene6 reagent (Roche, Mannheim, Germany). For
he construction of a stable cell line, transfected cells with
cDNA3.1-sCAR were screened with geneticin (400 mg/ml, GIBCO-
RL, Gaithersburg, MD). A single clone isolated from this screening
as propagated in a 100-mm dish for further study.

Western blot analysis and b-galactosidase assay. For Western
lot analysis, cells were lysed in RIPA buffer [50 mM Tris (pH 8.0),
50 mM NaCl, 1% NP40, 0.1% SDS, and 0.5% sodium-deoxycholate].
quivalent amounts of whole cell extracts (10 mg) were separated in
2% polyacrylamide gel and transferred to Hybond-ECL nitrocellu-
ose filter paper (Amersham, Buckinghamshire, UK). Filters were
locked in 25 mM Tris (pH 8.0) containing 125 mM NaCl, 0.1%
ween 20, and 5% skim milk. Protein bands were probed with
nti-p53 antibody (Novocastra, Newcastle on Tyne, UK) followed by
abeling with horseradish peroxidase-conjugated anti-mouse anti-
ody (Amersham, Buckinghamshire, UK). Bands were visualized
sing an ECL kit (Amersham, Buckinghamshire, UK) according to
he manufacturer’s protocol. b-galactosidase assay was performed by
sing a b-gal assay kit (Invitrogen, Carlsbad, CA) according to the
anufacturer’s instructions.
241
Gene therapy is a new approach to treat diseases
ncluding cancer, genetic disorders, and various incur-
ble diseases. The basic concept of gene therapy is to
eplace a malfunctional mutated gene with a normal
ild-type gene or to express a therapeutic gene in

arget cells. It is generally accepted that a critical
rerequisite for gene therapy is a delivery system of
he gene into target cells with high efficiency and ac-
uracy. A recombinant adenovirus derived from sub-
roup C adenovirus is highly infectious and is capable
f delivering therapeutic genes to many different cell
ypes. However, it has been shown that the suscepti-
ility to an adenoviral vector is very low in some cancer
ells and some cell types (3–5), indicating that the
usceptibility of target cells to an adenoviral vector
imits a broad-range application of adenovirus-medi-
ted gene therapy. Although it has not been completely
lucidated, a possible mechanism responsible for the
ntry of an adenoviral vector into target cells centers
round the role of the coxsackievirus and adenovirus
eceptor (CAR) that binds adenovirus as the primary
eceptor (9, 10) as well as two integrins, avb3 and
vb5, that facilitate the internalization of adenovirus
s a secondary receptor (11–14). These previous results
uggest that the infection efficacy of adenovirus may be
ainly correlated with the expression level of the CAR

nd integrins.
Recenlty, we investigated the infection efficacy of

denovirus in four human cervical cancer cell lines
HeLa, Caski, HT-3, and SiHa) in an attempt to exam-
ne whether adenoviral vector-mediated gene therapy
s applicable to the treatment of human cervical can-
er. Monolayers of individual cervical cancer cell lines
ere infected with 10 m.o.i. of a recombinant adenovi-

us possessing GFP gene, AdCMVGFP. The infection
ith AdCMVGFP appeared to have no significant ef-

ect on cell growth at the concentration tested. To mea-
ure the infection efficacy of AdCMVGFP, the cells
ere collected by trypsinization after 24 h of infection,
nd 105 cells were analyzed by flow cytometer. As
hown in Fig. 1, a cervical cancer cell line SiHa appears
o be refractory to the infection of AdCMVGFP. This is
ifferent from the other three cervical cancer cell lines
HeLa, Caski, and HT-3), which were all highly sus-
eptible to the infection of AdCMVGFP. This lower
usceptibility of SiHa cells to adenoviral infection com-
ared with that of HeLa, Caski, and HT-3 cells was
onsistently observed when these cervical cancer cell
ines were infected with another recombinant adenovi-
us, AdRSVbgal, which expresses b-galactosidase gene
data not shown).

Since the CAR is known to be a primary molecule for
he attachment of adenovirus to target cells and thus is
elieved to play an important role in adenovirus entry
nto host cells (7, 9, 10), it seems likely that the lower
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usceptibility of SiHa cells to adenoviral infection
ight be related to the difference in the expression

evel of the CAR. To test this prediction, we decided to
xamine the correlation between the low susceptibility
o AdCMVGFP and the expression level of the CAR in
iHa cells. To quantify the expression level of CAR-
pecific mRNA in individual cervical cancer cell lines
HeLa, Caski, HT-3, and SiHa), RT-PCR was per-
ormed using total RNA extracted from these cell lines.
s shown in Fig. 2, the PCR product from CAR-specific
RNA was easily detectable in HeLa, Caski, and HT-3

ells but was undetectable in SiHa cells. Under the
ame conditions, there was no difference in the level of
he PCR product from GAPDH-specific mRNA. To con-
rm the results of the RT-PCR analysis, the expression

evel of the CAR molecule on the cell surface was also
nvestigated by immunofluorescent assay using anti-
AR monoclonal antibody, RmcB. In accordance with

he results of the RT-PCR analysis which revealed the
xpression level of CAR mRNA, the expression of the
AR molecule on the cell surface was undetectable

FIG. 1. Infection efficacy of AdCMVGFP in cervical cancer cell
ines. Four cervical cancer cell lines were treated with PBS (mock) or
0 m.o.i. of AdCMVGFP (Ad-GFP). After 24 h of infection, cells were
ollected and green fluorescent protein (GFP) transgene product was
ssayed by flow cytometry.
242
ested (Fig. 3). These results indicate that the low
usceptibility of SiHa cells to the recombinant adeno-
iral infection is possibly due to their failure to express
he CAR gene at the transcription level.

To obtain direct evidence that the low susceptibility
f SiHa to adenoviral infection is due to its loss of the
AR expression, we examined whether the low suscep-

ibility of SiHa cells to the adenoviral infection can be
estored by introducing the CAR gene into SiHa cells
y transient transfection. In this regard, we tran-
iently transfected the CAR gene into SiHa cells to
nduce the expression of the CAR on the cell surface
rior to AdRSVbgal infection. After SiHa cells were
ransfected with pcDNA3.1-sCAR for 24 h, the cells
ere infected with 50 m.o.i. of AdRSVbgal. Sequen-

ially, the cells were collected at 48 h after AdRSVbgal
nfection and then b-gal assay was performed. As
hown in Fig. 4, the susceptibility of SiHa to
dRSVbgal appeared to significantly increase when
iHa regained CAR expression following transfection
ith pcDNA3.1-sCAR. However, under the same con-
itions, the cells transfected with either pcDNA3.1 vec-
or only or pcDNA3.1-asCAR did not show any increase
n their susceptibility to adenoviral infection (Fig. 4).
hese results indicate that the loss of CAR expression

n SiHa is a main cause in lowering the susceptibility
o adenoviral infection. Thus a transient introduction
f the CAR gene into SiHa is sufficient to boost its
usceptibility to adenoviral infection.
To further demonstrate that the direct involvement

f the CAR in determining the susceptibility to adeno-
iral infection, we tried to construct a stable transfec-
ant, SiHa-CAR, which constitutively expresses the
AR. The results of the RT-PCR analysis using total
NA from SiHa-CAR showed that SiHa-CAR cell line
xpresses an easily detectable level of CAR-specific

FIG. 2. CAR expression in four cervical cancer cell lines. Total
NA was extracted from four cervical cancer cell lines and a stable
ell line, SiHa-CAR. CAR expression of each cell line was analyzed by
T-PCR using a CAR primer and GAPDH primer set. (1) HeLa, (2)
aski, (3) HT-3, (4) SiHa, and (5) SiHa-CAR.
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RNA (Fig. 2A, lane 5). When SiHa and SiHa-CAR cell
ine were infected with 50 m.o.i. of AdRSV-bgal for 24 h
nd were subjected to b-gal assay, the stable transfec-
ant SiHa-CAR retained a significantly higher suscep-

FIG. 3. Expression of surface CAR on four cervical cancer cell
ines. Individual cancer cells were analyzed by flow cytometry after
he cells were treated with anti-RmcB antibody (1:1000 dilution) and
hen FITC-labeled secondary antibody (1:50 dilution).

FIG. 4. Enhanced bgal gene expression after transient CAR
ransfection in SiHa cell line. SiHa cell line was transfected with an
mpty vector, pcDNA3.1-sCAR or pcDNA3.1-asCAR vector before
dRSVbgal infection. After infection for 24 h, cells were collected
nd b-gal activity was determined by b-gal assay.
243
ibility to adenoviral infection in contrast to SiHa cells
Fig. 5A). Sequentially, we employed another recombi-
ant adenovirus encoding p53, AdCMVp53, to investi-
ate the relationship between the ectopic expression of
he CAR and adenoviral infection efficacy. When SiHa
nd SiHa-CAR were infected with 25 or 50 m.o.i. of
dCMV-p53, and the expression level of p53 protein
as analyzed by Western blot analysis, the level of p53
rotein appeared to be significantly higher in SiHa-
AR than in SiHa cells at the tested m.o.i. of AdCMV-
53 (Fig. 5B). Particularly, although SiHa-CAR was
ble to express an easily detectable level of p53 protein
ollowing transfection with 25 m.o.i. of AdCMV-p53,
iHa expressed a hardly detectable level of p53 protein
nder the same conditions. These results demonstrate
hat the CAR gene plays a critical role in determining
denoviral infection efficacy in cervical cancer cell line
iHa. It also demonstrates that introducing the CAR
ene into SiHa by transfection is enough to enhance
he susceptibility to adenovirus-mediated gene deliv-
ry. It has recently been shown that a recombinant
denoviral vector encoding CAR (Ad-CAR) improves
denovirus-mediated gene delivery to skeletal muscle
16). In these experiments, mouse myoblast cell line
2C12, which was infected with Ad-CAR at high m.o.i.
rior to Ad-GFP infection, successfully expressed GFP
t a low dose of Ad-GFP infection. These previous
esults and our results raise the possibility that coex-
ression of the CAR and a therapeutic gene by adeno-
irus vector may be employed as a novel strategy to
ene therapy.
In summary, we demonstrated that a failure to ex-

ress the CAR gene at the transcription level was
irectly correlated with low adenovirus susceptibility

FIG. 5. Increase of adenoviral infectivity in SiHa-CAR cell line.
A) SiHa and SiHa-CAR cell line was infected with 50 m.o.i. of
dRSVbgal. After infection for 24 h, cells were collected and b-gal
ctivity was determined by b-gal assay. (B) SiHa and SiHa-CAR cell
ine were infected with 25 or 50 m.o.i. of AdCMV-p53. After infection
or 48 h, the expression of p53 protein was analyzed by Western blot
nalysis.



in the cervical cancer cell line SiHa, and that the low
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usceptibility of SiHa cells to adenoviral infection can
e restored by introducing the CAR gene into SiHa. In
ddition, we suggest that the CAR can be applicable as

useful tool to extend the efficiency of adenoviral
ector-mediated gene therapy.
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