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The receptors on human cells which mediate adsorption of adenoviruses have not been identified. We found
that murine A9 cells and Chinese hamster ovary (CHO) cells failed to bind significant levels of radiolabeled
adenovirus type 2 (Ad2) virions but that derivatives of these cells carrying human chromosome 21 exhibited
high levels of virus binding that was specific for the viral fiber protein. G418-resistant A9 cell transformants
expressing Ad2 receptors were detected at a frequency of about 1024 following cotransfection with high-
molecular-weight DNAs from mouse cells containing human chromosome 21 and plasmid DNA containing a
neomycin resistance gene. The Ad2 receptors on the transformed A9 cells were similar to those on human cells
with respect to their concentration on the cell membrane, their affinity for the viral fiber protein, and their
ability to direct virus into cells along a pathway leading to delivery of the viral DNA genome into the cell
nucleus. Furthermore, identical human DNA fragments were present in three independent mouse cell trans-
formants expressing Ad2 receptors, supporting the conclusion that these human DNA fragments correspond
to a gene or locus on chromosome 21 that directs the expression of Ad2 receptors in these cells.

Adenoviruses are nonenveloped DNA viruses which cause
ophthalmic, respiratory, gastrointestinal, and urinary tract in-
fections in humans. More than 40 human adenovirus serotypes
have been isolated, and these have been divided into six sub-
groups (A to E) based on nucleic acid homology, oncogenic
potential, and the biological properties of their protein com-
ponents. The cell type distribution of the receptors which me-
diate virus adsorption is likely to be a major determinant of
virus tropism; however, receptors have not been identified for
any adenovirus serotype. Virus-binding studies suggest that
serotypes within a subgroup share receptors, while distantly
related viruses (e.g., adenovirus type 3 [Ad3] and Ad5 from
subgroups B and C, respectively) bind different receptors (6,
24, 28, 37). However, serotypes Ad2 and Ad12 (from sub-
groups C and A, respectively) compete for the same receptor
(1). Thus, the tropism of human adenoviruses is governed by at
least two distinct receptors.
Studies with the prototypic Ad2 and Ad5 viruses showed

that the ligand for the adenovirus receptor resides in the distal
tip of the viral fiber protein (15, 22, 26, 35, 42), a rod-shaped
molecule which projects radially from each of the 12 vertices
of the icosahedral capsid (32). Subsequent to virus adsorp-
tion, Ad2 and several other serotypes bind to av-containing
integrins through an Arg-Gly-Asp (RGD) sequence in the
viral penton base (2, 28), a pentameric protein that forms
the capsid vertices and anchors the fiber protein to the
vertex (32). Recruitment of integrins into the initial virus-
receptor complex enhances the internalization of virus. Ad2
mutants lacking the penton base RGD sequence are inter-
nalized at a rate markedly slower than that of the wild-type
virus (2, 10), and inhibition of av integrin function or ex-
pression decreases the susceptibility of host cells to infection
(1, 3, 40). The proximity of the RGD and fiber ligands at each
capsid vertex suggests that contact between integrins and the
fiber receptor could occur, possibly generating a signal that

regulates the endocytosis of virus-receptor complexes. Al-
though integrins are not essential for infection of cultured
cells, the striking conservation of the penton base RGD se-
quence implies that their role is important in vivo. Conse-
quently, the cell type distribution of av integrins may also
determine virus tropism.
Identification of the receptors on host cells that recognize

adenovirus fibers would make possible future investigation of
the relationship between virus tropism and receptor distribu-
tion and of the mechanism of integrin-mediated virus internal-
ization. In addition, the identification of receptors used by
different virus serotypes would indicate the range of cell type-
specific gene delivery that is possible with natural fiber-re-
ceptor interactions and thus would be of value in the develop-
ment of adenoviruses as vectors for gene therapy. Earlier
attempts to identify receptors by using fiber-affinity chroma-
tography (14, 38), ligand overlay assays (6, 7), or phage dis-
play (17) led to the isolation of several fiber-binding proteins,
although it has not been determined whether any of these
correspond to functional virus receptors. Furthermore, only
about 104 receptors are present on typical cultured human
cell lines (10, 34, 40), which has made it difficult to obtain
receptor proteins in sufficient quantities for partial sequence
analysis. In view of the obstacles to a direct biochemical ap-
proach to identify adenovirus receptors, we conducted exper-
iments to evaluate gene transfer as an alternate approach.
Here we report that receptors for the Ad2 fiber protein are
not expressed at detectable levels on the murine A9 cell line
in a radiolabeled virus-binding assay but that A9-21 cells, an
A9 derivative containing human chromosome 21, have a fiber-
specific virus-binding capacity comparable to that of human
A549 or HeLa cells. Furthermore, receptor function was
transferred into A9 cells by transfection with high-molecu-
lar-weight A9-21 DNA at a frequency expected for transfer
of a single gene. Independent transformants expressing the
Ad2 receptor contain identical restriction fragments of hu-
man DNA, supporting the conclusion that these sequences are
functionally related to receptor expression in the transformed
cells.
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MATERIALS AND METHODS

Cells and virus. A comprehensive panel of mouse A9 clones containing single
human chromosomes tagged with drug resistance genes (Table 1) was obtained
from C. Barrett (National Institute of Environmental Health Services, Research
Triangle Park, N.C.). These cells were grown in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum and either 400 mg of G418
(Gibco) per ml or 100 U of hygromycin B (Calbiochem) per ml as indicated in
Table 1 to maintain the human chromosomes. Chinese hamster ovary cells
(CHO-K1 [ATCC CCL 61]) and E7b cells, a CHO-K1 clone containing human
chromosome 21 (31), were obtained from D. Patterson (Eleanor Roosevelt
Institute, Denver, Colo.). E7b cells were grown in purine-free Ham’s F12D
medium containing 5% dialyzed fetal bovine serum to maintain selection for 21q.
CHO-K1 cells were grown in complete Ham’s F12 medium containing 5% fetal
bovine serum. Mouse A9 cells (ATCC CCL 1.4) and human A549 cells (ATCC
CCL 185) were grown in DMEM containing 10% fetal bovine serum. The
method used to prepare [3H]thymidine-labeled Ad2 virus was described previ-
ously (1). Radiolabeled virus-binding assays were conducted either on cells in
suspension as described previously (1) or on adherent cells in 24-well dishes
(Costar). In all cases, the data reported represent the averages of triplicate
determinations. Construction of Ad2RAE, an Ad2 mutant in which the Arg-Gly-
Asp (RGD) sequence in the viral penton base that mediates binding of wild-type
Ad2 to av integrins was inactivated by conversion to Arg-Ala-Glu (RAE), was
described previously (2).
Transfection. A9-21 cells were scraped into phosphate-buffered saline (PBS),

centrifuged, resuspended in 0.15 M NaCl–0.1 M EDTA (4.5 ml per 10-cm-
diameter dish of cells) and processed by the method of Jeffreys and Flavell (18)
for extraction of high-molecular-weight DNA. pMAMneo DNA (ClonTech) was
extracted from Escherichia coli cells by alkaline lysis and then banded once in
cesium chloride. It was necessary to shear the A9-21 DNA prior to the formation
of calcium phosphate precipitates to avoid macroscopic aggregation of the DNA.
Sixteen micrograms of A9-21 DNA and 4 mg of pMAMneo DNA in 0.8 ml of
water were mixed with 0.2 ml of 1.25 M CaCl2 and then gently drawn into a
tuberculin syringe and expelled three times through a 22-gauge needle. The
DNA solution was then added drop by drop to 1 ml of 23 HEPES-buffered
saline (280 mMNaCl, 50 mMHEPES, 1.5 mMNa2HPO4; pH 7.05) while air was
constantly bubbling into the mixture. After the mixture was allowed to stand for
20 min at room temperature, 1 ml of DNA precipitate was added to each
10-cm-diameter dish of A9 recipient cells.
Ten 10-cm-diameter dishes were seeded with a 20-fold dilution of A9 cells

from one confluent 10-cm-diameter plate 24 h before application of the calcium

phosphate DNA precipitate. The culture medium was changed 16 h after trans-
fection, and the cultures were further incubated for 24 h, at which time the cells
were trypsinized and replated into 30 10-cm-diameter dishes in medium contain-
ing 0.8 mg of G418 (Gibco) per ml. The medium was replaced with fresh medium
containing 0.8 mg of G418 per ml 24 h later and then once every 48 h. Approx-
imately 1,000 G418-resistant colonies grew out on each plate, and colonies were
sufficiently large for rosette screening 11 days after onset of G418 selection.
Rosette assay.Viral penton base-fiber complexes (pentons) were purified from

extracts of HeLa S3 cells infected with Ad2RAE virus (2) by anion-exchange and
hydroxylapatite chromatography as described previously (4) and were then dia-
lyzed against 0.9% NaCl (wt/vol) and adjusted to an A280 of 1. One milliliter of
sheep blood in citrate buffer (Tom Morris, Reisterstown, Md.) was washed three
times with 15 ml of 0.9% NaCl, and the buffy coat was removed. Ad2RAE
pentons were coupled to the sheep erythrocytes by the procedure described by
Goding (12). Briefly, 0.2 ml of a 50% suspension of erythrocytes in 0.9% NaCl
was mixed with 0.1 ml of RAE pentons and 0.6 ml of 0.27 M piperazine buffer
(pH 6.5) in a 15-ml conical polypropylene tube. A 0.4-ml portion of 0.01% CrCl3
was then added drop by drop while the solution was vortexed. After the mixture
was allowed to stand for 3 min at room temperature, the cells were washed twice
with 15 ml of PBS. The final cell pellet was suspended in 50 ml of PBS containing
5% fetal bovine serum. To screen transformed colonies, the medium was re-
moved and replaced with 7 ml of the penton-erythrocyte suspension. After
incubation for 30 to 60 min at room temperature, the erythrocyte suspension was
recovered for reuse and the plates were washed with PBS. Colonies that retained
erythrocytes were drawn into a 200-ml pipet tip during observation at 403
magnification with an inverted microscope. The colonies were transferred to
wells in a 96-well plate for initial outgrowth and were then seeded at a low
density in 10-cm-diameter plates to isolate rosette-positive subclones.
Fiber-binding assay. Viral fiber protein was purified from Ad2-infected HeLa

cells by anion-exchange and hydroxylapatite chromatography essentially as de-
scribed previously (4). Ten microliters of a 2.7-mg/ml solution of fiber protein in
10 mM sodium phosphate buffer (pH 8.2) was added to 1 mCi of 125I-labeled
Boulton-Hunter reagent (Dupont NEN) and incubated on ice for 3 h. The
solution was then desalted by chromatography on a column (0.7 by 7 cm) of
Bio-Gel P6DG (Bio-Rad) conditioned in PBS containing 1% gelatin. The spe-
cific activity of the 125I-labeled fiber protein, determined by scintillation count-
ing, was 1.9 3 104 cpm/ng. Binding isotherms were conducted on confluent cell
monolayers in 24-well cluster plates (Costar). Cells were incubated for 2.5 h at
258C in 0.2 ml of HEPES-buffered DMEM (pH 7.2) per well containing 0.4 mg
of bovine serum albumin per ml and various amounts of 125I-labeled fiber. Wells
were then washed five times with PBS, cells were lysed with 0.3 N NaOH, and
radioactivity in lysates was measured by scintillation counting. Nonspecific bind-
ing was determined in the presence of a 100-fold molar excess of unlabeled fiber
protein. Each datum point is the mean 6 standard deviation of triplicate sam-
ples.
DNA cloning and analysis. Genomic DNA was prepared as previously de-

scribed (18). For Southern blot analysis, DNA was electrophoresed in 0.8%
agarose gels (5 mg per lane) and then transferred to Nytran1 nylon membranes
(Schleicher and Schuell). DNA fragments used for hybridization probes were
purified from low-melting-point agarose gels and labeled with 32P by using a
random-primer DNA labeling kit (Gibco BRL). Blots were washed at 378C in 23
SSC (13 SSC is 0.15 NaCl plus 0.015 M sodium citrate)–1% sodium dodecyl
sulfate (SDS) and 0.53 SSC–1% SDS and then washed once at 658C in 0.33
SSC–0.1% SDS.
To study viral DNA synthesis, duplicate cell monolayers in 33-mm-diameter

dishes were infected with 100 virions per cell of CsCl-purified Ad2 or Ad2RAE
virus. Low-molecular-weight DNA was extracted from the cells immediately after
adsorption or 2 days later by the procedure of Hirt (16). DNAs were digested
with BamHI and analyzed by Southern blotting as described above, using 32P-
labeled Ad2 viral DNA as a hybridization probe.
A library of EcoRI fragments of T14 genomic DNA was constructed in the

lZAP cloning vector (Stratagene). Dephosphorylated vector DNA (1.5 mg) and
EcoRI-digested T14 DNA (2 mg) were ligated overnight with 1,000 U of T4 DNA
ligase (New England BioLabs) and then added to lambda packaging extract
(Promega). E. coli BB4 cells (Stratagene) were infected with the recombinant
phage, and plaque lifts were screened with 32P-labeled BLUR-8 (20), a cloned
human Alu repeat, to identify phage containing human DNA inserts. A unique
sequence probe derived from one such phage was used to screen a commercial
HeLa cell genomic DNA library (Stratagene). Plaque lifts and hybridizations
were performed by standard procedures (27).

RESULTS

Mouse A9 cells carrying human chromosome 21 express
Ad2 receptors. In preliminary experiments, we found that
monolayers of mouse L929 cells failed to bind radiolabeled
Ad2 virions (data not shown), indicating either that these cells
do not express receptors capable of binding the Ad2 fiber
protein or that the concentration of Ad2 receptors on these
cells was below the limit of detection of this assay. This result

TABLE 1. 3H-labeled Ad2 virus binding by A9 clones
containing single human chromosomes

Cell linea Selection Ad2 bindingg

A9-1b G418 2
A9-2b G418 2
A9-3b G418 2
A9-4c G418 ND
A9-5b G418 2
A9-6b G418 2
A9-7b G418 2
A9-8b G418 2
A9-9b G418 2
A9-10b G418 2
A9-11b G418 2
A9-12b G418 2
A9-13d Hygromycin B 2
A9-14d Hygromycin B 2
A9-15b G418 2
A9-16e G418 2
A9-17f G418 2
A9-18b G418 ND
A9-19b G418 2
A9-20b G418 2
A9-21d Hygromycin B 1
A9-22d Hygromycin B 2

a The single human chromosome in each A9 clone is indicated by the number
following the hyphen.
b Isolated by Koi et al. (21).
c Isolated by Ning et al. (33).
d Isolated by Cuthbert et al. (5).
e Isolated by A. Phillips and B. E. Weissman (35a).
fMCH313C4 cells isolated by Goyette et al. (13).
g 2, no binding; 1, binding; ND, not determined.
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suggested that the Ad2 receptor might be cloned by gene
transfer, using mouse cells as recipients for exogenous human
DNA coding for the receptor. Two factors are critical for the
success of this approach. First, the target gene must be trans-
ferred at a detectable frequency. Typical transfer frequencies
for single genes after transfection of cells with high-molecular-
weight DNA in calcium phosphate precipitates are about
1:10,000 (23, 29, 41, 45). Given the difficulty in preparing DNA
fragments larger than about 200 kb, the target gene or genes
must be small enough to reside entirely on a single DNA
fragment of this size. Second, the gene product must be ex-
pressed by recipient cells in functional form and at detectable
concentrations.
To investigate whether mouse cells can express specific re-

ceptors for Ad2 virus, a panel of hybrid cells containing single
human chromosomes in a mouse A9 cell background (Table 1)
was screened for binding radiolabeled Ad2 virus. A9 cells are
a subclone of L929 cells. Only A9-21 cells, which contain hu-
man chromosome 21, demonstrated significant levels of bind-
ing (Fig. 1). Incubation of A9-21 cells with purified Ad2 fiber
protein blocked subsequent binding of virus (Fig. 2), indicating
that the virus receptors on A9-21 cells, like those on human
cells, bind virus specifically through the viral fiber subunit.
These results indicate that A9 cells can express specific Ad2
receptors and therefore are suitable recipient cells for exoge-
nous human DNA coding for the Ad2 receptor.
The failure of all other clones that we tested in the hybrid

cell panel to bind Ad2 virus suggested that one or more genetic
elements on human chromosome 21 direct the expression of
Ad2 receptors in A9 cells but did not exclude the possibility
that a low frequency of random A9 clones expresses an endog-
enous murine homolog of the Ad2 receptor. To further inves-
tigate whether expression of Ad2 receptors in rodent cells is
correlated with the presence of human chromosome 21, virus-
binding assays were also conducted on E7b cells, which contain
chromosome 21 in a Chinese hamster ovary (CHO) cell back-
ground. As shown in Fig. 2, E7b cells also exhibited Ad2
binding that was specific for the viral fiber protein, while the
parental CHO cells did not bind virus above background levels.
Therefore, expression of Ad2 receptors in A9 and CHO cells is
strongly correlated with the presence of one or more genes on
human chromosome 21.

DNA-mediated transfer of Ad2 receptors into mouse cells.
To determine if Ad2 receptors could be genetically transferred
into A9 cells by DNA transfection, it was necessary to first
develop a screening procedure capable of detecting expression
of fiber-specific receptors in colonies of transformed cells. In
situ rosetting has been used in other systems to identify cells
transformed to express novel cell surface receptors (23, 30). In
this procedure, antibodies or ligands specific for the target
receptor are coupled to the surfaces of intact erythrocytes.
Colonies of transformants expressing the target receptor are
then identified by their ability to bind the modified erythro-
cytes. Attempts to couple the isolated Ad2 fiber protein di-
rectly to sheep erythrocytes with chromic chloride (12) resulted
in agglutination of the erythrocytes for reasons that are not
understood. However, native complexes of the viral fiber and
penton base (pentons) were readily coupled without aggregat-
ing the cells. These results suggest that pentons are coupled to
erythrocytes through the penton base subunit, orienting the
fiber component favorably for binding to Ad2 receptors on
target cells. To avoid binding of the penton-modified erythro-
cytes (P-RBCs) to integrins on target cells through the RGD
sequence of wild-type pentons, we used pentons from an Ad2
mutant virus, Ad2RAE, whose penton base RGD ligand was
inactivated by conversion to Arg-Ala-Glu (2). In pilot studies,
we observed that the P-RBCs bound to human A549 cells and
to A9-21 hybrid cells, but not to mouse A9 cells. Furthermore,
incubation of A549 and A9-21 cells with fiber protein inhibited
the subsequent binding of P-RBCs, indicating that the binding
was specific for the viral fiber protein.
A9 cells were then cotransfected with a mixture of high-

molecular-weight DNA from A9-21 cells and plasmid DNA
containing a neomycin resistance gene (pMAMneo). Transfor-
mants were selected for resistance to G418. When G418-resis-
tant colonies reached about 1 mm in diameter, they were
incubated with a suspension of P-RBCs. Colonies that retained
P-RBCs after washing were detected at a frequency of about
1:30,000. Rosette-positive subclones were isolated, expanded
in culture, and then screened for expression of Ad2 receptors

FIG. 1. Binding of radiolabeled Ad2 virus by mouse-human hybrid cells.
Confluent monolayers of human A549 cells, mouse A9 cells, and A9 cell clones
containing single human chromosomes (see Table 1) were incubated in 24-well
plates with 0.2-ml portions of binding buffer (Hanks’ balanced salt solution
containing 5% fetal bovine serum) containing 1,000 particles per cell of [3H]thy-
midine-labeled Ad2 virus for 1 h at room temperature. Wells were then rinsed
three times with PBS, cells were lysed with 0.2 ml of 0.3 M NaOH per well, and
radioactivity in lysates was measured by liquid scintillation counting. Each value
shown is the mean 6 standard deviation of triplicate samples.

FIG. 2. Ad2 receptors on hybrid cells bind the viral fiber subunit. Confluent
monolayers of hybrid cells containing human chromosome 21 (E7b and A9-21),
human A549 cells, CHO-K1 cells, or mouse A9 cells were incubated in 24-well
plates with 0.2-ml portions of binding buffer containing Ad2 fiber protein (10
mg/ml) or in binding buffer alone for 30 min at room temperature prior to
addition of 1,000 particles per cell of [3H]thymidine-labeled Ad2 virions. After
incubation for an additional 30 min at room temperature, the monolayers were
washed and cell-associated radioactivity measured by liquid scintillation count-
ing. Binding without fiber (2Fiber) and with fiber (1Fiber) is shown. Each value
shown is the mean 6 standard deviation of triplicate samples.
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in the radiolabeled virus-binding assay. Two primary transfor-
mants, T14 and T17, were isolated from independent transfec-
tions. In addition, a secondary transformant, T18, was isolated
following transfection of A9 cells with T14 genomic DNA and
pMAMneo. Significant levels of Ad2-binding activity were
present in all three transformed cell lines, and incubation of
the cells with purified Ad2 fiber protein blocked the subse-
quent binding of virus (Fig. 3), indicating that these cells ex-
pressed fiber-specific Ad2 receptors.

The Ad2 receptor on T14 cells has functional characteristics
of the human Ad2 receptor. To further characterize the Ad2
receptors on the mouse cell transformants, the equilibrium
binding of 125I-labeled Ad2 fiber protein by T14 cells, the
transformant with the highest virus-binding activity, was com-
pared to that of human A549 cells. Scatchard plots of the data
(Fig. 4) showed that the concentrations of Ad2 receptors on
both cells were similar (about 10,000 molecules per cell) and
that the Ad2 receptors on both cell types had the same affinity
for the viral fiber protein (Kds 5 0.4 nM). These results are
consistent with the hypothesis that the Ad2 receptors on T14
and A549 cells are identical molecules.
To determine if the Ad2 receptors on T14 cells can direct

virus into cells along a pathway leading to productive infection,
we investigated whether viral DNA is synthesized in T14 cells
following adsorption of virus. Duplicate monolayers of A9,
T14, or A549 cells were infected with Ad2RAE or wild-type
Ad2, and low-molecular-weight DNA was then extracted from
the cells either immediately or after incubation of the cultures
for 2 days at 378C. The DNA was digested with BamHI and
analyzed on a Southern blot with a viral DNA probe. A long
exposure of the autoradiogram showed that a small amount of
virus initially attached to A9 cells, but no viral DNA associated
with the cells was detected 48 h later (Fig. 5, lanes 1 to 4). The
binding of wild-type Ad2 and Ad2RAE by A9 cells was equiv-
alent, indicating that virus adsorption did not occur through an
integrin-dependent pathway. A much greater quantity of viral
DNA was initially associated with T14 and A549 cells (Fig. 5,
lanes 5 to 12), which was readily detected on a short exposure
of the blot. In striking contrast to A9 cells, T14 cells supported
extensive viral DNA replication (lanes 5 to 8), as did A549 cells
(lanes 9 to 12). These results indicate that the receptors on T14
cells support the internalization of bound virus and that once
internalized, the virus can enter the cell cytoplasm and deliver
the viral DNA genome to the cell nucleus. However, despite
the ability of T14 cells to support extensive viral DNA synthe-
sis, virus titers in lysates of Ad2-infected T14 cells did not
significantly increase over residual eclipse phase levels, in good

FIG. 3. Specificities of Ad2 receptors on A9 cell transformants. The binding
of [3H]thymidine-labeled Ad2 virions by confluent monolayers of transformed
cells (T14, T17, and T18) or the parental A9 cells, and inhibition of virus binding
by Ad2 fiber protein were determined exactly as described in the legend to
Fig. 2.

FIG. 4. Concentrations and affinities of the Ad2 receptors on A549 and T14
cells. (A and B) Isotherms of 125I-labeled Ad2 fiber protein binding by adherent
A549 (A) and T14 (B) cells. Total binding (F), nonspecific binding (}), and
specific binding (E) are shown. (C and D) Scatchard plots of the data in panels
A and B, respectively. The data were fitted to straight lines with correlation
coefficients of 0.95. The apparent Kds, determined from the slopes, were 0.37 nM
(C) and 0.40 nM (D), and the numbers of receptor sites per cell, determined
from the x intercepts, were 9,600 (C) and 10,400 (D).

FIG. 5. Expression of specific receptors is required for Ad2 infection of A9
cells. Duplicate monolayers of A9, T14, and A549 cells were incubated with
wild-type Ad2 or the penton base RGDmutant Ad2RAE (100 particles per cell),
and low-molecular-weight DNA was extracted from the infected cultures either
immediately (odd-numbered lanes) or after incubation for 48 h at 378C (even-
numbered lanes). Equal volumes of the recovered DNAs were digested with
BamHI and analyzed by Southern blotting with 32P-labeled Ad2 DNA, as de-
scribed in Materials and Methods. DNAs extracted from A9 cells, T14 cells, and
A549 cells are shown in lanes 1 to 4, 5 to 8, and 9 to 12, respectively, where the
first pair of samples in each set are from cells infected with wild-type Ad2, and
the second pair of samples are from cells infected with Ad2RAE. The autora-
diogram of lanes 1 to 4 was developed after a 4-day exposure to compensate for
the relatively small amount of virus that initially bound to A9 cells. The autora-
diogram of lanes 5 to 12 was developed after a 16-h exposure.
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agreement with earlier reports that mouse and hamster cells
are nonpermissive hosts for human adenoviruses (9, 25, 46).
Transformants expressing Ad2 receptors contain identical

fragments of human DNA. If the expression of Ad2 receptors
on the transformed cells is directed by a transfected gene
derived from human chromosome 21, then these cells should
contain identical fragments of human DNA corresponding to
that gene. To examine their human DNA content, DNAs from
the transformants, parental A9 cells, and A9-21 cells were
analyzed on Southern blots with a human Alu repeat probe
(Fig. 6A). At the stringency of hybridization used in this ex-
periment, the Alu probe cross-hybridized to four DNA frag-
ments longer than .5 kb in a sample of A9 DNA containing a
large molar excess of pMAMneo plasmid (lane 1). An identical
pattern of Alu-reactive fragments was also detected in A9
DNA without added pMAMneo (not shown), indicating that
these fragments are derived from the mouse genome and not
from pMAMneo. The Alu probe hybridized to a continuum of
fragments in the A9-21 DNA sample (lane 2), which was ex-
pected since the ;300-bp Alu element is repeated in human
genomic DNA once every 5 kb on average (20). In addition to
the large fragments seen in A9 DNA, all three A9 cell trans-
formants contained a similar set of small, 1- to 5-kb EcoRI
fragments that hybridized with the Alu repeat probe (lanes 3 to
5), suggesting that identical fragments of human DNA are
present in these cells.
To further characterize the human DNA contained in the

transformed cells, a library of T14 EcoRI fragments con-
structed in the lZAP vector was screened with the Alu repeat
probe, and a clone containing a 1.2-kb EcoRI fragment which
corresponded in size to that of the smallest EcoRI fragment
observed in transformant DNA on Southern blots (Fig. 6A,

arrowhead) was isolated. Partial DNA sequence analysis re-
vealed an Alu repeat with a primate-specific sequence motif
(19) located at one end of the 1.2-kb EcoRI fragment. Aside
from the Alu element, the sequence of this fragment had no
significant matches to any sequences in the GenBank database.
A probe derived from the end of the 1.2-kb EcoRI fragment
opposite the Alu repeat was used to screen a HeLa cell
genomic DNA library. One phage with a 19.5-kb insert con-
taining the 1.2-kb Alu-positive EcoRI fragment was isolated
(Fig. 6B). To determine if the HeLa cell DNA fragment cloned
in this phage corresponds to human DNA sequences in the
transformed cells, a Southern blot of genomic DNAs from the
transformants and control cells was screened with a unique
sequence probe derived from this clone. The probe, shown in
Fig. 7B, is contained entirely within a single HindIII fragment
of HeLa DNA and is bisected by an internal XbaI site. As
predicted from the map, the probe hybridized to a single
HindIII fragment and two XbaI fragments in human A549
DNA (Fig. 7A, lanes 1 and 6). Importantly, the probe hybrid-
ized to an identical pattern of fragments in DNAs from the
T14, T17, and T18 transformants (Fig. 7A, lanes 2 to 4 and 7
to 9) but did not hybridize to any HindIII or XbaI fragments of
mouse A9 DNA (lanes 5 and 10). Together, these results
strongly support the conclusion that all three transformants
contain human DNA derived from the same small region of
chromosome 21. Given that DNA-mediated transfer of any
single gene in the background of an entire mammalian genome
occurs at a frequency of about 1/10,000 transformants (41),
then it would be improbable that the human DNA fragment
identified in Fig. 7A could be found in three independent
transformants unless this DNA fragment was functionally re-
lated to expression of Ad2 receptors in these cells.

FIG. 6. Human DNA contents in A9 cell transformants expressing specific
receptors for Ad2. (A) Samples (5 mg) of genomic DNAs from A9 cells (lane 1),
A9-21 cells (lane 2), or the A9 cell transformants T14, T17, and T18 (lanes 3 to
5, respectively) were digested with EcoRI and analyzed by Southern blotting with
32P-labeled BLUR-8, a cloned human Alu repeat probe (20), as described in
Materials and Methods. The arrowhead indicates a 1.2-kb EcoRI fragment
present in all three transformants which was cloned from a T14 genomic DNA
library. (B) Diagram of a clone isolated from a HeLa cell genomic DNA library
which contains the 1.2-kb EcoRI fragment indicated in panel A (solid box). The
line represents the 19.5-kb HeLa DNA insert, and the hatched boxes represent
the phage arms. Tick marks above the line show the positions of EcoRI sites in
the HeLa DNA.

FIG. 7. Identical fragments of human DNA in the A9 cell transformants
expressing specific receptors for Ad2. (A) Samples (5 mg) of genomic DNAs
from A549 cells (lanes 1 and 6), the three A9 transformants T14, T17, and T18
(lanes 2 to 4 and 7 to 9, respectively) and A9 cells (lanes 5 and 10) were digested
with HindIII (lanes 1 to 5) or XbaI (lanes 6 to 10) and analyzed by Southern
blotting with a 32P-labeled DNA fragment derived from the same 19.5-kb HeLa
genomic DNA clone described in the legend to Fig. 6B. (B) Diagram of the
19.5-kb HeLa genomic DNA clone (also shown in Fig. 6B). The positions of XbaI
sites and HindIII sites in the HeLa DNA insert are indicated by tick marks above
and below the line, respectively. The solid box shows the position of an
EcoRV-HindIII fragment which does not contain repetitive elements and was
used to probe the blot shown in panel A.
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DISCUSSION

In this study, we evaluated gene transfer as an approach to
identification and molecular cloning of the human receptor for
Ad2 virus. These experiments were prompted by our initial
observation that mouse L929 cells did not bind detectable
amounts of purified, radiolabeled Ad2 virions. Consistent with
these results, all clones that we tested in an A9-human hybrid
cell mapping panel, except for A9-21 cells, also failed to bind
radiolabeled Ad2 (Table 1), as did CHO-K1 cells (Fig. 2). Our
results are in good agreement with those reported by other
groups showing that mouse 3T3 cells failed to bind radiola-
beled Ad2 virus (36) and that CHO cells failed to bind Ad5
fiber protein (37). These results support the conclusion that
mouse A9 cells do not express fiber-specific receptors for Ad2
virus and therefore are appropriate recipient cells for expres-
sion of exogenous human DNA encoding the Ad2 receptor.
Our observation that Ad2 virus is specifically bound by

A9-21 and E7b cells (Fig. 2) suggests that the Ad2 receptor is
encoded by one or more genes on human chromosome 21 and
that the human Ad2 receptor protein is expressed in functional
form on A9-21 and E7b cells. There are, however, alternative
interpretations of these data. For example, although the ma-
jority of A9 clones do not express an Ad2 receptor (Table 1),
expression of an endogenous receptor may occur at a low
frequency, and the correlation with the presence of human
chromosome 21 may be a coincidence. This possibility seems
unlikely, considering that specific Ad2 receptors were also ex-
pressed on several CHO cell derivatives which contained frag-
ments of human chromosome 21 (unpublished observations).
Furthermore, screening of A9 transformants with the in situ
penton-rosette assay indicated that, if an endogenous receptor
gene exists, its expression in random A9 subclones occurs at a
frequency of ,1024. Thus, it is likely that one or more genes
on human chromosome 21 are functionally related to the ex-
pression of Ad2 receptors in A9-21 cells. However, we cannot
exclude the possibility that expression of an endogenous re-
ceptor gene is induced by sequences on human chromosome 21
or that chromosome 21 encodes a factor that modifies an
existing mouse protein, enabling it to bind Ad2 virus.
The hypothesis that the Ad2 receptor on A9-21 cells is

encoded or induced by a single gene or locus on human chro-
mosome 21 is strongly supported by the results of our trans-
fection experiments. A9 cell transformants expressing Ad2 re-
ceptors were detected at a frequency within the range expected
for transfer of a single gene (about 1:30,000) following trans-
fection with high-molecular-weight DNA from A9-21 cells or
from the primary transformant T14. These transformants con-
tain a similar set of EcoRI fragments that hybridize to a human
Alu repeat probe on Southern blots (Fig. 6) and contain iden-
tical restriction fragments that hybridize to a unique sequence
probe derived from a HeLa cell genomic DNA clone (Fig. 7).
It is unlikely that three random, independent clones contain
the same transfected DNA fragments, unless these fragments
were functionally related to Ad2 receptor expression in the
transformed cells. In addition, the observations that Ad2 re-
ceptors on T14 and A549 cells bound fiber protein with the
same affinity and were expressed at similar concentrations on
the cell membrane (Fig. 4) indicates either that both cell lines
express the human Ad2 receptor or that the properties of
receptor specificity, affinity, and expression level are conserved
between the mouse and human Ad2 receptor proteins. The
variation in the virus-binding capacities of different transfor-
mants (Fig. 3) could result from differences in the copy num-
bers of the transfected gene or from different levels of receptor
gene expression or different receptor mRNA half-lives in these

cells. We have recently isolated additional secondary transfor-
mants derived from T14 DNA and found that some of these
clones have significantly higher virus-binding capacities than
T14 cells (unpublished data), supporting the hypothesis that
the level of receptor expression varies with the site of integra-
tion of the transfected DNA in the recipient cell genome.
Experiments to identify candidate Ad2 receptor mRNA and
cDNA clones by hybridization to human DNA fragments
cloned from the A9 cell transformants are in progress. Several
other virus receptors and cell surface proteins have been
cloned by similar approaches (23, 30, 39, 45).
A number of earlier reports documented abortive infection

of various rodent cells by Ad2 and other group C adenoviruses.
Limited synthesis of early viral gene products and viral DNA
was observed in mouse 3T3 cell cultures infected with Ad2,
although ,50% of cells in the cultures synthesized levels of
early viral gene products detectable by immunofluorescence
despite infection of the cultures at high multiplicity (9). Ad2
DNA synthesis also was readily detected in subconfluent pri-
mary cell cultures derived from C57/BL mouse embryos (46)
and in CHO cells (25). In addition, group C adenoviruses can
abortively infect mouse hepatocytes in vivo following intrave-
nous injection of virus (8, 44), and abortive infection of mouse
lung and other tissues in vivo with group C adenoviruses has
also been well documented (11, 43). In contrast to these re-
sults, we were unable to detect viral DNA synthesis in mouse
A9 cells infected with Ad2 virus, but we found that viral DNA
synthesis was extensive in T14 cells (Fig. 5). It is likely, there-
fore, that A9 cells are also capable of replicating Ad2 DNA
and that virus bound nonspecifically to A9 cells is unable to
deliver the viral DNA genome to the cell nucleus, which could
be the result if A9 cells either fail to internalize virus or route
the virus to an inappropriate intracellular compartment. It
remains to be determined whether expression of fiber-specific
receptors is required for the susceptibility of mouse cells to
infection by adenovirus or whether alternate pathways for virus
attachment and entry exist in vivo that may be retained by
some but not all cultured mouse cells.
There is substantial evidence that, although integrins pro-

mote the internalization of virus by host cells, they are not
essential for Ad2 infection of cultured human cells (2, 40). The
mechanism of integrin-mediated uptake of virus by human
cells has not been determined; however, simultaneous engage-
ment of the fiber and penton base ligands on the virus capsid
by their respective receptors would juxtapose the integrin and
fiber receptor, possibly resulting in the formation of a complex.
It would be interesting to determine whether such an interac-
tion, if it exists, generates a signal that regulates the internal-
ization of virus. Ad2 mutants lacking functional penton base
RGD sequences are internalized by cultured human cells at a
rate markedly slower than that of the wild-type virus (2, 10). A
comparison of the kinetics of wild-type and RGD mutant virus
infection of T14 cells would indicate whether integrins are also
involved in virus uptake by these cells. Integrin-mediated up-
take of Ad2 by T14 cells would imply that, if the formation of
a receptor-integrin complex generates a signal that regulates
endocytosis of virus, then this signal may be generated when
the receptor and integrin components are derived from differ-
ent species. Recently we found that internalization of RGD-
negative Ad2 mutants by A549 cells occurs at a rate which is
dependent on the concentration of fiber receptors on the cell
membrane (10), suggesting that virus can be internalized by an
integrin-independent pathway that requires the interaction of
each virus particle with multiple fiber receptors. Thus, if the
human fiber receptor and mouse integrin cannot interact to
generate a signal, Ad2 virus might enter cells by this alternate,
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integrin-independent mechanism. Molecular cloning of the
Ad2 receptor will provide a powerful approach to understand-
ing the molecular mechanism of adenovirus entry into human
cells.
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