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Recombinant adenovirus (Ad) vectors have been used extensively to deliver foreign genes to a variety of cell
types in vitro and in vivo (17,19). One
problem associated with the use of Ad
vectors has been the difficulty of constructing a vector. We recently developed an efficient method for constructing an E1 (E1/E3 or E1/E3/E4)-deleted
Ad vector by means of simple in vitro
ligation (21,22). In this system, three
unique restriction sites, I-CeuI, SwaI,
and PI-SceI, are inserted into the E1
deletion site of the vector plasmid containing a complete E1 (E1/E3 or
E1/E3/E4)-deleted Ad genome; foreign
genes can then be easily introduced
into the E1 deletion site of the Ad
genome by simple in vitro ligation using the I-CeuI and PI-SceI sites. This
system is simple and efficient, although
it only allows foreign genes to be introduced into the E1 deletion region. Most
first-generation Ad vectors in current
use are of the E1-substitution type.
However, in some cases, it is desirable
for foreign genes to be introduced into
the E3 deletion region as well as into
the E1 deletion region. For example,
when heterologous gene expression
cassettes inserted into the E1 deletion
region are co-expressed, promoter interference can occur [i.e., transcription
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from one promoter suppresses transcription from another (6,9,10)]. An Ad
vector containing foreign genes that
can be introduced into both the E1 and
E3 deletion regions eliminates such
problems because each gene can be efficiently expressed.
In this study, we developed a system
for introducing genes of interest into
both the E1 and E3 deletion regions
based on simple plasmid construction.
A unique restriction site, Csp45I, ClaI,
or I-SceI, was introduced into the E3
deletion region of the Ad vector plasmid containing the unique I-CeuI,
SwaI, and PI-SceI sites in the E1 deletion region. This modification allows
for in vitro ligation to construct an Ad
vector containing genes of interest into
the E3 deletion region as well.
Several systems for constructing Ad
vectors have been developed (1–3,5,7,
8,15,18,20,24,25). In several methods,
Ad vectors carrying foreign genes into
both the E1 and E3 deletion regions can
be constructed. In the method developed by Graham et al. (2), a unique PacI
site in the E3 deletion region of the plasmid containing the Ad genome can be
used for cloning the gene of interest into
the E3 deletion region, and then another
gene of interest is inserted into the E1
deletion region by homologous recombination in 293 cells. However, inefficient homologous recombination in 293
cells is required to introduce a second
foreign gene into the E1 deletion region.
Recently, they developed a system that
overcomes this inefficiency by using
Cre-loxP (FLP-FRT)-based recombination (24,25). Another method for generating an Ad vector that can carry foreign genes into both the E1 and E3

deletion regions is based on homologous recombination in bacteria (3,5,15).
However, this method requires specialized bacterial strains (e.g., BJ5183).
Thus, the cloning process is complicated. Another method recently developed
by Danthinne and Werth (7,8) used in
vitro ligation with cosmid, but this was
a complicated procedure because it required λ packaging. In contrast, our
method is based on only routine, simple
plasmid construction, and should be
useful as an alternative method in constructing such Ad vectors.
Figure 1, panels A and B, shows new
vector and shuttle plasmids. For convenience in cloning, we constructed several vector plasmids with the Csp45I,
ClaI, or I-SceI site in the E3 deletion region. Shuttle plasmids pHM10,
pHM11, and pHM13 contain I-SceI,
ClaI/Csp45I, or ClaI sites flanked by a
multicloning site. Detailed information
regarding their construction is available
from the authors upon request.
As a representative example, we
constructed an Ad vector containing the
tetracycline (tet)-controllable expression system (12). First, a tet-responsive
transcriptional activator (tTA) gene driven by the cytomegalovirus (CMV)
promoter was introduced into the E3
deletion region of the vector plasmid
pAdHM20. Then, a luciferase gene driven by the promoter containing a tet-responsive element (TRE/CMV) was introduced into the E1 deletion region as
described previously (22), resulting in
pAdHM20-TetL (Figure 1, panel C). In
this case, we used the Csp45I and ClaI
sites for cloning into the E3 deletion region, which produces compatible cohesive ends. If the gene of interest does
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not have both the Csp45I and ClaI sites
(the tTA expression cassette does not),
then recombinant plasmid can be produced easily. That is, when the foreign
gene cloned into a shuttle plasmid containing Csp45I or ClaI is inserted into
the ClaI or Csp45I site of the vector
plasmid, recombinant plasmid is produced from recleavable ligation products. Therefore, the generation of
parental plasmid that is derived from
self-ligated products is prevented by
the digestion of ligation products by

ClaI or Csp45I. Moreover, after the digestion of the shuttle plasmid with ClaI
or Csp45I, fragment isolation from
agarose gel was not required because a
shuttle plasmid has a kanamycin resistance gene, while a vector plasmid has
an ampicillin resistance gene. When the
gene of interest has both the Csp45I
and ClaI sites, the I-SceI site (i.e.,
pAdHM21 and pHM10) can be used
for cloning. I-SceI recognizes the 18-bp
sequence, which makes it a rare cutter
and ideal to use as a cloning site.

Recombinant virus AdHM20-TetL
was produced by the transfection of
PacI-linearized plasmid pAdHM20TetL into 293 cells and was prepared as
described previously (21). Viral titer
was determined as previously described
(16). DNA restriction analysis showed
that the recombinant plasmid and virus
contained the expected fragments (data
not shown).
Figure 2 shows the functionality of
the recombinant Ad vector AdHM20TetL, which contains the tet-controllable
expression system. HeLa (human epitheloid carcinoma of the cervix) and SK
HEP-1 cells (endothelial cell line derived from the human liver) were transduced with AdHM20-TetL (MOI = 20)
and cultured with medium containing
various concentrations of tetracycline.
Controllable luciferase production in
both cell lines was realized in this Ad
vector system. In the medium with a
tetracycline concentration of more than
100 ng/mL, luciferase production in the
cells was suppressed. However, it must
be noted that very low levels of background luciferase production (i.e., HeLa,
4.0%, SK HEP-1, 1.2%, compared with
the maximum production) were detectable in both cell lines, even at a tetracycline concentration of 10 μg/mL. Regulatable luciferase production was also
observed in other cell lines (i.e., HepG2,
human hepatoma, ECV304, endothelial
cell line derived from human umbilical
vein) (data not shown).
A binary transgene expression sysFigure 1. Construction of self-contained Ad
vector carrying the tet-regulatable gene expression system. pAdHM20 and pHM11-TetOff,
in which the CMV promoter-driven tTA gene was
cloned into pHM11, were digested with ClaI and
Csp45I, respectively, and ligated without gel purification of the fragment. Ligation products were
digested with ClaI to reduce the appearance of a
parental plasmid then transformed with E. coli
(DH5α), resulting in pAdHM20-TetOff1. Then,
the luciferase gene driven by TRE/CMV, which
had been cloned into the shuttle plasmid containing I-CeuI and PI-SceI sites, was inserted into the
E1 deletion site of pAdHM20-TetOff1 as reported previously (22). The resulting plasmid (pAdHM20-TetL) was digested with PacI and transfected into 293 cells, generating a recombinant
Ad vector carrying a tet-regulatable gene expression system. (A) Vector plasmids pAdHM19,
pAdHM20, and pAdHM21. (B) Shuttle plasmids
pHM10, pHM11, and pHM13. (C) Diagram of
the scheme for constructing a self-contained Ad
vector carrying the tet-regulatable gene expression system.
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tem in which heterologous genes can be
inserted into both the E1 and E3 regions
has certain advantages over a system in
which heterologous genes can be inserted only into the E1 deletion region. Several reports on tet-regulated expression
systems using Ad vectors have appeared (4,11,13,14,23). In most of these
experiments, two kinds of E1-substituted Ad vectors were co-transduced, one
expressing the tTA and the other, driven
by a tet-responsive promoter, expressing the gene of interest (11,13,14,23).
The single vector system described in
this study has the advantage of eliminating extra labor to generate vectors and
does not require co-transduction.
Our system, which can introduce
foreign genes into both the E1 and E3
deletion region by means of simple in
vitro ligation, combined with a variety
of vectors and shuttle plasmids (21,22),
would be a powerful tool for constructing recombinant Ad vectors for gene
therapy and gene transfer experiments.

Figure 2. Tet-dependent luciferase expression
by AdHM20-TetL. (A) HeLa and (B) SK HEP1 cells were transduced with AdHM20-TetL and
cultured with medium containing various concentrations of tetracycline. After being cultured for
48 h, luciferase production in the cells was determined. All data represent the mean ± SD of experiments performed in triplicate.
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