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We have used the defective human parvovirus adeno-associated virus (AAV) as a novel eucaryotic vector
(parvector) for the expression of a foreign gene in human cells. The recombinant, pAV2, contains the AAV
genome in a pBR322-derived bacterial plasmid. When pAV2 is transfected into human cells together with
helper adenovirus particles, the AAV genome is rescued from the recombinant plasmid and replicated to
produce infectious AAV particles at high efficiency. To create a vector, we inserted a procaryotic sequence

coding for chloramphenicol acetyltransferase (CAT) into derivatives of pAV2 following either of the AAV
promoters p4o (pAVHiCAT) and Plg (pAVBcCAT). When transfected into human 293 cells or HeLa cells,

pAVHiCAT expressed CAT activity in the absence of adenovirus. In the presence of adenovirus, this vector
produced increased amounts of CAT activity and the recombinant AAV-CAT genome was replicated. In 293
cells, pAVBcCAT expressed a similar amount of CAT activity in the absence or presence of adenovirus and the
recombinant AAV-CAT genome was not replicated. In HeLa cells, pAVBcCAT expressed low levels of CAT
activity, but this level was elevated by coinfection with adenovirus particles or by cotransfection with a plasmid
which expressed the adenovirus early region 1A (ETA) product. The ETA product is a transcriptional activator
and is expressed in 293 cells. Thus, expression from two AAV promoters is differentially regulated: expression
from Pl9 is increased by ETA, whereas p4o yields high levels of constitutive expression in the absence of ETA.
Both AAV vectors were packaged into AAV particles by complementation with wild-type AAV and yielded
CAT activity when subsequently infected into cells in the presence of adenovirus.

Analysis of gene expression in mammalian cells has been
greatly facilitated by the development of procedures for
introducing specific genes into cells. In particular, eucaryot-
ic virus genomes are currently being developed as vectors
for the expression of genes in mammalian cells. Vectors
based on RNA viruses such as retroviruses or on DNA
viruses including papovaviruses, adenoviruses, herpesvi-
ruses, or poxviruses have been described (12, 22, 39, 49, 52).
Each of these groups of viruses has various advantages and
disadvantages as eucaryotic vectors. Thus far, a major group
ofDNA viruses, the parvoviruses, has not been exploited as
potential vectors.
One parvovirus, adeno-associated virus (AAV), has a

number of features which suggest that it may be useful as a
eucaryotic expression vector. The AAV type 2 (AAV2)
genome is 4,675 nucleotides long (57) and contains three
transcription promoters (6, 15, 36, 38, 40). AAV replication
occurs in a wide variety of hosts, including human, simian,
or rodent cells, provided the appropriate adenovirus or
herpesvirus helper functions are available (4). In the absence
of helper functions, the infecting AAV genome covalently
integrates into cell chromosomal locations but can be res-
cued by addition of helper virus (8, 18, 20). Thus, AAV
represents an inducible system and may be useful as a vector
for either transient expression or integration of genes in
mammalian cells.
When a recombinant plasmid, pAV2, containing the entire

AAV2 DNA genome inserted in a pBR332-derived bacterial
plasmid via Bghll linkers is transfected into human 293 cells
together with helper adenovirus, the AAV genome is res-
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cued from the recombinant and replicated to produce infec-
tious progeny virus (35). Here we describe experiments
which show that a non-AAV coding sequence inserted into
pAV2 can be expressed transiently under the control of
either of two AAV promoters. For these studies we have
used the coding sequence for the procaryotic gene for
chloramphenicol acetyltransferase (CAT). Transient expres-
sion of CAT activity in mammalian cells can be readily
assayed (13, 32).
We inserted the CAT gene-coding sequence downstream

of the AAV promoter P40 (plasmid pAVHiCAT) or Pl9
(plasmid pAVBcCAT). Both constructions expressed CAT
activity when transfected into human 293 cells or HeLa
cells. Comparison of the level of CAT expression in the two
cell lines in the presence or absence of adenovirus particles
or a plasmid containing the adenovirus early region 1A
(ElA) gene suggests that the two AAV promoters are
differentially regulated.

Transfection of either pAVHiCAT or pAVBcCAT into 293
cells in the presence of both wild-type AAV DNA and
adenovirus allowed replication and packaging of either type
of AAV-CAT recombinant genome into AAV particles.
Subsequent infection of these recombinant AAV particles
into other cells resulted in expression of CAT activity. These
parvectors, which can be used for transient expression and
packaged into AAV particles, increase the number of avail-
able vectors and provide additional flexibility in design of
experiments to introduce various genes into mammalian
cells.

MATERIALS AND METHODS
Viruses and cells. AAV2 and adenovirus 2 (Ad2) were

grown as described before (5). Production of AAV capsid
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antigen was assayed by fixing cells at 24 to 30 h after
infection or 48 h after transfection and staining for AAV
capsid protein, using an indirect immunofluorescence assay
as described previously (5). Production of infectious AAV
was assayed by titrating cell lysates on KB cells grown in
monolayer and using the same AAV immunofluorescence
procedure (5).
Human 293-31 cells, an established line of adenovirus-

transformed human embryonic kidney cells (14), or HeLa
cells were grown at 37°C in monolayer culture in 35-mm
plastic dishes in Eagle minimal essential medium supple-
mented with antibiotics and 10% fetal calf serum.
Growth and purification of plasmids. Plasmids or DNA

ligation mixtures were used to transform Escherichia coli
HB101, using the RbCl procedure (31), and ampicillin-
resistant colonies were selected by growth on Luria broth
agar containing ampicillin (50 jig/ml). Individual colonies
were examined for the presence of the appropriate plasmid
by growing small-scale cultures in Luria broth medium and
lysing according to the rapid boiling procedure (21). Plas-
mids in the minilysates were analyzed by restriction endonu-
clease cleavage and electrophoresis in agarose gels. All
restriction endonucleases were purchased from New En-
gland Biolabs (Beverley, Mass.), Bethesda Research Labs
(Gaithersburg, Md.), or Boehringer Mannheim (Indianapo-
lis, Ind.) and were used according to the supplier's specifica-
tions. When required, DNA fragments were purified from
agarose gels according to the procedures of Langridge et al.
(33) or Weislander (62). Large-scale preparations of plasmids
were obtained by growing the appropriated E. coli strain in
minimal M9 medium supplemented with Casamino Acids
(0.2%), thiamine (1 ,ug/ml), and ampicillin (20 pig/ml) and
amplifying with chloramphenicol (100 ,ug/ml) or kasugamy-
cin (1 mg/ml). Plasmids were then purified according to the
procedure of Humphreys et al. (23), as specified by Moore et
al. (44).
For cleavage with Bcll, plasmids were grown in the

methylation-deficient strain E. coli GM119 (9) obtained from
N. Jones. All manipulations with recombinant DNA were

performed in accordance with National Institutes of Health
guidelines.

Construction of individual plasmids. The important fea-
tures of the plasmids used in this work are listed in Table 1.

Plasmids pSV2CAT and pSVOCAT (13, 32) were obtained
from L. Laimins. These two plasmids contain the procaryot-
ic sequences coding for CAT (13) inserted within the simian
virus 40 (SV40) early gene transcription unit of an SV40-
pBR322 vector. pSVOCAT was derived from pSV2CAT by
deletion of the SV40 promoter located 5' to the inserted CAT
sequence. The pSV2CAT and pSVOCAT plasmids used here
differ slightly from those described before (13, 32) by an
additional deletion of a 610-base pair (bp) MboI fragment of
SV40 DNA (SV40 DNA nucleotides 4,035 to 4,645) immedi-
ately 3' to the inserted CAT gene. This additional deletion
removed the SV40 small-t intron (B. Howard, personal
communication).

Plasmid pJN20 (obtained from N. Jones) contains the left-
hand 0 to 7.8% HindIII fragment of AdS inserted at the
HindIII site of pBR322 and expresses the AdS ElA gene

(27).
Figure 1 shows the structure of the AAV2 genome, the

location of relevant restriction sites, and the structures of
individual AAV plasmids used in this study. pA11P.Xba is a
pBR322-derived plasmid containing a polylinker sequence
(17, 35). pAV2 contains the entire AAV2 genome inserted
via BglII linkers into pA11P.Xba (35). pAVdlHc23 was

TABLE 1. Plasmids used in this work"

Plasmid Relevant properties Reference(s)

pSV2CAT CAT expression from early SV40 13,32
promoter

pSVOCAT Deletion of promoter from 13,32
pSV2CAT

pJN20 Expresses AdS ElA gene product 27
pAllP * Xba pBR322 derivative containing 17,35

polylinker
pAV2 Contains infectious AAV2 genome 35

in pAllP Xba
pAVdlHc23 Deletion of capsid antigen from This work

pAV2
pAVHiCAT CAT expression from AAV P4o This work
pAVHiTAC CAT in opposite orientation to This work

pAVHiCAT
pAVBcTAC CAT expression from AAV Plg This work
pAVBcTAC CAT in opposite orientation to This work

pAVBcCAT
a Construction and detailed properties of the plasmids are described further

in the text.

derived from pAV2 by deletion of the Hincll fragment
between map positions 51 and 86 (i.e., between sites Hc2
and Hc3) as described elsewhere (59).
pAVHiCAT and pAVHiTAC were derived by insertion of

the CAT coding sequence into the Hindlll site of
pAVdlHc23, and pAVBcCAT and pAVBcTAC were derived
by insertion of the CAT sequence between the Bcll and
BstEIl sites of pAV2. These plasmids were constructed as
follows. The CAT coding sequence was obtained by cleaving
the modified pSVOCAT described above with HindlIl and
HpaI to generate a 873-bp HindIIIIHpaI fragment.
pAVdlHc23 was cleaved with HindlIl and ligated with the
868-bp CAT fragment, using T4 DNA ligase (Boehringer
Mannheim). The ligation mixture was then treated with
DNA polymerase I Klenow fragment (Boehringer Mann-
heim) to convert the remaining HindlIl cohesive end to a
blunt end. This repaired end was then joined to the HpaI
blunt end with T4 DNA ligase (Collaborative Research,
Waltham, Mass.) under the conditions for blunt-end
ligation. This yielded two plasmids, pAVHiCAT and
pAVHiTAC, containing the CAT sequence in opposite ori-
entations. In a second set of constructions, pAV2 was
cleaved with Bcll and BstEII. The cohesive ends of the
pAV2 large BclIlBstEII fragment as well as that of the CAT-
containing HindIIIlHpaI fragment were blunt ended with
DNA polymerase I Klenow fragment. The two fragments
were then joined by blunt-end ligation to yield two plasmids,
pAVBcCAT and pAVBcTAC, containing the CAT sequence
inserted in opposite orientations. In pAVBcCAT the con-
struction resulted in regeneration of the BclI site as verified
by BclI cleavage of pAVBcCAT.

Transfection of cells with recombinant plasmid DNA. All
transfection experiments were performed on 293 or HeLa
cells grown in 35-mm plastic dishes, using either a DEAE-
dextran or a CaPO4 procedure. A total of 106 cells were
seeded 24 h before transfection.
The DEAE-dextran procedure (42, 45) was used when

assaying recombinant AAV DNA for replication and was
performed as described before (35). Mixtures of recombinant
DNA (1 to 20 ,ug per dish as specified in individual experi-
ments) in the presence or absence of helper adenovirus
particles (5 PFU per cell) were added to subconfluent cells in
the presence of minimal essential medium containing 250 pg
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FIG. 1. Structure of the AAV2 genome and AAV-CAT plasmids. The upper portion shows diagrammatically the structure of AAV2 DNA
on a scale of 100 map units. Restriction endonuclease sites are designated as follows: Bc. Bc/I: Hc. Hincll; Bs. BstEII: Hi. Hindlll. For Hc.
the sites in AAV are designated numerically from the left as indicated by the number following the abbreviated name. e.g.. Hc2. Horizontal ar-
rows show the structures of the six AAV mRNAs having the sizes as indicated (in kilobases [kb]) at the right. The caret indicates the AAV in-
tron. The arrowhead indicates the polyadenylation site at 96 map units. p5. p19 and P40 indicate the three promoter sites. Based on sequence
analysis, potential open reading frames accessible from each RNA are indicated by the boxes above or below individual RNAs as follows: orf-
1, open boxes; orf-2. stipled box (map units 60 to 92); orf-3. horizontally shaded box. The location of restriction sites, 5' termini of RNAs. ini-
tiation and termination sites of reading frames, and the intron are also designated by the nucleotide number according to the AAV DNA
numbering scheme of Srivastava et al. (57), in which nucleotide 1 is at the left and nucleotide 4.675 is at the right (100 map units). The lower
portion shows the structure of the AAV-CAT plasmids. The parental AAV-plasmid pAV2 contains the entire AAV2 genome (solid horizontal
line) inserted into a pBR322-derived plasmid (open circle) via BglII linkers. The figure is drawn approximately to scale and several reference
restriction sites are shown in the plasmid sequence as well as the location of the ampicillin resistance gene (amp). The construction of
individual plasmids is described fully in the text. Briefly, in pAVBcCAT and pAVBcTAC. the AAV Bc/Bs fragment was replaced by the CAT
fragment. In pAVHiCAT and pAVHiTAC, the AAV Hc2/Hc3 fragment was deleted to give the AAV mutant pAVd/Hc23, and the CAT
fragment was then inserted at the AAV Hi site. The inserted CAT fragment consisted of 29 5' untranslated nucleotides (small open box), 660
nucleotides of CAT coding sequence (large open box). 86 3' untranslated nucleotides (diagonally shaded box). and 98 nucleotides of SV40
sequence.

of DEAE-dextran per ml (average molecular weight,
500,000; Sigma Chemical Co., St. Louis, Mo.) and 50 mM
Tris-hydrochloride (pH 7.5) for 20 min. After 20 min the
mixture was removed and the cells were washed once with
minimal essential medium containing 10% fetal calf serum.
The wash medium was then replaced with fresh medium and
the incubation was continued. For in vivo labeling of viral
DNA, the cell growth medium was replaced with low-
phosphate medium (1% of normal phosphate concentration)
at 16 h after transfection and supplemented with H332P04 (10
to 20 p.Ci/ml; New England Nuclear, Boston, Ma.).
CaPO4 transfection was used when the recombinant plas-

mids were to be tested for expression of enzyme activity or
AAV capsid antigen fluorescence or for packaging recombi-
nant DNA into AAV particles. CaPO4 transfections of
mixtures of recombinant DNA were performed essentially

according to the procedure of Wigler et al. (63). Adenovirus
particles (5 to 10 PFU/ml) were added 1 h before transfec-
tion.

Analysis of intracellular viral and plasmid DNA. Viral DNA
was selectively extracted from cells at 40 h after transfec-
tion, using a Hirt (19) procedure modified to prevent rean-
nealing of AAV single-stranded DNA and to remove con-
taminating RNA as described before (7). DNA was
electrophoresed in horizontal 0.7% agarose gels (11 by 14
cm) in 10 mM Tris-40 mM sodium acetate-1 mM EDTA (pH
8.0) at 100 mA per gel. The gels were then dried down and
autoradiographed directly with an intensifying screen
(Cronex 70; Du Pont Co., Wilmington, Del.) or blotted onto
nitrocellulose paper (56) and hybridized with AAV 32P-DNA
labeled by in vitro nick-translation (53). After hybridization
in 6x SSC (SSC = 0.15 M NaCl plus 0.015 M sodium citrate)

pAV2

pAVBcCAT

pAVBcTAC

pAVHiCAT

pAVHiTAC
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at 70°C for 16 to 24 h, the nitrocellulose paper was washed in
0.1 x SSC-0.05% sodium dodecyl sulfate at 52°C and autora-
diographed.

Assay of CAT activity in human cells. CAT activity in
transfected cells was determined as described before (13).
Cell extracts were made at 48 h after transfection. The assay
mixture contained (in a final volume of 180 ,ul) 130 [lI of 0.25
M Tris-hydrochloride (pH 7.5), 20 pAl of cell extract, 20 ,ul of
4 mM acetyl coenzyme A, and 0.5 ,uCi of [dichloroacetyl-
1,2-14C]chloramphenicol (43.2 Ci/mol; New England Nucle-
ar) and was incubated for 30 to 60 min at 37°C. Reactions
were stopped and extracted with cold ethyl acetate, and the
extent of acetylation of chloramphenicol was determined by
thin-layer chromatography on silica gel plates run with
ascending chloroform-methanol (95:5). The thin-layer plate
was autoradiographed, the spots were cut out, and the
radioactivity was measured by liquid scintillation counting.
The results are expressed as the proportion of chlorampheni-
col acetylated by 201¶l of the cell extract (i.e., by the CAT
activity from 2 x 10 cells). Control reactions contained E.
coli CAT (0.5 U) obtained from P-L Biochemicals (Pis-
cataway, N.J.).

RESULTS

Structure of the AAV2 genome. The structure of the AAV2
genome and the plasmids used in this study are shown in Fig.
1. AAV DNA contains three overlapping transcription units
with separate promoters, p5, Plg, and p4o (15, 36, 38, 40), and
two major open reading frames (orf) as determined from the
nucleotide sequence (57). orf-1 is in the left half of the
genome and apparently can be entered from transcripts
originating from either p5 or Plg Also, splicing ofAAV RNA
alters the carboxyl terminus of putative orf-I proteins. Thus,
the four largest AAV RNAs may enable orf-1 to code for at
least four proteins differing in their amino or carboxyl
termini. Other studies (59) show that orf-1 codes for at least
one function, rep, which is required for AAV DNA replica-
tion. orf-2 in the right half of the genome is apparently
accessible from the most abundant 2.3-kilobase mRNA
which specifies AAV capsid antigen (26). There are two
small reading frames (orf-3 and the carboxy terminus of orf-
1) which may be accessible from the unspliced 2.6-kilobase
transcript.

Structure of the AAV-CAT plasmids. The DNA containing
the CAT coding sequence (1) which we used was a 873-bp
fragment including 775 bp of procaryotic Tn9 sequence
followed by 98 bp derived from nucleotides 2,606 to 2,704
(HpaI to Bcll) of SV40 DNA. The SV40 sequence is located
within the carboxyl terminus region of the SV40 large-T
antigen but contains no SV40 control signals. In the vectors
we describe here, the SV40 sequence is located downstream
of the CAT termination codon and is not expected to be
expressed. The 775 bp of procaryotic DNA contains the
CAT coding sequence (660 nucleotides) together with 29
untranslated nucleotides 5' to the AUG codon and 86
nucleotides 3' to the UAA termination codon (1).
The structure of the AAV-CAT plasmids is summarized in

Fig. 1. The inserted CAT-SV40 sequence contained neither
its procaryotic promoter nor any SV40 transcriptional con-
trol signals and therefore was expected to be expressed only
under the control of AAV transcription signals. The HindlIl
site of AAV2 occurs 29 nucleotides downstream from the 5'
terminus of transcripts originating from p4o (15, 36). Thus, in
the 2.3-kilobase spliced mRNA which is the major AAV

transcript, the HindIII site occurs within the 53-nucleotide
untranslated leader. Therefore, in pAVHiCAT, the CAT
coding sequence is preceded by 58 untranslated nucleotides
downstream from the 5' start point of transcription from P40.
In this construction the CAT coding sequence is not in frame
with orf-1. In pAVHiTAC, the orientation of the CAT
sequence is opposite to that of the AAV transcription unit
and is not expected to be expressed.
The first AUG codon of orf-1 within the AAV Plg tran-

scription unit occurs 121 nucleotides downstream from the 5'
terminus of the Plg transcripts. The Bcll site occurs 92
nucleotides from the 5' terminus of this RNA. Insertion of
the CAT fragment at this site in pAVBcCAT regenerated the
Bcll site. Therefore, in the chimeric Pl9 transcripts, the first
AUG codon of the CAT coding frame occurs 134 nucleotides
downstream from the 5' terminus, which is similar to orf-1 in
the normal AAV Plg mRNA. In pAVBcCAT, the CAT
coding sequence is not expected to be translatable by read-
through from P5 transcripts because deletion of p5 has no
effect on expression of CAT (Tratschin, unpublished data).
There is one other feature of the P19 transcripts which is
detailed below (see Discussion). pAVBcTAC has the CAT
sequence inserted opposite to the AAV transcriptional unit.

In both pAVBcCAT and pAVHiCAT, the CAT sequence
is inserted upstream of the AAV intron and splicing
is not required to express CAT. Thus, pAVBcCAT and
pAVHiCAT can be used as a measure of Plg and p4o activity,
respectively. Note that in referring to plasmids we use the
prefix "p" to designate the entire AAV-plasmid, e.g.,
pAVHiCAT. In referring to the AAV genome contained in,
or rescued from, the plasmid we omit the prefix, e.g.,
AVHiCAT.

Replication of chimeric AAV-CAT genomes. Replication of
the recombinant AAV-CAT genomes was tested in 293 cells.
In the presence of adenovirus particles, transfection of 293
cells with plasmids containing intact AAV genomes results
in replication of the AAV genome free of the plasmid
sequence (35, 54, 54a). Thus, replication of wild-type AAV
genomes (58) from pAV2 results in production of monomeric
and dimeric duplex replicative form (RF) molecules and
progeny ss molecules (Fig. 2). Plasmid pAVHiCAT, like the
parent plasmid pAVdlHc23, yielded 32P-labeled, duplex RF
molecules of the size expected for the mutant AAV ge-
nomes. The AVHiTAC genome consistently replicated very
poorly and RF molecules were barely detectable in the gel
autoradiogram (Fig. 2, track 2). AVHiCAT did not produce
ssDNA (Fig. 2, track 1) presumably because, like AVdlHc23
(Fig. 2, track 6), it is deleted for the capsid protein (59).
Neither pAVBcCAT nor pAVBcTAC yielded any replicat-
ing genomes, but AVBcCAT could be complemented for RF
synthesis by a replicating mutant AAV such as AVdlHc23
(Fig. 2, track 7).

In the absence of adenovirus, none of the AAV genomes,
including that from pAV2 or AAV particles, replicated in
either 293 or HeLa cells (data not shown). Replication of
AAV requires the adenovirus E4 gene (4, 7, 25, 51) which is
not expressed in 293 cells or HeLa cells.

Transient expression of CAT activity in 293 cells transfected
with CAT plasmids. We first examined the expression of
CAT activity in 293 cells transfected with recombinant
plasmids in the presence or absence of adenovirus infection.
One example of an autoradiogram of a thin-layer assay of
CAT activity is shown in Fig. 3. In general, after autoradio-
graphic exposure, the amount of radioactivity was quantitat-
ed, and the results from several experiments are summarized
in Table 2. Initial experiments (Fig. 3A) performed in the
presence of adenovirus showed that pAVBcCAT and
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FIG. 2. Replication of AAV vectors. Adenovirus (Ad)-infected
293 cells were transfected with various AAV-plasmid DNAs. The
viral DNA, labeled with 32P in vivo, was extracted and electrophor-
esed in an agarose gel followed by autoradiography as described in
the text. Cultures were transfected with 10 p.g of supercoiled DNA
as follows: track 1, pAVHiCAT; track 2, pAVHiTAC; track 3,
pAVBcCAT; track 4, pAVBcTAC; track 5, pAV2; track 6,
pAVdlHc23; track 7, pAVBcCAT plus pAVdlHc23. For each cul-
ture the AAV DNA species are indicated: duplex RF monomer (0);
duplex RF dimer (U); progeny ssDNA (0). In track 7 only AVBc-
CAT RF DNA is indicated. Lanes 5 to 7 are from a separate gel. The
arrow indicates one or two cell DNA bands which are usually seen
(35). In some tracks, the duplex RF is obscured. In track 2, the
AVHiTAC monomer RF can be seen readily on the original autora-
diogram.

pAVHiCAT both expressed CAT activity, whereas there
was no detectable expression from either pAVHiTAC or

pAVBcTAC or from pAVdlHc23. Apparently, the CAT
expression observed from pAVHiCAT or pAVBcCAT was
under the control of AAV promoters since insertion of CAT
in the opposite orientation abolished the activity. In 293 cells
plasmids pAVHiCAT and pAVBcCAT both expressed sig-
nificant levels of CAT in the absence of adenovirus (Fig.
3B), and, generally, expression from the AAV P19 promoter
in pAVBcCAT was about two- to threefold higher than that
from p4o in pAVHiCAT (Table 2). In the presence of the
helper adenovirus, CAT expression was increased six- to
sevenfold from pAVHiCAT, but there was no significant
effect on the level of expression from pAVBcCAT (Fig. 3B).
Indeed, the very small increase in CAT expression from
pAVBcCAT in the presence of adenovirus seen in the
experiment of Fig. 3B was not seen in other experiments
(Table 2).

CAT activity was also expressed from plasmid pSV2CAT
transfected into 293 cells but not from pSVOCAT in which
both the SV40 promoter and the enhancer sequences were
deleted (Table 2). Furthermore, CAT expression from
pSV2CAT was not significantly altered by coinfection with
adenovirus. CAT expression from both of the AAV promot-
ers appeared to be quite efficient as compared with the
enhanced SV40 promoter in pSV2CAT.

Expression of CAT from recombinant plasmids in HeLa and
293 cells and effect of adenovirus ElA genes. 293 cells are
transformed by Ad5 (14) and express the adenovirus ElA
gene product, which is a transcriptional activator of other
adenovirus early genes (2, 28, 47). We therefore examined
CAT expression from the AAV vector in non-adenovirus-
transformed human HeLa cells. CAT expression in HeLa
cells from pAVHiCAT was about 10-fold higher than from
pAVBcCAT (Table 3). When the HeLa cells were also
transfected with a second plasmid, pJN20, which expresses
the adenovirus ElA gene, CAT expression from
pAVBcCAT was increased significantly, whereas expres-
sion from pAVHiCAT was not. When the HeLa cells were
infected with adenovirus particles, CAT expression from
pAVHiCAT was increased 10-fold and that from
pAVBcCAT was increased nearly 4-fold.

In the experiment of Table 3, the levels of CAT expression
from pAVHiCAT in HeLa cells were similar to those in 293
cells (Table 2). However, 293 and HeLa cells do not neces-
sarily exhibit the same efficiency of transfection for exoge-
nous DNA, and therefore the levels of CAT activity cannot
be directly compared in the two cell lines. Nevertheless,
these results suggest that the AAV promoters are differen-
tially regulated. As judged from the HeLa cells, p40 may be
intrinsically more efficient than Plg but in these cells the
expression from Plg could be increased by addition of a
plasmid expressing ElA. This result is reflected in 293 cells
in which Plg was somewhat more efficient than P40, although
we have not determined whether the level of ElA protein in
293 cells is equivalent to the level in HeLa cells transfected
with the ElA plasmid. Thus, Plg is more readily stimulated
by ElA than is P40.
CAT expression after packaging of recombinant AAV CAT

genomes in AAV particles. We tested whether the AVHiCAT
or AVBcCAT genomes could be packaged into AAV parti-
cles when the capsid protein or replication function was
supplied by complementing pAV2 DNA, as shown in the
experiment summarized in Fig. 4 and Table 4. 293 cell
cultures were transfected with pAVHiCAT or pAVBcCAT
with or without pAV2 in the presence of adenovirus. At 44 h,
portions of each of these passage 0 (PO) cultures were
extracted for viral DNA or assay of CAT activity. The
remainder of each culture was lysed and used to infect fresh
cultures (P1) of 293 cells in the presence or absence of
additional adenovirus. The P1 cultures were analyzed at 44 h
for viral DNA and CAT activity as before. The analysis of
viral DNA from the PO and P1 cultures is shown in Fig. 4,
and the analysis of CAT activity is shown in Table 4.

In PO, both AAV-CAT constructions gave CAT activity at
the expected levels (Table 4). The presence of complement-
ing pAV2 had little effect on expression from HiCAT but
decreased that from BcCAT. The reason for this is not
known but is under investigation. Particles from the PO
culture transfected with pAVHiCAT plus pAV2 yielded a
significant amount of CAT activity in the P1 culture in the
presence of adenovirus (Table 4). No CAT activity was
detected in P1 if the original PO culture did not have pAV2 or
if adenovirus was absent in P1. These results show that, in
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FIG. 3. Assay ofCAT activity in 293 cells transfected with AAV-CAT plasmids. Cells were transfected with AAV plasmid DNA, and at 44
h lysates were prepared for assay of CAT activity, using the thin-layer procedure described in the text. Autoradiograms of thin-layer plates
from such assays are shown. The four radioactive species are: cm, ["4C]chloramphenicol; a, 1-acetate-chloramphenicol; b, 3-acetate-
chloramphenicol; c, 1,3-acetate-chloramphenicol. (A) Tracks 1 to 4 show lysates from adenovirus-infected 293 cells transfected with
pAVBcCAT (track 1), pAVBcTAC (track 2), pAVHiCAT (track 3), or pAVHiTAC (track 4). Controls with (track 6) or without (track 5)
purified CAT were performed. (B) Tracks 2 and 4 were from adenovirus-infected cells; tracks 1 and 3 were in the absence of adenovirus. 293
cells were transfected as in (A) with pAVBcCAT (tracks 1 and 2) or pAVHiCAT (tracks 3 and 4) DNA. Control experiments with (track 5) or

without (track 6) purified CAT were performed.

the PO cultures, AVHiCAT genomes were replicated and
packaged into AAV particles when complemented with
capsid protein by pAV2.

Similar results were obtained with the BcCAT genomes
(Table 4). A low level of CAT expression was seen in P1 in
the presence of adenovirus when pAV2 was used in PO. A
similar interpretation of these reults can be made except that
the failure to obtain packaged AVBcCAT genomes in PO in
the absence of pAV2 presumably reflects the rep- pheno-
type of pAVBcCAT rather than the inability to provide
capsid. To observe CAT expession in the P1 cells, adenovi-
rus was supplied to allow conversion of the ss genomes to
double-stranded structures.

Interpretation of the experiment shown in Table 4 is
strengthened by the analysis of the DNA genomes (Fig. 4).
In PO, AVHiCAT genomes replicated whether or not pAV2
was present, whereas AVBcCAT genomes replicated only
when complemented with pAV2 (Fig. 4A and B, tracks 1 to
4). Replication of the complementing wild-type genomes
derived from pAV2 was detected by blotting with the AAV
DNA probe (Fig. 4B, tracks 2 and 4). In the P1 cultures,
replication of AVHiCAT (Fig. 4A, track 8) or AVBcCAT
(Fig. 4A, track 10) genomes was seen only after infection

with lysates derived from PO cultures that were complement-
ed with pAV2. In these same P1 cultures, replication of the
complementing AAV genomes can also be seen (Fig. 4B,
tracks 8 and 10). The control P1 cultures infected with
lysates from uncomplemented PO cells showed no evidence
of either AAV or CAT sequences (Fig. 4A and B, tracks 7
and 9). When the lysate from the PO culture transfected with
pAVHiCAT and pAV2 was infected with P1 cells in the
absence of adenovirus, the only DNAs detected were two
faint bands which corresponded to the unreplicated, single
strands of AVHiCAT (Fig. 4A, track 6) and AAV wild type
(Fig. 4B, track 6). That these are indeed single strands was

verified by reannealing, before electrophoresis, a portion of
the DNA preparations which converted this DNA to double
strands (data not shown). The single strands of AVHiCAT
DNA were not detected in P1 cells if the PO culture was not
complemented with pAV2 (Fig. 4A and B, track 5). These
unreplicated single strands are characteristic of AAV ge-
nomes seen in cells infected by AAV particles in the absence
of adenovirus (41).
Two additional features of the experiment in Fig. 4 should

be noted. First, although single strands of AVHiCAT or
AVBcCAT DNA were not detected in the PO cells, they

TABLE 2. CAT expression from AAV vectors in 293 cellsa
% ["4C]chloramphenicol acetylated

Plasmid Expt 1 Expt 2 Expt 3

-Ad +Ad -Ad +Ad -Ad +Ad

pAVHiCAT 16.2 (1.0) 95.5 (5.9) 10.0 (1.0) 67.6 (6.7) 10.5 (1.0) 58.4 (5.6)
pAVBcCAT 40.6 (2.5) 37.1 (2.3) 30.8 (3.1) 28.2 (2.8)
pAVdlHc23 0 0 0 0 0 0
pSV2CAT 11.5 (1.1) 9.9 (0.9)
pSVOCAT 0 0

a Cells were transfected with 5 Fjg of the indicated plasmid in the presence (+) or absence (-) of 5 PFU of adenovirus (Ad) per cell. CAT activity was measured
and quantitated in cell lysates made 40 h after transfection, as described in the text. Values in parentheses show normalized amounts relative to the amount of
CAT expression from pAVHiCAT in the absence of adenovirus. Note that data in each experiment have been normalized separately.
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TABLE 3. CAT expression from AAV vectors in HeLa cells and
the effect of ElA

Amt of
Plasmid DNA CAT

activity
pAVHiCAT + pAllP * Xba ..................... 4.0 (1.0)
pAVHiCAT + pJN20 (ElA) .................... 5.2 (1.3)
pAVHiCAT + Ad particles .................. .. 43.9 (11.0)
pAVBcCAT + pAllP * Xba .................... 0.5 (0.1)
pAVBcCAT + pJN20 (ElA) .................... 5.7 (1.4)
pAVBcCAT + Ad particles .................... 1.8 (0.5)

a Cells (106) were transfected with 5 pLg of each of the indicated plasmids
and infected with adenovirus (Ad) particles (5 PFU per cell) as indicated. CAT
activity was quantitated and normalized as described in Table 2 footnote a.
pJN20 expressed the Ad5 ElA gene (27).

were clearly present and packaged as shown by analysis of
P1 cells, Furthermore, in the P1 cells the single strands of the
CAT mutants could be detected. This may reflect other
observations that certain AAV mutants accumulate ssDNA
relatively inefficiently in a transfection assay (P. Senapathy,
J.-D. Tratschin and B. J. Carter, J. Mol. Biol., in press). A
second feature of the DNA analysis is the detection of the

A CAT probe

component labeled as * in PO and P1 cultures derived from
transfection with pAVHiCAT plus pAV2. This component
hybridized only to the AAV DNA probe and not to the CAT
probe, which, together with its size, suggests that it may
represent AVHiCAT genomes in which the CAT insert has
been specifically deleted by recombination with the comple-
menting AAV genomes. There is a second type of instability
of both AVHiCAT and AVBcCAT genomes evident as
revealed by the minor P1 DNA component migrating slightly
faster than the AVHiCAT or AVBcCAT genomes (Fig. 4,
tracks 8 and 10). These components were not investigated
further.

DISCUSSION
The experiments described here show that AAV vectors

can be used for transient expression of a foreign gene in
human cells. Either of two AAV promoters, P19 or P40, can
be used for expression of the procaryotic CAT gene in
human cells. We have not yet tested whether the third AAV
promoter, P5, can be used in a similar way. Elsewhere it has
been shown that the CAT assay generally reflects the
amount offunctional CAT mRNA in a variety of cells (13). A
preliminary analysis indicates that the level of CAT activity

B AAV + CAT probe
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FIG. 4. Introduction into and expression of CAT activity in 293 cells after packaging of AAV-CAT genomes in AAV particles. Four (P0)
cultures of 293 cells were infected with adenovirus and transfected with plasmid DNA, using the CaPO4 procedure. After 44 h, viral DNA was
isolated from one-fifth of each culture and two-fifths of each culture was taken for CAT assay. The remainder of each PO culture was used to
infect fresh (P1) cultures of 293 cells after treating the lysates with DNase and heating at 60°C. The P1 cultures were again harvested at 44 h to
isolate viral DNA and to assay CAT activity. The assays of CAT activity are summarized in Table 4. Analysis of the DNAs isolated from the
P0 and P1 cultures is shown. The DNA samples were electrophoresed in an agarose gel and blotted. The blot was first hybridized with an in vi-
tro nick-translated, CAT coding sequence, 32P-DNA probe (A) and autoradiographed. The same blot was then hybridized with an in vitro
nick-translated, AAV 32P-DNA probe and autoradiographed again (B). Tracks 1 to 4 show DNA from the PO cultures transfected as follows:
10 ,ug of pAVHiCAT (track 1); 10 ,ug of pAVHiCAT plus 5 1Lg of pAV2 (track 2); 10 Rg of pAVBcCAT (track 3); 10 p.g of pAVBcCAT plus 5
Fag ofpAV2 (track 4). Tracks 7 to 10 show the DNA from the corresponding P1 cultures which were infected with adenovirus and lysates from
the PO cultures shown in tracks 1 to 4, respectively. Tracks 5 and 6 show DNA from P1 cultures infected with the same lysates used for the cul-
tures in tracks 7 and 8 (i.e., the PO lysates from the cultures shown in tracks 1 and 2) but in the absence of adenovirus. For both (A) and (B) two
autoradiographic exposures of tracks 5 to 10 are shown. (A) shows only DNA species containing the CAT-coding sequence, and the
monomeric duplex RF DNA (0) and progeny ssDNA (0) of these CAT-containing genomes are indicated. (B) shows all DNA species
containing AAV sequences, including recombinant AAV-CAT genomes and wild-type AAV genomes, but only the wild-type monomeric
duplex RF DNA (0) and progeny ssDNA (0) are indicated. The asterisk (*) in track 2 shows an AVdlHc23 genome (monomeric duplex RF)
derived by in vivo deletion of the CAT insert from AVHiCAT. In both (A) and (B) the arrowheads denote residual input supercoiled
pAVHiCAT (track 1) or pAVBcCAT (track 3) DNA. The bulk of the input plasmid DNA accumulates as open circular or linear DNA
molecules shown by the slowly migrating doublet in tracks 1 to 4. That the DNA species denoted as single-stranded were indeed single-
stranded was verified by electrophoresis after reannealing (not shown).
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TABLE 4. Encapsidation of AAV vectors and expression of CAT
from packaged genomes'

CAT activity in 293 cells

Plasmid DNA P1
PO (+Ad)

-Ad +Ad

pAVHiCAT 42.8 0 0
pAVHiCAT + pAV2 31.5 0 6.1
pAVBcCAT 7.9 ND 0
pAVBcCAT + pAV2 2.4 ND 0.6

a Portions of the cultures from the experiment described in Fig. 4 were
assayed for CAT activity. Results are expressed as the proportion of
['4C]chloramphenicol which was acetylated in the assay. In PO the cells (106
per culture) were transfected with 5 pLg of plasmid DNA as shown, in the
presence of adenovirus. P1 cells were infected with the corresponding PO
lysates in the presence (+) or absence (-) of adenovirus (Ad). ND, Not
determined.

expressed from pAVBcCAT and pAVHiCAT does reflect
the amount of mRNA and that the transcripts are initiated
from the expected positions in the AAV nucleotide sequence
(Tratschin, unpublished data). Therefore, our experiments
probably reflect the relative activities of the two AAV
promoters.
The AAV-CAT genomes could be packaged into AAV

particles when complemented with wild-type AAV and
adenovirus. It is of interest that the AVBcCAT genome,
which is about 3% (150 nucleotides) longer than a normal
AAV genome, can be packaged. However, we have not
determined an upper limit for the size ofDNA which can be
packaged into AAV particles. The AVHiCAT genome was
packaged into particles much more efficiently than
AVBcCAT. This may reflect the increased size of
the AVBcCAT genome or more efficient replication of
AVHiCAT.
When 293 cells were infected with packaged AAV-CAT

genomes, CAT was expressed if adenovirus was present.
The adenovirus was required presumably to allow the infect-
ing AAV-CAT genome to form double-stranded transcrip-
tion templates. However, these experiments suggest that
this vector may be useful for integration into the cell genome
either by transfection with the RNA or by packaging into
AAV particles. Furthermore, when the amount of CAT
expression (Table 4) is compared with the amount of input
DNA (Fig. 4), infection with encapsidated genomes appears
to be much more efficient than transfection for introducing
biologically active DNA into cells. Other studies to be
described elsewhere (J.-D. Tratschin, I. L. Miller, and B. J.
Carter, unpublished data) show that this vector is indeed
very efficient for chromosomal integration of selective mark-
ers.

Insertion of the CAT sequence at the Hindlll site did not
prevent RF replication but prevented accumulation of proge-
ny single strands. Insertion between the BcI and BstIIE
sites prevented both RF and ssDNA synthesis. These results
are consistent with other studies (59) which show that AAV
RF replication requires a rep function coded by orf-1 and is
blocked by deletions to the left of the HindlIl site but not by
the deletion of sequences between the HindlIl site and the
KpnI site at 89 map units. Because of the requirement for
capsid protein to accumulate AAV ssDNA (46), deletions in
orf-2 prevent synthesis of both AAV capsid and ssDNA.
Thus, plasmids pAVHiCAT and pAVHiTAC, like the parent
plasmid pAVdlHc23, each yielded double-stranded RF mol-
ecules but no ssDNA. The AVHiTAC genomes appeared to

replicate much less well than the AVHiCAT genomes. This
may be due to an effect on the efficiency with which the
AAV rep product functions, depending upon the precise
structure of its apparent carboxyl terminus.
The adenovirus ElA gene product is a transcriptional

activator of other adenovirus early genes (2, 28, 41, 47, 61) as
well as certain resident cell genes (48) and some exogenously
introduced cellular genes (11, 60). This transcriptional acti-
vation is mediated mainly by the product of the ElA 13S
mRNA rather than the ElA 12S mRNA product (3, 41, 43).
The precise mechanism of activation by ElA is not known
but may reflect a positive regulation (11, 16, 60, 61), perhaps
by interacting with cell factors (24) to catalyze the formation
of transcription complexes (10).
The expression of CAT from the two AAV promoters P19

and p4o is apparently regulated differently with respect to
ElA. Expression from pAVBcCAT (i.e., from P19) is regu-
lated by the adenovirus ElA gene. Thus, in 293 cells which
express both adenovirus genes ElA and E1B, pAVBcCAT
expressed higher levels of CAT than in HeLa cells. Howev-
er, CAT expression from pAVBcCAT in HeLa cells was
increased when plasmid pJN20, which expresses the adeno-
virus ElA gene but not E1B (27), was present. Although
ElA activated expression from P19, a low amount of expres-
sion was seen in the absence of ElA in HeLa cells. This may
mean either that P19 can indeed function at a low level in the
absence ofElA as occurs for other ElA-activated promoters
(10, 47) or that HeLa cells may be already partially activated
in the same way that occurs after expression of ElA (29).
The AAV p4o promoter functioned efficiently in either 293

or HeLa cells in the absence of adenovirus but in both types
of cell, expression from this promoter was increased 6- to 10-
fold when adenovirus was present. However, this additional
stimulation does not appear to be due simply to the ElA
expression in adenovirus-infected cells because CAT
expression from p4o was not increased by simultaneous
transfection of the HeLa cells with an ElA plasmid, pJN20.
This suggests that some adenovirus function other than ElA
may activate p4o expression or that this AAV promoter may
be preferentially activated as a result of replication of the
AVHiCAT genome either because of increased copy number
or because the replicating genome may provide a transcrip-
tion template with a different conformation. Further experi-
ments are required to resolve these possibilities. Other
studies have shown that AAV capsid protein expression
from p4, transcripts is also post-transcriptionally regulated
by the adenovirus E2A gene product and VA RNA (25, 26),
but the E2A product is not required for AAV RF synthesis
(46). Since AAV RF synthesis requires the AAV rep gene
product, this suggests that any rep gene product synthesized
from a P19 transcript is apparently not regulated by the same
post-transcriptional controls that regulate the capsid protein
expression from p4, transcripts. This is consistent with the
results described here because expression of CAT from P19
was not increased by the presence of adenovirus. These
considerations also indicate that expression of the AAV rep
gene and capsid gene are regulated by different mechanisms.
The results reported here are significant for the physiology

of the AAV growth cycle (4). AAV RF replication requires
expression of the AAV rep function from either or both of
the p5 and P19 promoters (59) as well as an adenovirus early
region E4 gene product (7, 25, 51). Subsequent accumulation
of AAV progeny ssDNA and particle assembly requires
expression of the AAV capsid protein from p4o (46). Al-
though we have not analyzed the control of the AAV p5
promoter, any rep function expressed from P19 would be
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stimulated by the ElA protein, which also stimulates expres-
sion of adenovirus E4 gene products (2, 3, 28, 41, 43, 61).
Thus, in a normal infection with AAV and adenovirus, ElA
may stimulate AAV RF replication both directly by activa-
tion of Pl9 and indirectly via activation of E4. Replication of
the AAV genomes or some additional adenovirus function
(25, 26), or both, may then stimulate expression of large
amounts of the AAV capsid protein which is required in
stoichiometric amounts for particle assembly. Adenovirus
mutants such as Ad5dl312, which are deleted for the ElA
gene, can grow in the absence of any ElA function when
infected at high multiplicity but at low multiplicity grow only
on cells, such as 293, which express ElA (55). We have also
shown that AAV can grow in the absence of ElA function
when Ad5d1312 was present at high multiplicity but not at
low multiplicity (41). This is consistent with the results
reported here since Plg apparently functions at a low level
even in the absence of ElA in HeLa cells. If Ad5dl312 is
present at high multiplicity, expression of the E4 gene can

occur also in the absence of ElA. This, together with a low
level of AAV rep expression, may be sufficient to allow
AAV replication to begin. This in turn could amplify the
AAV templates and allow expression of additional rep gene

product as well as the AAV capsid gene, which in any case

can be expressed in the absence of ElA. These observations
suggest that the results observed with the AAV-CAT ge-

nomes in the transfection experiments may indeed reflect
normal events in physiological infections with virus parti-
cles.

It was noted above that in the Plg transcripts from
AVBcCAT, the initiating AUG for CAT is located 134
nucleotides from the mRNA terminus and in normal AAV
Pl1 RNA the apparent AUG for entering orf-1 is 121 nucleo-
tides from the terminus. Interestingly, in both transcripts the
sequence from 83 to 94 nucleotides downstream from the 5'
terminus is AUGCGCCGGTGA, which contains an AUG
codon and an in-frame terminating TGA codon.. This AUG
codon is not in frame with the downstream AUG codons
which are apparently used for translation ofCAT or orf-1. At
least in AVBcCAT, translation from a further downstream
AUG is apparently not blocked. This observation is of
interest because there are now some exceptions to the
general rule that eucaryotic messages are translated from the
first AUG triplet (30). Apparently, there may be an optimal
sequence context for efficient initiation by eucaryotic ribo-
somes (30). Furthermore, a very recent report showed that
mammalian ribosomes can reinitiate translation after prior
initiation and termination at an upstream site (37). Either of
these possibilities would explain expression of CAT from
AVBcCAT and further studies are in progress. Thus, AAV
may represent another example of translational initiation
from an internal AUG.

In summary, we have shown that AAV can be used as a

vector in human cells to allow transient expression of a

foreign gene and that expression from two AAV transcrip-
tion units is regulated differently. This work shows that AAV
will be useful for further studies on expression of genes in
eucaryotic cells.
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