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We studied the effects of the adeno-associated virus (AAV) rep gene on the control of gene expression from
the AAV p,, promoter in 293 cells in the absence of an adenovirus coinfection. AAV vectors containing the
chloramphenicol acetyltransferase (car) gene were used to measure the levels of cat expression and steady-state
mRNA from p,,. When the rep gene was present in cis or in trans, cat expression from p,, was decreased 3-
to 10-fold, but there was a 2- to 4-fold increase in the level of p,, mRNA. Conversely, cat expression increased
and the p,, mRNA level decreased in the absence of the rep gene. Both wild-type and carboxyl-terminal
truncated Rep proteins were capable of eliciting both effects. These data suggest two roles for the pleiotropic
AAY rep gene: as a translational inhibitor and as a positive regulator of p,, mRNA levels. We also provide
additional evidence for a cis-acting negative regulatory region which decreases RNA from the AAV p; promoter

in a fashion independent of rep.

RNA transcription in the human parvovirus adeno-asso-
ciated virus (AAV) is initiated from three distinct promoters
at map positions 5, 19, and 40 (ps, p,, and p,,, respectively)
and terminates at a single polyadenylation site (3, 11, 21, 22,
24). A long open reading frame (open reading frame 1) on the
left side of the genome is accessible from ps and p,o
transcripts, and genetic analysis has revealed that open
reading frame 1 comprises the AAV replication (rep) gene
(12, 28) and codes for six Rep proteins. A second open
reading frame (open reading frame 2) on the right half of the
genome is accessible from p,, transcripts and codes all or
part of the three AAV capsid polypeptides VP3, VP2, and
VP1 (1, 12, 14, 28). Complementation studies have demon-
strated that the rep gene products exhibit a tzrans-acting
function in AAYV replicative-form DNA replication (12, 28).

Recent work in our laboratory using AAV as an expres-
sion vector showed that the rep gene also plays two other
trans regulatory roles in gene expression from the p,,
transcription unit (29, 30). When AAV vectors containing
the gene for chloramphenicol acetyltransferase (CAT) under
the control of p,, were transfected into 293 cells, the rep
gene was found to be a negative regulator of cat expression
(29). However, when the same vectors were transfected into
HeLa cells, the rep gene was a positive effector of CAT
enzyme levels (29). When adenovirus infection accompanied
the DNA transfections, the rep gene increased the level of
CAT activity in both cell types, regardless of transcription
template replication (29). Positive regulation by rep was also
shown with wild-type AAV in adenovirus-infected KB cells
aa7.

Using nuclease analyses of RNA from cells transfected
with AAV-CAT vectors, we found that a rep gene product
increased cytoplasmic p,, mRNA levels. The stimulation of
Pso MRNA was observed whether the rep gene was present
in cis or was supplied in trans by cotransfection with a
wild-type pAV2 plasmid. In contrast to the increased mes-
sage levels, cat expression was decreased when the rep gene
product was present. Thus, the rep gene product appears to
have two opposing roles in 293 cells: positively regulating

* Corresponding author.

68

mRNA levels and negatively regulating the level of the CAT
enzyme. This appears to be a unique set of properties for any
viral trans-acting proteins described thus far.

MATERIALS AND METHODS

Cells. Human 293-31 cells (293 cells), an established line of
adenovirus-transformed human embryonic kidney cells (9),
were grown at 37°C as monolayer cultures in Eagle minimal
essential medium supplemented with antibiotics and 10%
fetal calf serum in 100-mm plastic dishes.

Growth and purification of plasmids. All the procedures for
the construction, growth, and purification of recombinant
plasmids have been described before (23, 28). Plasmids were
maintained in Escherichia coli HB101 in ampicillin-con-
taining medium, and all manipulations with recombinant
DNA were performed in accordance with the guidelines of
the National Institutes of Health.

Transfection of cells. Except when noted otherwise, 293
cells grown in monolayers in 100-mm dishes (5 x 10° cells
per dish) were transfected with 10 ug of each plasmid DNA
by the CaPO, procedure as described previously (10, 30).
Control plasmid pBR322 or pAS1 (23), a derivative of
pBR322, was used to adjust DNA CaPO, transfection mix-
tures so that all cultures received the same amount of DNA.
The cell growth medium was replaced with fresh medium 4 h
after transfection.

Fractionation of cells. At 40 h after transfection, cells were
harvested, lysed, and fractionated into nuclear and cytoplas-
mic extracts by the Nonidet P-40 lysis procedure (23). A
portion of the cytoplasmic extract was retained for the CAT
assay (8), and the remainder was used for RNA purification
(23). Polyadenylated RNA was separated from total cyto-
plasmic RNA by oligo(dT) cellulose chromatography.

Assay of CAT activity. CAT activity in transfected cell
lysates was monitored by acetylation of [**C]chloramphen-
icol, as measured by thin-layer chromatography of silica gel
plates (8). Note that the cell extract used was the cytoplas-
mic fraction obtained from the Nonidet P-40 lysis procedure.
This modified CAT assay (I. Miller, personal communica-
tion) was as efficient as the original procedure, which uses a
whole-cell extract (8). Assay mixtures contained 25 pl of
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cytoplasmic cell extract (equivalent to 2.5 x 10* cells) and
were incubated at 37°C for 90 min. After chromatography,
the thin-layer plates were analyzed by autoradiography, and
radioactivity was then quantitated by liquid scintillation
counting of the spots. Results are expressed as the percent-
age of [**C]chloramphenicol acetylated.

Analysis of RNA. One-third of the cytoplasmic mRNA
from a 10-cm plate was combined with the appropriate
end-labeled [*P]DNA probe in a 10-ul volume of 80%
formamide containing 40 mM piperazine-N,N’-bis(2-ethane-
sulfonic acid) (PIPES) (pH 6.4), 1 mM EDTA, and 400 mM
NaCl. The mixture was heated for 15 min at 68°C and then
hybridized at 48°C for 2.5 h. A 100-ul amount of S1 nuclease
buffer (280 mM NaCl, 50 mM sodium acetate [pH 4.6], 4.5
mM ZnSO,, 20 pg of denatured salmon sperm DNA per ml,
and 27 U of S1 nuclease [P-L Biochemicals, Inc.]) was
added, and the mixture was incubated for 40 min at 37°C.
The mixture was then extracted once with phenol-chloro-
form and ethanol precipitated. The precipitate was sus-
pended in 90% formamide-TBE buffer (89 mM Tris, 8 mM
boric acid, 2 mM EDTA) and electrophoresed in a 4%
polyacrylamide-8 M urea gel, and the gel was fixed in 7%
trichloroacetic acid, dried, and exposed to X-ray film.

The DNA probes used in the S1 nuclease analyses are
shown in Fig. 1. pTS1 RNA from the cotransfections was
analyzed with a 2,544-base-pair (bp) fragment extending
from the Scal site within the cat gene to a Bg/II site located
within the polylinker sequence of the plasmid immediately to
the left of the AAV terminus. pTS18 RNA from the cotrans-
fections was analyzed with an analogous 1,658-bp fragment
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FIG. 1. Structure of the AAV genome and the AAV recombinant
plasmids used in this work. The structures of the cytoplasmic RNA
species are indicated in the top portion. Open reading frame 1 (open
rectangles) codes for at least six Rep proteins (only four are
indicated); p4, transcripts code for AAV capsid proteins. Kb,
Kilobases. The structure of the AAV genome is shown below the
RNA map on a scale of 100 map units (1 map unit is approximately
47 nucleotides). Open boxes at the extreme ends of the genome
indicate the terminal repeat sequences containing the replication
origins. Transcriptional signals are indicated as follows: promoters
(solid circles), polyadenylation site (arrowhead), and intron (caret).
Relevant restriction endonuclease sites are designated as follows: B,
BamH1,; Be, Bcll; Bg, Bglll, Bs, BstEll; H, HindlII; Hc, Hincll; P,
Pvull; S, Sall; and Sc, Scal. Multiple sites are designated with an
additional numeral. The four plasmid constructions used in this
work are shown in the bottom portion, except that the pBR322
sequences are eliminated for clarity. Below the maps, the S1
nuclease hybridization probes are indicated as arrows: the light
arrow indicates the p,, mMRNA-specific probe used in Fig. 2, and the
heavy arrows indicate the probes used in the cotransfections in Fig.
3 and 4. Symbols and abbreviations are the same as in the AAV
genome structure.

REGULATION OF AAV GENE EXPRESSION IN 293 CELLS 69

extending from the cat gene Scal site to the BgllI site. For
the dose-response experiment (see Fig. 2), both pTS1 and
pTS18 RNAs were analyzed with the same end-labeled
probe that extended from the Pvull site within the car gene
to the BamHI site in plasmid pTS1. Since both plasmids
synthesized the same p,, CAT constructs, the same hybrid-
ization probe could be used. pJDT269 RNA was analyzed
with a 3,245-bp fragment extending from the first Scal site in
the capsid gene to the Bgl/II site. Each of these fragments
was dephosphorylated with calf intestinal phosphatase
(Boehringer Mannheim Biochemicals) and end labeled with
T4 polynucleotide kinase (Boehringer Mannheim) and [vy-
32P]ATP at the Scal site.

RESULTS

Structure of AAV vectors. Maps of the AAV genome and
AAYV plasmids used in this study are shown in Fig. 1. pAV?2
contains the entire wild-type AAV genome inserted into a
pBR322 derivative via Bg/II linkers (20). The three transcrip-
tional promoter elements at map units 5, 19, and 40 are
indicated by closed circles. When pAV2 is transfected into
tissue culture cells in the presence of a coinfecting adeno-
virus, AAV sequences are excised from pAV2 and replicated
as in a wild-type (rep™) virus infection (20). pJDT269 is a
replication-defective (rep™) deletion mutant of pAV2 that
lacks 150 bp between the SstI and Bcll restriction endonu-
clease sites (28). pTS1 contains the coding sequence for CAT
inserted at the HindIII site of pAV2 (30). pTS1 is a cap
mutant because of the deletion of the Hc2/Hc3 fragment;
however, although approximately 300 nucleotides have also
been removed from the carboxyl terminus of open reading
frame 1 pTS1 retains a Rep* phenotype (30). pTS18 is a
rep~ derivative of pTS1 that lacks sequences between the
Sstl and BstEII restriction endonuclease sites (29).

Dose response of CAT mRNA and expression. We previ-
ously reported that in 293 cells, the expression of CAT
activity from chimeric p,, AAV-CAT plasmid constructs
was negatively regulated by a trans-acting function of the
AAV rep gene (29). In the present work we analyzed both
steady-state mRNA levels and CAT activity to distinguish
the regulation of mRNA levels from translational regulation.

Individual cultures of 293 cells were transfected with
increasing amounts of the rep* vector pTS1 or the rep™
vector pTS18, but the total amount of DNA transfected was
adjusted to 15 pg with pBR322. At 40 h after transfection,
the cultures were harvested, and portions of the cytoplasmic
fraction were used for the assay of CAT activity and for the
isolation of RNA. For each vector the level of CAT activity
increased with increasing amounts of DNA transfected (Fig.
2), but in the rep™ pTS1 transfections, a plateau was reached
at 10 pg of DNA. In contrast, in the rep™ pTS18 transfec-
tions, CAT activity continued to increase with the DNA
dose. At the highest concentrations of transfected AAV-
CAT DNAs, pTS18 produced 10-fold more CAT activity
than did pTS1. The absolute enhancement of CAT activity
from pTS18 over that from pTS1 increased with increasing
amounts of DNA transfected.

The steady-state level of CAT mRNA was measured from
these transfections in a quantitative S1 nuclease assay (Fig.
2). Total cytoplasmic RNA was hybridized to an excess of a
5’-end-labeled probe that extended from the Pvull site in the
cat gene to the BamHI site at nucleotide 1049 in the AAV
genome. This probe protected 175 nucleotides of p,, mRNA
from both pTS1 and pTS18. With increasing amounts of
either rep* pTS1 or rep”™ pTS18 there was a corresponding
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FIG. 2. Dose Response of AAV-CAT vectors. Increasing

amounts of the rep* pTS1 and rep~ pTS18 plasmids (indicated at
the bottom of panel B) were transfected into cultures of 293 cells.
After 40 h, the cells were fractionated, and S1 nuclease RNA
analysns and CAT activity assays were performed (A). Autoradio-
gram of the S1 nuclease assay with the p,, mRNA-specific probe
shown in Fig. 1. (B) Densitometer tracing of the autoradiogram in
panel A superimposed on the plot of CAT activity from the same
transfections. Note that densntometry was performed by scanning
across the gel. CAT activity is expressed as the percentage of
acetylation of [**C]chloramphenicol.

increase in the amount of the protected 175-bp fragment
(Fig. 2A). A densitometer tracmg of the autoradiogram (Fig.
2B) revealed that the rep* pTS1 transfections yielded a
twofold-higher level of p,, transcripts than did the corre-
sponding rep” pTS18 transfections. Thus, a functional rep
gene resulted in the activation of the p,, promoter or in the
stabilization of CAT mRNAs while causing a concomitant
decrease in CAT activity. The apparently opposing results
between the level of the CAT mRNAs and their subsequent
expression suggests an additional role for the pleiotropic rep
gene, that of a translational inhibitor.
" trans activation of Pso MRNA and cis regulation of ps
mRNA. The experiment in Fig. 2 did not determine whether
the decreased level of p,, mRNA from pTS18 reflected cis
effects of deletion of regulatory sequences upstream of p,, or
trans effects of mutation of the rep gene. This question was
analyzed in transfection complementation experiments. In
the S1 nuclease analysis in these experiments, we used DNA
probes (Fig.' 1) which would detect RNA from the three
promoters in pTS1 or from the two promoters in pTS18.
We first analyzed RNA transcribed from pTS1 or pTS18
transfections (Fig. 3). The pTS1 DNA probe revealed the S1
nuclease products of 2,357, 1,671 and 690 nucleotides ex-
pected for AAV-CAT RNAs from ps, py9, and pyg, respec-
tively. Similarly, the pTS18 DNA probe revealed the trun-
cated 1,357-nucleotide product expected from the p; RNA
and the 690-nucleotide product expected from the p,, RNA.
Interestingly, pTS18 yielded a much larger amount of ps
RNA relative to p,, RNA than did pTS1. Since the DNA
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probes were different, the relative amounts of pTS1 and
pTS18 transcripts could not be quantitatively compared.
However, the results (Fig. 3) suggest that while pTS18
produced a somewhat decreased amount of p,, mRNA
(consistent with Fig. 2), the amount of p; mRNA produced
from pTS18 appeared to represent an actual increase in this
mRNA. This result suggests that pTS18 had deleted from it
a negative regulatory region which decreased the p; mRNA
level.

We then performed experiments (Fig. 4) in which 293 cells
were transfected with either rep™ pTS1 or rep™ pTS18
complemented with rep* pAV2 or rep~ pJDT269. S1 nucle-
ase analysis of the RNA (Fig. 4) was performed with the
same DNA probes as those used in Fig. 3. When an intact
rep gene was supplied in frans (from pAV2), there was a
significant increase in the amount of p,, CAT mRNA from
pTS18 as compared with the amount in the presence of the
rep~ complementing plasmid pJDT269. Thus, the increase
in the steady-state p,, message was due to trans activation
by the AAV rep gene, and deletion of the upstream se-
quences had no significant role in p,, activation.

The complementing rep gene did not affect the amount of
the ps; message from pTS18. This result supports the idea
that the elevated level of ps mRNA from pTS18 was indeed
due to the removal of a cis-acting, negative regulatory
sequence. rep gene-dependent trans activation of ps was
reported in cells coinfected with AAV and adenovirus (17).
However, we did not detect similar effects with pTS18,
perhaps because of the high level of RNA from p; relative to
that from p,,. When pTS1 was cotransfected with pAV2 or
pIDT269 (Fig. 4), the presence of an additional rep gene
from pAV2 had no significant effect on the amount of the p,,
message but did result in some increases in the amounts of ps
and p,, transcripts. Thus, the rep gene may indeed provide
some trans activation of pTSl-driven ps and p,, mRNAs,
perhaps by counteracting the normal cis-acting, negative
regulation of p; mRNA in AAV.

As noted above (Fig. 2), the relative negative effect of rep
on CAT activity varied with the amount of input plasmid
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FIG. 3. S1 nuclease analysis of cytoplasmic RNA transcribed
from pTS1 or pTS18 transfected into 293 cells. Cytoplasmic RNA
was isolated at 40 h after transfection and analyzed with the probes
shown in Fig. 1 (heavy arrows), which detected chimeric AAV-CAT
RNAs transcribed from all the AAV promoters. The numbers at the
left are DNA size markers.
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FIG. 4. S1 nuclease analysis of AAV-CAT RNA in the comple-
mentation assay for the effect of rep. Cultures of 293 cells were
transfected with pTS1 or pTS18 complemented with pAV2 or
pJDT269. Cytoplasmic mRNA was isolated and analyzed as de-
scribed in the text. (A) Transcripts from the rep* pTS1 construct
were detected with the pTS1-specific probe (Fig. 1 and 2) after
cotransfection with wild-type pAV2 or rep~ pJDT269. (B) Tran-
scripts from the rep~ pTS18 construct were detected with the
pTS18-specific probe (Fig. 1 and 3) after cotransfection with pAV2
or pJDT269. Transcripts from the AAV promoters are shown. DNA
size markers (numbers on the left) were end-labeled $X174 Haelll
or A HindIIl DNA fragments.

DNA. However, the data in Table 1 show that at the level of
input DNA used in the experiments in Fig. 3 and 4, there was
indeed a negative trans-acting regulation of cat expression
by the complementing rep gene. The data in Fig. 4 and Table
1 verify that the rep gene functions in trans to both increase
mRNA levels and decréase gene expression from the AAV
P4o promoter. Additional assays in which extracts from cells
transfected with rep* and rep~ plasmids were mixed
showed that the negative regulation of cat expression was
not due to the production of an inhibitory substance which
interfered with the CAT assay itself (data not shown).

rep gene trans activation of wild-type p,, mRNA. To verify
that the rep-mediated increase in RNA was not due to the
chimeric structure of the AAV-CAT messages, we also
measured AAV-specific p,, mRNA levels from cotransfec-
tions of rep~ pJDT269 with pTS1 or pTS18 (Fig. 5). The

TABLE 1. Expression of cat from AAV vectors in 293 cells
CAT

Vector(s)“ activity?
TS o 9.2
PTSL + pIDT269 (F€D ™) .o ee et 8.5
PTSL + PAV2 (FeD ™) oottt 12.6
PS8 e s 43.2
PTS18 + pIDT26 (Fr€D ™) .ot 35.7
PTSI8 + PAVZ (FEP™) oo oo 13.7

@ Cultures of 293 cells (5 X 10° cells) were transfected with 10 p.g of pTS1 or
pTS18 together with 10 p.g of a complementary plasmid (pAS1, pJDT269, or
pAV2).

5 CAT activity was measured at 40 h after transfection as the percentage of
acetylation of [*“C]chloramphenicol by 40 pl of extract (2.5 x 10* cells) at 1 h
at 37°C.
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FIG. 5. pJDT269 cytoplasmic RNA transcripts detected after
cotransfection of 293 cells with pJDT269 and either pTS1 or pTS18.
S1 nuclease analysis used the end-labeled pJDT269 DNA probe
shown in Fig. 1. The positions of S1 products from the p5 and spliced
or unspliced p,, RNAs are shown. M, Molecular weight markers.

hybridization probe derived from pJDT269 was end labeled
at the Scal site at nucleotide 3392 and extended to the Bgl/II
site at the left-hand end of the AAV sequence (Fig. 1).
Unspliced pJDT269 transcripts from the ps (2,958 nucleo-
tides) and p4, (1,538 nucleotides) promoters as well as a
spliced transcript (1,164 nucleotides) were detected with this
probe. It is noteworthy that in these transfections, very few
of the AAV transcripts from pJDT269 were spliced, whereas
in normal AAYV infections in the presence of adenovirus,
nearly all of the p,, mRNA was spliced. We have noted
elsewhere (32) that adenovirus is required for efficient splic-
ing of AAV RNA.

A comparison of the unspliced p,, transcripts from the
cotransfections with pTS1 and pTS18 again revealed the
trans activation of these RNAs by the pTS1 rep gene (Fig.
5). The increase was comparable to the pAV2-induced
stimulation of the p,, transcripts from pTS18 (Fig. 4).
However, the trans-acting rep gene from pTS1 is truncated
at its 3’ terminus by about 300 nucleotides, owing to the
insertion of the cat gene at the HindIII site during plasmid
construction. The ps rep-encoded protein produced by pTS1
is approximately 10 kilodaltons smaller than the wild-type
Rep78 protein (J. P. Trempe, E. Mendelson, and B. J.
Carter, Virology, in press). Therefore, the carboxyl terminus
of the Rep78 protein is not required to elicit increased RNA
levels or decreased gene expression from the p,; promoter.
Since pJDT269 produces wild-type p,, mRNAs, these re-
sults show that the trans-acting effect of rep on the increase
in mRNA levels is not merely a function of the chimeric
structure of the AAV-CAT constructs.

The deletion in pJDT269 spans 150 nucleotides between
the Ss7I and Bcll sites flanking the p,, promoter. The relative
level of ps transcripts was higher than that of p,, transcripts
from pJDT269 in the absence of a functional rep gene from
pTS18. Also, the pTS1 rep gene, which readily increased
pJDT269 p,, mRNA levels, had no apparent effect on
pJDT269 ps mRNA levels (Fig. 5). This result was not due to
defective Rep proteins produced by pTS1, because similar
results were found with wild-type Rep proteins produced by
pAV2 in the cotransfection with rep~ pTS18 (Fig. 4).

Effect of rep on cat expression from heterologous promoters.
We also examined the effect of rep on the expression of cat
from mRNAs transcribed from heterologous promoters.
Plasmid pSVCAT contains the coding sequence for CAT
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under the control of the simian virus 40 early gene promoter
(8), whereas plasmid pADE3CAT uses the adenovirus type 5
early gene region 3 promoter (31). These plasmids were
transfected with 293 cells together with various amounts of
rep* pAV2 or rep~ pJDT269, and CAT activity was mea-
sured. The results are summarized in Fig. 6, in which the
data are normalized to show the specific effect of rep in
trans. Thus, for a given amount of plasmid, the amount of
CAT activity in the presence of rep ™ pJDT269 is expressed
as a percentage of the CAT activity in the presence of rep*
pAV2. The expression of cat from either heterologous
promoter was negatively regulated in trans by the AAV rep
gene, as was expression from pTS18 (Fig. 6). At very high
ratios of complementing plasmid (10:1) there was even a
small effect on rep* pTS1, probably owing to the large
increase in Rep protein expression. The fact that cat expres-
sion from pSVCAT and pADE3CAT appeared to be inhib-
ited by rep more readily than did that from pTS18 probably
reflects the much lower amounts of RNA transcribed from
these heterologous promoters than from p,,. Indeed, the
lower levels precluded a reliable analysis of RNAs from
pSVCAT and pADE3CAT. Nevertheless, the negative effect
of rep on these plasmids was consistent with the transla-
tional control shown above for RNA from p,,.

DISCUSSION

The AAV Rep proteins are pleiotropic effectors of at least
three different functions. The Rep proteins are required for
AAV DNA replication in trans perhaps by acting to recog-
nize the AAV DNA replication origins (12, 27). The addi-
tional functions of the Rep proteins are the positive and
negative controls of AAV gene expression (17, 29). These
effects appear to be dependent upon the host cell type and
whether adenovirus helper functions are provided (29). The
experiments described here provide evidence that in adeno-
virus-transformed 293 cells the rep gene exerts both positive
and negative controls on p,, transcription units at different
levels.
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FIG. 6. Effect of AAV rep in transient assays on cat expression
from RNA driven by heterologous promoters. Cultures of 293 cells
(106 cells per 35-mm dish) were transfected with 0.5 pg of a CAT
vector (pTS1, pTS18, pADE3CAT, or pSVCAT) and the indicated
amounts of the complementing plasmid (pAV2 or pJDT269). For
each CAT vector used the amount of DNA per culture was adjusted
to 6 pg with control plasmid DNA. To normalize the data for each
individual CAT vector, we calculated the amount of activity at a
given concentration of complementing pAV2 (rep*) plasmid as a
percentage of the activity at the same concentration of complement-
ing pJDT269 (rep ~) plasmid.
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When the steady-state p,, mRNA levels from rep~
(pTS18) and rep™ (pTS1) AAV-CAT plasmids were com-
pared, the intact rep gene led to a severalfold increase in
mRNA. That the mRNA increase was indeed due to trans-
acting Rep proteins was demonstrated by complementation
of pTS18 with a cotransfected wild-type plasmid, pAV2. The
rep gene from pTS1, which encodes Rep proteins that are
truncated by 100 amino acids, was also capable of eliciting a
comparable increase in mRNA from a rep~ derivative
(pJDT269) of the wild-type plasmid. Thus, the wild-type or
carboxyl-terminal mutant AAV Rep proteins are capable of
increasing steady-state p,, mRNA levels. The increase may
be due to the stabilization of the message or to an increase in
the p,, transcription rate. A recent report indicated that in
adenovirus-infected KB cells, the AAV rep gene increased
the transcription of wild-type AAV RNA from the p,,
promoter in a manner independent of AAV DNA replication
(17). Whether the same transcriptional increase occurred in
the absence of adenovirus infection was not determined (17).
Collectively, these results show that the AAV rep gene does
trans activate the level of RNA from the AAV p,, promoter,
which normally is required for AAV capsid protein synthe-
sis. It remains to be determined whether this activation of
RNA reflects an increased transcription rate, transport, or
stability of RNA, although evidence in adenovirus-infected
KB cells has suggested an effect on the transcription rate
7.

The negative regulation by rep of the expression of cat
occurred in the same 293 cells in which rep positively
activated mRNA levels, but the negative effect appeared to
be of a larger magnitude. The negative effect appeared to
reflect translational inhibition, since the chimeric AAV-CAT
mRNA in the cytoplasm appeared to have a normal struc-
ture. However, we have not directly tested this RNA in an in
vitro translation assay. Also, it appears that specific mRNA
sequences may not be required, since the heterologous
mRNAs had no obvious noncoding sequence homology with
AAV-CAT mRNAs.

Since this work was completed, Labow et al. (16) reported
that the AAV rep gene inhibited the transformation of mouse
melanoma cells to geneticin resistance by the bacterial neo
gene driven by several heterologous eucaryotic promoters,
including the simian virus 40 early promoter, the herpesvirus
thymidine kinase promoter, or the mouse metallothionein
promoter. They also observed the inhibition of cat expres-
sion from pSVCAT in transient assays. Although the mech-
anisms of these effects were not analyzed, these results are
consistent with our observation of translational inhibition.
We have also observed rep-mediated negative regulation of
neo driven by AAV p,, or the herpesvirus thymidine kinase
promoter (E. Mendelson, M. Smith, and B. Carter, unpub-
lished data) and of cat expression driven by the mouse
metallothionein or mouse mammary tumor virus promoters
(J. Trempe, unpublished data). The observations in mouse
cells (16) also showed that the negative regulation was not
simply due to the adenovirus E1A gene expressed in 293
cells. Also, we have observed strong negative regulation of
cat expression from the AAV p,, promoter in mouse NIH
3T3 cells (data not shown).

The negative regulation in 293 cells presents an interesting
paradox in that the Rep protein(s) provided in trans in-
creased the cytoplasmic p,, transcripts but decreased the
translation of RNA. Perhaps the binding of Rep proteins to
RNA stabilizes the mRNA but inhibits translation. It is also
unclear which Rep proteins mediate the various pleiotropic
effects. We reported that the ps Rep proteins are mainly
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nuclear in location, whereas the p;s Rep proteins are also
found in the cytoplasm, as measured by immunoblotting
(25). In contrast, inmunofluorescence revealed Rep proteins
mainly in the nucleus (Trempe et al., in press). The ps
protein is required for DNA replication and positive regula-
tion (12, 17, 28, 29). Also, in transient assays the ps protein
is required for negative regulation (29). However, in assays
with the dominant selection marker neo, the p,o protein
alone may be able to mediate negative regulation (16; E.
Mendelson, M. Smith, I. Miller, and B. Carter, submitted for
publication).

Whatever the mechanism, the AAV rep gene may be
unique thus far among eucaryotic trans-acting regulatory
genes in mediating both positive transcriptional or post-
transcriptional activation and negative translational regula-
tion. Interestingly, the human immunodeficiency virus rat
gene also mediates both transcriptional and translational
regulation. However, in this case, translational regulation is
a positive effect, and both effects of tat appear to be
restricted to human immunodeficiency virus mRNA (5, 7,
27).

In the course of this work we also found evidence for a
cis-acting region between the SstI and BstEII sites (map
units 17 to 36) which appears to be a negative regulator of the
level of RNA from the ps promoter. This negatively acting
region was also observed by Labow et al. (17) with AAV
mutants in adenovirus-infected KB cells. The complementa-
tion experiments indicate that the action of this region is
independent of that of the rep gene products or of AAV
DNA replication. The precise location of this region is not
known, and it does not simply reflect deletion of the p,,
promoter, as in pTS18. Interestingly, in pJDT269, which has
a deletion between map units 17 and 20, there may be a
somewhat lower elevation of ps mRNA (compare Fig. 4 and
5). Also, other experiments (data not shown) involving the
deletion of map units 20 (BclI site) to 36 (BstEII site), which
leaves the p,, promoter intact, still reveal greatly increased
ps mRNA.

It is now apparent that the AAV growth cycle is governed
by a complex regulatory system expressed by AAV itself in
addition to any regulation imposed by the helper virus. The
precise role of these regulatory events must be interpreted
with some caution, but the Rep proteins are at least formally
analogous to ‘‘early’’ regulatory proteins of many other
viruses, and the capsid proteins are analogous to ‘‘late’
structural proteins. Whether a temporal relationship exists in
the order of appearance of various Rep and capsid proteins
remains to be established.

The positive effect of rep in increasing the level of p,,
mRNA can be readily understood, since it would increase
the amount of capsid protein and promote efficient particle
assembly. The negative regulation of p,, mRNA expression
by rep is more difficult to understand directly, but it might
serve early in the growth cycle to prevent the excessive
production of capsid protein. This may be important in early
rounds of replication to prevent packaging of displaced
single-stranded DNA and allow a more rapid increase in the
pool of replicating molecules. Later in replication the nega-
tive effect may be overcome by the helper virus (29).

The negative regulatory features of the Rep proteins may
also have other important roles in inhibiting or altering the
expression of helper virus or cellular functions. AAV inhib-
its the replication of adenovirus DNA by at least 10-fold and
the production of infectious adenovirus to an even larger
extent (2, 19). Also, AAYV inhibits tumorigenesis by adeno-
virus type 12 (6) and decreases the tumorigenicity of both
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adenovirus-transformed hamster cells (6, 26) and ras-trans-
formed mouse cells (15).

The Rep proteins may also have important functions in the
absence of helper virus. Although it is now known that AAV
can replicate in a small fraction of some cells (1 to 3%) after
metabolic insult of the cells, this replication is inefficient
(33). Indeed, in the absence of helper virus, AAV integrates
as a provirus into at least 10 to 20% of infected cells (4, 13,
18). Thus, in the absence of generally favorable conditions
for replication, the integration of AAV appears to be pre-
ferred. The negative regulatory role of rep may be important
in maintaining the proviral state. These considerations sug-
gest that AAV may generally be a nondefective but
“repressed’’ virus. The repression may be mediated by
cellular factors as well as the rep gene. In this respect, the
cis-acting negative region in AAV may also be important in
down-regulating ps, which otherwise appears to be a strong
promoter. Elsewhere, we have shown that p,, is a relatively
weak promoter but can be activated by the adenovirus E1A
gene (30).
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