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ABSTRACT

Here the adeno-associated virus Rep78 gene product was found to
inhibit the expression of the chloramphenicol acctyltransferase and the
bladder cancer-derived K.J-Il-ras coding sequences when they were under
the control of the natural cellular \\-ras regulatory sequences. However,
Rep78 had little or no effect on the expression of these same coding
sequences when they were under the control of the regulatory sequences
of the murine ostcosarcoma virus long terminal repeat. These data
indicate that the inhibition of \\-nis by Kep78 depends upon sequences
present within the cellular H-ras upstream regulatory region. Further
more, these and earlier data indicate that Rep78 functions as an "antion-
cogene" or transformation suppressor gene, inhibiting H-ras as well as

several viral oncogenes.

INTRODUCTION

The ubiquitous human helper-dependent parvovirus AAV'

inhibits the oncogenic/transforming abilities of members of the
papillomavirus (1), adenovirus (2-6), and herpesvirus (7. 8)
families. At high multiplicities of infection AAV also inhibits
but does not kill various primary cell cultures, arresting cells in
the S and/or G: phases (9). Human seroepidemiological studies
also associate AAV infection with a lower risk of developing
genital cancers (10-12). Although 80% of people are sÃ©roposi
tive for anti-AAV antibodies (11), AAV has not been shown to
be the enologica! agent of any disease. The mechanism by which
AAV effects its antioncogenic-antitransforming ability is un
known: however, the AAV effector gene. Rcp78, has been
identified ( 1). We now find that the Rep78 product trans-
inhibits expression of the EJ-H-ras bladder cancer-derived on
cogene and that the natural cellular upstream regulatory se
quences of the H-raÃgene are cis required for marked inhibition.

MATERIALS AND METHODS

Cells and Plasmids. C127 [single-cell subclone PHI 16 (13). contact-
inhibited murine fibrohlasts] and CV1 [simian kidney] cells were main
tained in DMEM with \0cr fetal bovine serum, penicillin (100 units/
ml), and streptomycin (100 /Â¿g/ml).The AAV (14-16). E3-H-ras ( 17),
pFBR-1 (18) (American Type Culture Collection 45016), and pras-
CAT1 (19) plasmids have been described previously. pLTR-ras was
constructed by ligating the appropriate BssHll-Sph\ fragments from
the EJ-H-/US (3.5 kilobases) and the pFBR-1 (7.3 kilobascs) plasmids.
pLTR-CAT was constructed by sequentially ligating a ///ndlll-SamHI
fragment containing the CAT coding sequences (1.6 kilobases. from
pSV2-CAT; Ref. 20) into the analogous sites of pKP59 (21) and a
BamHl fragment containing the MSV-LTR (2.5 kilobases. from pFBR-
1) into the Bglll site of pKP59.
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Transformation Assays. Transformation assays were carried out by
calcium phosphate transfection. The protocol used was similar to that
described previously ( I ) with the following changes. One /jg of the AAV
plasmid was transfected with 0.5 ng of the transforming plasmid (EJ-
H-ras. pFBR-1. or pLTR-ro.s) onto 35-mm plates of C127 cells at about
80't confluence. Within every experiment redundant plates were always

done and always included in the results. Cells were maintained for
approximately 3 weeks, fixed with !()'< formaldehyde, and stained with

mÃ©thylÃ¨neblue. Transformed foci were counted under microscopic
screening using a reference grid.

CAT Assays. CV-1 cells were transfected with 10 Â¿igof an AAV
plasmid and 5 ^g of the CAT plasmid utilizing the Lipofectin reagent
and protocol of Gibco-BRL with the following modifications. One
hundred /ul of Lipolectin were mixed with 15 pg of DNA (10 /ug of
AAV plasmid and 5 /jg of CAT plasmid) in water at room temperature
to a total volume of 250 n\ and allowed to sit for 15 min. This mixture
was then added to 6 ml of DMEM without fetal bovine serum onto a
10-em plate of 80'V confluent CV-1 cells. After 5 h. 3 ml of complete

DMEM were added. The next morning the cells were refed with
complete DMEM. Cells were harvested at 50 to 56 h after the initial
lipofection addition. Twenty-five rr of the cell extracts were used with
0.2 tiC\ of ['4C]chloramphenicol. and the reactions were run for 1-2 h
depending upon the experiment. After thin-layer Chromatograph)1 and

autoradiography the spots were cut out and counted.

RESULTS

The AAV Rep78 Gene Product Markedly Inhibits Cellular
Transformation Induced by the EJ-H-rai Human Bladder Cancer
Oncogene. Given that AAV-Rep78 is able to inhibit a variety
of transforming viruses the question arises as to whether Rep78
is also capable of inhibiting the expression or activity of cellular
oncogenes or protooncogenes. To investigate this hypothesis a
series of AAV plasmids (14-16) were assayed for their ability
to inhibit transformation of contact-inhibited murine fibroblast
C127 cells (13) induced by calcium phosphate transfection of
the EJ-H-rai plasmid (17). EJ-H-rai was cloned from a human
bladder cancer and contains both the genomic regulatory and
coding sequences of the gene. The structures of the AAV
plasmids used are shown in Fig. 1. The plasmids were trans
fected at a 2:1 (1.0 to 0.5 ng) ratio of AAV to oncogene (Fig.
2). Those AAV genomes (ins96, dl52-9l, and 620 ori-) with an
intact Rep78 open reading frame (map units 7 to 47) were
capable of inhibiting EJ-H-rai-induced transformation effi
ciency by at least 80ro. The other AAV genomes (insl 1, ins32,

and ins42) were not. These data indicate that AAV is able to
inhibit H-ra.v-induced transformation and that the /raws-inhi
bition maps to the Rep78 gene product.

Marked Inhibition of EJ-H-rai-induced Transformation by
Rep78 Can Be Circumvented by Expressing the \\-ras Coding
Sequences from the MSV-LTR. In experiments similar to those
in Fig. 2 it was found that AAV Rep78 had only a mild effect
on transformation induced by the cloned MSV genome, pFBR-
1, which expresses \-fos (a gag-fos-fox fusion product) (18).
One possible explanation for the differential inhibition of H-
ras and \-fos might be that Rep78 was inhibiting expression
from the H-ras regulatory sequences but not from those of the
MSV-LTR. To determine whether this was the case the appro-
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Fig. 1. Slructure of AAV plasmids. Top
wn\ the tour phenotypic regions of AAV. The
lip and cap regions arc capsid genes, and the
rep region expresses one or more proteins
which are required for AAV DNA replieation
(14. 49. 50). The four known proteins which
are expressed from this region are shown below
the marker line (Rep40. Rep52. Rcp68.
Rep78) (51). The terminal repeats or ori re
gions are m required for DNA replication
(52). Arrows. Ps and P,v promoters from whieh
these products are expressed. Plasmid names
and structures are shown at the bottom (14-
16). Deletions (illprefix) are shown as broken
lines with their sequence location. Insertions
(ins prefix). 8-base pair ##/!! linkers, are
shown as small vertical lines with their se
quence location.
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21,18 32,37 100

18,30 38,40 140

21,27 33,31 108

12,18 27,26 77

2,1 0,1 5

3,4 9,5 19

4,1 3,2 10

Fig. 2. Mapping the suppressor gene of EJ-H-ra.v-induced transformation within the AAV genome. One ng of AAV plasmid was transfected with 0.5 ng of EJ-H-
ras onto 35-mni plates of CI 27 cells. For details see "Materials and Methods." Note that the Rep78-negative AAV plasmids insl I, Â¡ns32,and ins42 are unable to
inhibit focus formation by EJ-H-ra.v. A. representative plates as indicated: B. quantified data from the two transformation experiments. Each number is the number
of foci on one plate.

priate BssHU-Sphl fragments from the EJ-H-ras and the pFBR-
1 plasmids were ligated together to give pLTR-ras. The struc
ture of the pLTR-ra.v plasmid (Fig. 3C) predicts that the plasmid
will produce transcripts regulated by LTR sequences, initiating
from within the /toHII site sequences (18) and composed of
only H-ivii-derived sequences (17). In a series of experiments
the pLTR-ras plasmid was compared to EJ-H-ras and pFBR-1
for its ability to transform cells in the presence of 2-fold
amounts of the Rep78 expressing ins96 (Fig. 3, A-C). Like the
experiments shown in Fig. 2, EJ-H-ras-induced transformation
efficiency was markedly inhibited by Rep78. EJ-H-ras cotrans-
fected with ins96 produced only 3% of the level of transfor
mation of that produced by EJ-H-ra.Ã®alone or when cotrans-
fected with dl 10-37 (average of 8 experiments). In contrast
pFBR-1 and pLTR-ra5-induced transformation efficiencies
were only slightly affected by the presence of ins96. Specifically,

pFBR-1 and pLTR-ras with ins96 gave 69 and 74%, respec
tively, of the levels of transformation compared to those trans
forming plasmids with dl 10-37 (average of 3 and 4 experiments,
respectively). These data suggested that the marked inhibition
of EJ-H-ras was specific to the cellular H-ras upstream regula
tory sequences and could be circumvented by a resistant replace
ment, the MSV-LTR.

Rep78 Inhibits Expression from the Cellular li-ras Upstream
Regulatory Sequences but Not Those of the MSV-LTR in a
Transient CAT Assay. To confirm that the inhibition of EJ-H-
ras was cellular H-ras regulatory sequence specific, the plasmid
prasCATl (19) was tested in a transient CAT assay, using CV-
1 cells, for its ability to be inhibited by the Rep78-expressing
ins96 plasmid. The prasCATl plasmid contains the natural
cellular H-ras regulatory sequences positioned upstream from
the CAT coding sequences. For comparison a plasmid, pLTR-
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Fig. 3. Differential inhibition of expression from the H-ras- and LTR-regulatory sequences by Rep78 in two assay systems. A, representative plates as indicated for
the C127 cell transformation experiments quantified in C. Note that there are almost no foci present in the EJ-H-ras + ins96 plate while all others show significant
transformation. C127 cells were calcium phosphate transfected simultaneously with an AAV plasmid and an oncogene plasmid at a 2:1 ratio as described in Fig. 2.
B, CAT expression. Representative CAT experiment of those quantified in C. Note that prasCATI + ins96 signal is lower than prasCATI + dllO-37 while the two
pLTR-CAT lanes are equivalent. CV-1 cells were transfected with 10 /*gof the AAV and 5 ng of the CAT plasmid (a 2:1 ratio as with the transformation experiments)
utilizing Bethesda Research Laboratory's "lipofectin" reagent as described in "Materials and Methods." C quantitation of CI 27 cell transformation and CAT assays;
left, names and structures of the target plasmids.TVii'n line with arrow, H-ras promoter; open box with arrow, MSV-LTR promoter; solid boxes, respective reporter

gene coding sequences (ras, CAT. or v-/os). The target regulatory sequences are listed to the right of their structures. Right, quantified results of the C127 cell
transformation and CAT assays shown.

The percentage of activity with Rep78 compares the activity of the target plasmid in the appropriate assay (C127 cell transformation or CAT) cotransfected with
the AAV plasmid Â¡ns96(wild type, Rep78 positive) to that of the same target plasmid without a Rep78-positive AAV plasmid. The percentage of activity with Rep78
regarding the C127 cell transformation assay results is derived by dividing the average number of foci resulting from the transfection of the oncogene plus ins96 with
the average number of foci resulting from the transfection of the oncogene alone or with a Rep78 negative AAV mutant (dl 10-37) and then multiplying by 100. Every
experiment was first averaged internally, and then the results of multiple experiments were averaged together and listed above. Rep78 negative mutants, such as dllO-
37, have no significant effect on cell transformation by H-ras (Fig. 2) or bovine papillomavirus ( I ). Note that the percentage of activity of EJ-H-ras with Rep78 is less
than one-twentieth that of pFBR-I or pLTR-ras with Rep78. Within every experiment redundant plates were always done and included in the results. The percentage
of activity with Rep78 regarding the CAT assay results is derived by dividing the average percentage of conversion to acetylated chloramphenicol forms resulting from
the lipofection of the CAT plasmid with ins96 with the average percentage of conversion resulting from the CAT plasmid with dl 10-37 and then multiplying by 100.
Note that the percentage of activity of prasCATI with Rep78 is one-fourth that of pLTR-CAT with Rep78. Inhibition increased when higher ratios of ins96 were
used (see "Results"). The following mean and SD were found for the percentage of chloramphenicol acetylated in the three CAT experiments in which both prasCATI
and pLTR-CAT were tested: prasCATI + dllO-37, 50.9 Â±29; prasCATI + ins96, 9.3 Â±2.3; pLTR-CAT + dllO-37, 55.0 Â±16; and pLTR-CAT + ins96, 54.5 Â±19.
a, average of 8 experiments; b, average of 3 experiments; c, average of 4 experiments; d, average of 5 experiments.

CAT, was constructed from which CAT is expressed from the
MSV-LTR-regulatory sequences (see "Materials and Meth
ods"). Ten pg of the ins96 or dl 10-37 AAV plasmids were

lipofected with 5 pg of the prasCATI or pLTR-CAT plasmids.

As shown in Fig. 3, B and C, at this 2:1 /Â¿gratio of AAV to
CAT plasmid, the expression of prasCATI with ins96 was only
24% of that of prasCAT with dl 10-37 (average of 5 experi
ments). In contrast ins96 had no effect on CAT activity ex
pressed from pLTR-CAT (average of 3 experiments). The
Rep78-negative AAV plasmids insl 1, ins32, and ins42 were all
unable to inhibit prasCATI CAT activity when compared to
dl 10-37 (data not shown). In additional experiments expression
of prasCATI with ins96 dropped to 7% ofthat with dllO-37
(average of 2 experiments) at a 10:1 ratio (15 pg AAV to 1.5
/ugCAT plasmid) indicating that inhibition is dosage dependent.
Thus, the data generated by both the transformation and CAT
assays are consistent with the mechanism of inhibition being
target regulatory sequence specific (H-ras upstream regulatory

region specific, cis required) and that the AAV Rep78 gene
product was responsible for this Â¿raws-inhibition.

DISCUSSION

This study demonstrates that the AAV Rep78 gene product
can markedly inhibit H-ras-induced cellular transformation in
trans. This conclusion is further supported by the earlier finding
by Katz and Carter (22) that AAV virus infection decreased the
tumorigenicity of H-ras-transformed cells in nude mice. Both
papillomavirus (23) and H-ras (24-27) expression have been

implicated in genital cancer. We find that both are inhibited by
Rep78 (1). Of the four serotypes of AAV which have been
studied seroepidemiologically types 2 and 3 appear to have the
strongest inverse relationship with genital cancer (11). The
AAV constructs used in this study were AAV type 2 (28)
derived.

In both the C127 cell transformation and CAT assays the
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INHIBITION OF H-rav BY AAV Rep78

natural cellular H-ras upstream regulatory sequences are cis
required for marked inhibition of gene expression by Rep78.
Such specificity most likely implies that the inhibition is on the
level of transcription initiation from the H-ras promoter. This
hypothesis is being pursued. However, transcripts from the
prasCATl plasmid (and of course the EJ-H-ras plasmid) have
their 5'-most sequences encoded by H-ras. Thus, this does allow

for the possibility that there may be posttranscriptional regu
lation by Rep78 which is dependent upon these 5' transcript

sequences. In addition, the AAV rep region gene products,
which include Rep78, appear to autoregulate the gene expres
sion of AAV on both transcriptional and translational levels
(16, 29-31). Potentially the effect(s) of Rep78' on EJ-H-ras

may be equally complex. The AW rep gene products have also
been shown to inhibit expression from a number of heterolo-
gous promoters (32), including the human immunodeficiency
virus type 1 LTR (33). These data also suggest that inhibition
of gene expression is also the mechanism by which Rep78
inhibits transforming viruses.

If Rep78 inhibition is promoter specific then we might gain
some insight into what cis target sequences are required for
inhibition by comparing the sensitive H-ras promoter sequences
to those of the resistant MSV-LTR. One striking difference is
that the H-ras promoter has 10 transcription factor Spl con
sensus binding motifs (34) while the MSV-LTR has none (18).
At least six of the H-ras promoter Spl motifs are known to
bind the Spl protein (34), and a subset appears tobe cis required
for significant H-ras expression (35-37). Products from the
AAV rep region (probably Rep78) are also known to inhibit
expression from the SV40 early enhancer/promoter element
(32) and the human immunodeficiency virus LTR (33) which
also have active Spl binding motifs (38, 39). Furthermore, we
have preliminary data that suggest Rep78 will inhibit CAT
expression from a synthetic split Spl-driven enhancer [plasmid
-105tkCAT15 (40), provided by Robert Tjian]. The enhancer/
promoter regions of the protooncogenes K-ras (41), N-ras (42),
and the epidermal growth factor receptor (43) are also similar
to the H-ras promoter in that they lack a TATA box, have
multiple copies of the Spl motif, and are G-C rich. It seems
plausible that Rep78 may inhibit the expression of these genes
as well. Certainly Spl motifs are just one possible target, and
other target sequences or structures may be the actual critical
connection between Rep78 and inhibition. If further experi
mentation indicates that there is a requirement for Spl motifs
for Rep78-induced inhibition, this finding would have signifi
cant implications as to the mechanism of action and scope of
AAV Rep78 inhibition. Many cellular "housekeeping" genes

and viral genes are believed to contain active Spl motif
sequences.

Some of the related pathogenic autonomous parvoviruses are
also known to inhibit the transformed/oncogenic phenotype
(44, 45), including that induced by the EJ-H-ras oncogene (46).
However, autonomous parvoviruses inhibit transformation by
selectively killing these transformed cells, possibly by selectively
replicating in such cells (47). The protein analogous to Rep78,
NS-1, appears to be responsible for autonomous parvovirus H-
1 transformation inhibition (48). Our past (1) and current data
and results presented by others (31, 32) are inconsistent with
Rep78 inhibition by cell lysis. Specifically, in Fig. 3, A-C there
is no inhibition of either pLTR-ras- or pFBR-l(v-yos)-induced
transformation comparable to that of the marked inhibition of
EJ-H-ras by Rep78.

Broadly defined, an antioncogene (or transformation sup

pressor gene) is one whose products' activity correlates with a

lower incidence of the malignant/transformed phenotype.
Rep78 is able to inhibit a variety of transforming viruses as well
as H-ras, and the seroepidemiology of AAV is consistent with

a protective role by AAV against the development of genital
cancer in the human population. Thus, although virally en
coded, Rep78 fulfills the criteria of an "antioncogene." It is

unclear what benefits the anticancer ability of Rep78 has for
AAV survival. In any case, inasmuch as 80% of the population
is seropositive for AAV, Rep78 may be a significant positive
effector of human health.
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