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Infection by human adeno-associated virus type 2 (AAV2) is a possible protective factor in the development
of cervical carcinomas associated with human papillomaviruses (HPV). The replicative proteins of AAV2 (Rep)
have been implicated in the inhibition of papillomavirus replication and transforming activities, although the
molecular events underlying these effects are poorly understood. We observed that each of the four forms of
AAV?2 Rep inhibited the E1- and E2-driven replication of oncogenic HPV type 16 (HPV16). Rep40, correspond-
ing to the C-terminal domain of all Rep proteins, inhibited both HPV DNA replication and HPV16 E2-mediated
transactivation. Rep40 specifically bound the N-terminal transactivation domain of HPV16 E2 both in vitro
and in vivo. This interaction was found to specifically disrupt the binding of E2 to the cellular transcriptional
coactivator p300. Accordingly, the inhibitory effect of Rep on HPV16 E2 transactivation was rescued by the
overexpression of p300. These data indicate a novel role of Rep in the down-regulation of papillomaviruses
through inhibition of complex formation between the HPV16 E2 transcriptional activator and its cellular

coactivator, p300.

Adeno-associated virus (AAV) type 2 (AAV2) is a helper-
dependent human parvovirus with a single-stranded DNA ge-
nome coding for two genes, rep and cap. Four overlapping
nonstructural proteins, Rep78, Rep68, Rep52, and Rep40, are
the products of the rep gene (49). The two major forms of Rep
(Rep78 and Rep68) bind to specific sites within the inverted
terminal repeats (48, 61, 73), have helicase and endonuclease
activities (28, 74), and are needed for the initial steps of DNA
replication (23, 70). The two major forms of Rep are also
required for site-specific integration of the viral genome into
human chromosome 19 (30, 38). The two minor forms of Rep
(Rep52 and Rep40) do not bind the inverted terminal repeats
and are dispensable for viral DNA replication and site-specific
integration (29, 52).

Rep proteins are involved in the regulation of gene expres-
sion from homologous AAV2 promoters (34). These promot-
ers are up-regulated by Rep in the presence of adenovirus
infection (46, 47), while in the absence of helper virus, the
effect of Rep is inhibitory (4, 32, 71). Several heterologous
promoters, including viral and proto-oncogene promoters,
have also been shown to be down-regulated by Rep, suggesting
a Rep-induced pleiotropic effect on gene expression (21, 26,
33, 58). In addition, Rep proteins have been shown to inhibit
the replication of a number of DNA viruses, including adeno-
viruses, herpesviruses, and papillomaviruses (11, 19, 20). While
this inhibitory effect can be partially ascribed to the above-
mentioned down-modulation of transcription by Rep, a more
general effect on DNA replication may also be involved. Ac-
cordingly, it has been demonstrated that Rep inhibits cellular
DNA replication, herpesvirus-induced amplification of chro-
mosomally integrated simian virus 40 DNA (3), and bovine
papillomavirus (BPV) DNA amplification (22). Taken to-
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gether, these activities have led to the notion that AAV2 pos-
sesses broad oncosuppressive and antiproliferative functions.
The interaction of AAV2 and human papillomaviruses
(HPV) appears to have special significance, given the large
amount of both clinical and molecular data that indicate that
AAV2 is an inhibitor of HPV replication and HPV-induced
cellular transformation both in vivo and in vitro. In vitro,
AAV?2 infection inhibits BPV and HPV type 16 (HPV16) cel-
lular transformation as well as BPV DNA replication through
the activity of Rep (15, 20, 22). In vivo, an inverted statistical
correlation was observed between the occurrence of cervical
cancer and the levels of anti-AAV antibodies in serum (45).
Finally, it was reported that AAV2 particles could be detected
in cervical biopsies, demonstrating the possible colocalization
of both AAV2 and HPV in the same tissues in vivo (14, 69, 75,
76). Despite this large body of evidence, few insights are avail-
able to date about the molecular mechanisms by which AAV2
inhibits HPV replication and gene expression. Recent data
indicate that Rep78 may directly bind the papillomavirus DNA
upstream regulatory region (URR), exerting its inhibitory ac-
tivities by preventing the accessibility of the URR sequence to
other cognate factors (80). Furthermore, Rep78 has also been
shown to disrupt the binding of the TATA box-binding protein
(TBP) to the TATA box of the p97 promoter of HPV16 (65).
Papillomavirus DNA replication has an absolute require-
ment for two virus-encoded proteins, E1 and E2 (12, 72, 79).
E1 is a phosphoprotein that has ATPase and helicase activities
(8, 27, 60) and that binds the origin of replication (ori) within
the viral URR with a low affinity (5, 66, 77). E2 binds E1 and
the origin of replication at specific sites and strengthens the
El-ori interaction by forming an E1-E2-ori ternary complex
(50, 59). E2 is also a transcription factor involved in the mod-
ulation of viral promoter activity (6, 55). The protein can be
divided into two functional domains separated by a hinge motif
(17). The N-terminal transactivation domain is believed to
recruit transcription factors to ori and to the promoter, while
the C-terminal domain binds the responsive elements present
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in the URR and is required for dimerization. The transcription
and replication activities of E2 are mediated by its interactions
with several cellular proteins. These proteins include cellular
transcription factor Spl (37), TBP (63), and the recently de-
scribed transcriptional regulator AMF-1 (9). Of particular in-
terest is the recent observation that the N terminus of E2 also
interacts with the CREB-binding protein (CBP) (35) which,
together with its closely related homologue p300, is a multi-
functional transcriptional coactivator involved in the regula-
tion of several cellular and viral transcription factors.

Here we show that both HPV16 DNA replication and
HPV16 E2 (16E2)-driven transcriptional activation are inhib-
ited by all four forms of AAV2 Rep. The inhibition of E2-
dependent transcriptional activation involves the binding of
Rep to the N-terminal activation domain of 16E2, resulting in
the specific displacement of p300 from this region.

MATERIALS AND METHODS

Plasmids. Plasmid phisRep68, a derivative of pET-16b (Novagen, Milwaukee,
Wis.) used for the expression of N-terminally His-tagged Rep68, was obtained
from M. Linden (Mt. Sinai School of Medicine, New York, N.Y.). phis-Rep78
was derived from phis-Rep68 by remodeling of the 3" end of the gene. pGEX-
R68N expressing glutathione S-transferase (GST) fused to the N termini of
Rep78 and Rep68 (amino acids [aa] 1 to 224) was obtained by PCR. pGEX-
Rep52 and pGEX-Rep40 were also obtained by PCR and express GST fused to
Rep52 and Rep40, respectively. pcDNA3-Rep78 and pcDNA3-Rep68 were ob-
tained by subcloning of Rep78 and Rep68 from phis-Rep78 and phis-Rep68,
respectively, into pcDNA3.1 (Invitrogen, Carlsbad, Calif.). pcDNA3-Rep52
and pcDNA3-Rep40 were obtained by subcloning of the 3’ ends of the genes
from the unique Sacl sites present within Rep78 and Rep68, respectively, into
pcDNA3.1. Plasmids pSP6-16E2, pSP6-16E2, 54159, and pSP6-16E1, used for in
vitro transcription and translation of 16E2, 16E2, 5450 (a mutant 16E2 protein
lacking aa 156 to 159 within the activation domain of 16E2), and 16E1, respec-
tively, as well as pGEX2T-16E2, pGEX2T-16E2N, and pGEX2T-16E2C, used
for expression and purification of GST-based fusion proteins, were described
previously (64). pTKM.32 was obtained from F. Thierry (68). ploURR:TK:CAT,
pJ4Q.16E2, and pCGEI1BAES were described previously (6, 57). pPCMVBp300
and pcDNA3-AMF-1 were kind gifts from D. M. Livingston (Dana Farber
Cancer Institute, Boston, Mass.) and E. J. Androphy (Tufts University School of
Medicine), respectively. pcDNA3-p300 was described previously (43). Plasmid
pEGFP-N1, containing the enhanced green fluorescent protein (EGFP) under
the control of the cytomegalovirus (CMV) promoter, was purchased from Clon-
tech (Palo Alto, Calif.).

HPV16 replication assays. Transient replication assays were performed
with 293 cells transfected by the calcium phosphate method with 1 pg of the
pCGEIBAES vector, expressing 16E1 and 16E2, together with 3 g of the
replicon ploOURR:TK:CAT and 3 pg of the various forms of Rep. Three days
posttransfection, low-molecular-mass DNA was isolated by the Hirt extraction
procedure. Samples were digested overnight with Dpnl to remove the unrepli-
cated input methylated DNA. Total digestion products were separated on an
0.8% agarose gel, blotted on Hybond-N+ (Amersham International plc, Little
Chalfont, United Kingdom), and subsequently hybridized to a 3*P-labeled rep-
licon probe generated by random priming as previously described (57).

E2-dependent transcription assay. U20S cells were transfected by the calcium
phosphate method with reporter plasmid pl6oURR:TK:CAT or pTKM.32 to-
gether with the 16E2-expressing construct pJ4€.16E2, the various forms of Rep,
and p300 (pCMVBp300). Chloramphenicol acetyltransferase (CAT) assays were
routinely performed with 1 to 5 pg of total protein extract, estimated by the
Bio-Rad (Richmond, Calif.) protein assay as previously described (6). Following
extraction with ethyl acetate, samples were analyzed by thin-layer chromatogra-
phy and quantified with an Instant Imager (Packard, Meriden, Conn.). Trans-
fection efficiencies were monitored by transfecting a LacZ expression plasmid on
parallel plates.

Expression and purification of His and GST fusion proteins. Exponentially
growing cultures of Escherichia coli BL21(DE3)pLysS* (Promega, Madison,
Wis.), harboring phis-Rep68, were induced with 1 mM isopropyl-p-p-thiogalac-
topyranoside (IPTG) for 4 h at 30°C. Bacterial pellets were resuspended in lysis
buffer (10 mM phosphate buffer [pH 8], 500 mM NaCl, 1% Tween 20, 5%
glycerol, 10 mM B-mercaptoethanol), frozen-thawed three times, and sonicated.
Cleared lysates were loaded on Ni-nitrilotriacetic acid (NTA) beads (Qiagen
GmbH, Hilden, Germany) and thoroughly washed with lysis buffer at pH 6.
His-Rep68 was eluted with the same buffer containing 600 mM imidazole, ex-
tensively dialyzed in 300 mM NaCl-10 mM Tris-HCI (pH 8), and kept frozen
until use.

All other fusion proteins were immobilized on beads and kept frozen in lysis
buffer until use. Briefly, bacterial cultures were induced as described for His-
Rep68, and pellets were lysed in 20 mM Tris-HCI (pH 7.6)-500 mM NaCl-10%
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glycerol-0.02% Triton X-100, washed extensively, and resuspended at 50% (vol/
vol) in the same buffer.

Coimmunoprecipitation. Expression plasmids pJ4Q.16E2 and pcDNA3-
Rep68 were cotransfected in 293 cells by the calcium phosphate method. Cells
were lysed in radioimmunoprecipitation assay buffer (1% Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% sodium dodecyl sulfate [SDS] phosphate-buff-
ered saline plus protease inhibitors) on ice for 5 min and disrupted by repeated
aspiration through a 21-gauge needle. One milliliter of whole-cell lysate was
precleared with 5 pl of serum from a control rabbit together with 50 ul of a 50%
slurry of protein A beads (Amersham). E2 protein was immunoprecipiated with
5 pl of a rabbit antiserum raised against GST-E2. Beads were washed three times
with radioimmunoprecipitation assay buffer and heated in sample buffer before
being loaded on an SDS-8% polyacrylamide gel. Proteins were blotted on Hy-
bond-C (Amersham) and immunoblotted with a Rep-specific rabbit serum gen-
erously provided by J. Kleinschmidt (DFKZ, Heidelberg, Germany) by use of an
ECL kit from Amersham.

Transcription-translation of proteins and in vitro binding assay. 3°S-labeled
proteins were produced in vitro by using a coupled transcription-translation
system (Promega TNT) according to the manufacturer’s instructions. Recombi-
nant proteins immobilized on beads were pretreated with 0.25 U of DNase I per
wland 0.2 pg of RNase I per wl for 1 h at 25°C in 50 mM Tris-HCI (pH 8)-5 mM
MgCl,-2.5 mM CaCl,~-100 mM NaCl-5% glycerol-1 mM dithiothreitol to re-
move bacterial nucleic acids. The proteins were subsequently washed twice with
1 M NaCl, equilibrated with NETN buffer (20 mM Tris-HCI [pH 7.5], 100 mM
NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 1 mM dithiothreitol, 1 mM phenyl-
methylsulfonyl fluoride) supplemented with 0.2 mg of ethidium bromide per ml
to reduce further nonspecific interactions between proteins and residual bacte-
rial DNA, and resuspended in the same buffer. Labeled in vitro-translated (IVT)
proteins (200 to 500 cpm) were added to 1 to 5 ng of proteins immobilized on
beads in a final volume of 50 pl. The reaction mixture was incubated for 1 h at
4°C on a rotating wheel, and the beads were subsequently washed three times
with NETN buffer supplemented with ethidium bromide, three times with NETN
buffer, and once with 150 mM NaCl-10 mM Tris-HCI (pH 8). The beads were
then heated in Laemmli buffer and separated by SDS-polyacrylamide gel elec-
trophoresis. Dried gels were quantified with Instant Imager.

RESULTS

HPV16 replication is inhibited by the C terminus of AAV2
Rep proteins. In order to assess whether the replication
of oncogenic HPV16 DNA is inhibited by the Rep proteins
of AAV, as observed for BPV (22), we analyzed the extent of
replication of an HPV16 ori-containing plasmid in the pres-
ence of different Rep variants. Transfection of human 293 cells
with the viral URR together with a plasmid encoding 16E1 and
16E2 resulted in the formation of newly replicated viral DNA
which could be distinguished from the input plasmid by Dpnl
digestion followed by Southern blotting (Fig. 1B, lane 1). Co-
transfection of pAd-8, which contains the entire AAV-2 Rep
and Cap open reading frames, resulted in the complete inhi-
bition of viral replication (Fig. 1B, lane 2). The AAV-2 Rep
open reading frame gives rise to four overlapping proteins, as
shown in Fig. 1A. Cotransfection of each of these variants also
resulted in the complete inhibition of HPV DNA replication
(Fig. 1B), indicating that the inhibitory effect resided in a
C-terminal region common to all four Rep proteins. Accord-
ingly, the first N-terminal 224 amino acids of Rep (Rep68N),
which are shared only by Rep78 and Rep68, did not inhibit
HPV DNA replication (Fig. 1B, lane 4).

Two control experiments were performed to assess the po-
tential interference of the Rep proteins, particularly of the
larger variants Rep78 and Rep68, with the HPV DNA repli-
cation assay. In the first experiment, we transfected the same
amounts of Rep variants with 1 pg of a plasmid expressing
EGFP under the control of the CMV promoter and measured
the number of fluorescent cells by flow cytometry at 48 h after
transfection. As shown in Fig. 1C, EGFP expression was
readily detected in all the experimental samples and was only
modestly decreased (less than 30%) in cultures transfected
with Rep78 and Rep68 but not in those expressing Rep40, in
which HPV DNA replication was completely inhibited. In the
second control experiment, we assessed by immunoblotting the
expression of 16E2 coexpressed with Rep68, Rep68N, and
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FIG. 1. Rep proteins inhibit HPV16 replication. (A) Schematic representation of Rep proteins from AAV2. AAV2 has four overlapping Rep proteins: the two
major products Rep78 and Rep68 and the two minor variants Rep52 and Rep40, which represent the C-terminal portions of Rep78 and Rep68, respectively. In this
work, the N terminus of Rep78 or Rep68 (amino acids 1 to 224) was also expressed independently and termed Rep68N. All constructs were either used as GST fusion
proteins in the in vitro binding studies or transiently expressed from a CMV promoter in cells. (B) Rep proteins inhibit HPV16 replication. 293 cells were transfected
with an HPV16 ori-containing plasmid together with 16E1, 16E2, and the indicated Rep variants. Low-molecular-weight DNA was digested with Dpnl, and replicated
DNA was detected by Southern blot hybridization. (C) Short-term Rep expression does not induce nonspecific cellular toxicity. To verify that the observed inhibition
of HPV16 replication by the Rep forms shown in panel B was not related to nonspecific cytotoxic effects, the indicated Rep plasmids were transfected with 1 pg of
plasmid pEGFP-N1, expressing EGFP under the control of the CMV promoter. The number of fluorescent cells was measured after 48 h. Experiments were performed
in triplicate; the mean and standard deviation values are shown for each point. (D) Changes in 16E2 expression do not account for Rep-induced inhibition of HPV16
replication. Western blotting experiments with anti-16E2 antibodies were performed 48 h after transfection of the indicated Rep forms.

Rep40 (Fig. 1D). Again, only Rep68 slightly reduced the ex-
pression of 16E2.

These results indicate that an activity exerted by the C ter-
minus of Rep and common to all four variants negatively
interferes with HPV 16 DNA replication and that this inhibi-
tion does not result from a nonspecific effect of Rep on cell
metabolism or expression of the transfected genes.

Rep68 and Rep40 inhibit 16E2-mediated transcription from
the HPV16 URR. Since viral DNA replication is dependent
upon both the viral E1 and the viral E2 proteins, we next
investigated the effects of Rep upon E2 transcriptional activity.
Cells were cotransfected with a 16E2 expression plasmid to-
gether with the different Rep expression plasmids in the pres-
ence of an E2-responsive promoter comprising the HPV16
enhancer linked to the herpes simplex virus type 1 thymidine
kinase promoter (Fig. 2A). Expression of both Rep68 and
Rep40 inhibited 16E2-mediated transactivation of this pro-
moter (Fig. 2B). Both Rep proteins also inhibited basal expres-
sion of this promoter, suggesting that they interfere with a
pathway of transcriptional activation which is common to both
the basal and the 16E2-induced promoters. In keeping with the
DNA replication data, the N-terminal portion of Rep78 or

Rep68 inhibited neither 16E2-mediated transactivation nor
basal promoter activity.

Rep proteins associate with 16E2. The marked inhibition of
16E2-dependent replication and transcription activities shown
in Fig. 1 and 2 indicates that a specific effect on E2 activity is
restricted to the C terminus of Rep. To assess the possibility
that Rep could physically associate with E2, a coimmunopre-
cipitation study was carried out (Fig. 3A). A plasmid express-
ing 16E2 was transiently cotransfected with a Rep68 expression
plasmid in 293 cells. Negative controls included cells either
mock transfected or transfected with each single construct.
Selective immunoprecipitation of E2 from the cell lysate re-
sulted in the coprecipitation of Rep68, thus indicating that
16E2 and Rep68 associate inside these cells. To further explore
the interaction between 16E2 and Rep, the association of *S-
labeled IVT 16E2 with recombinant His-Rep68 immobilized
on Ni-NTA beads was measured in pulldown assays. In each of
these experiments, we used a fixed amount of IVT protein and
a matched amount of each fusion protein. IVT 16E2 strongly
bound to His-Rep78 and His-Rep68 (Fig. 3B), compared to
Ni-NTA alone. To avoid nonspecific binding, the beads were
treated with nucleases and washed at a high salt concentration
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FIG. 2. Inhibition of 16E2 transcriptional activation function by Rep68 and
Rep40. (A) Schematic representation of the reporter construct for CAT assays.
The CAT reporter gene is under the control of the thymidine kinase (TK)
promoter and is followed by the simian virus 40 polyadenylation site (SV40pA).
The E2-responsive enhancer consists of the HPV16 URR from nucleotides 7403
to 114 (6). (B) CAT assay. The E2-dependent CAT reporter was cotransfected
in U20S cells with or without a 16E2-expressing vector, as indicated. Full-length
Rep68 as well as Rep40 inhibited basal and E2-mediated stimulation of CAT
activity. Expression of the N terminus of Rep68 or Rep78 did not show any
inhibitory activity. The data represent the average of three independent exper-
iments and are reported as means and standard deviations.

prior to the binding assays (see Materials and Methods). In
addition, the intercalating agent ethidium bromide was also
used during the incubation step to disrupt any residual non-
specific protein-nucleic acid interaction. To further confirm the
specificity of the interaction between 16E2 and Rep68, a GST-
16E2 fusion protein was immobilized on glutathione beads and
used to pull down IVT Rep68. Consistent with the results of
Fig. 3B, IVT Rep68 strongly associated with GST-16E2 (Fig.
30).

The C terminus of Rep68 (Rep40) binds to the N terminus
of 16E2. To characterize in more detail the interaction of
Rep68 with 16E2, we separately cloned and expressed the
N-terminal portion of the Rep protein (aa 1 to 224), common
to the two major proteins Rep78 and Rep68, and the C-termi-
nal portion, corresponding to Rep40 (aa 225 to 536 of Rep68)
(Fig. 1A). 16E2 was also split into two portions, an N-terminal
region (aa 1 to 140), corresponding to the transactivation do-
main, and a C-terminal region (aa 202 to 365), corresponding
to the ori-binding and dimerization domains (Fig. 4C). As
shown in Fig. 4A and B, the C terminus of Rep68 (Rep40)
strongly associates with the N terminus of 16E2 in GST pull-
down assays. Taken together, these results indicate that the
N-terminal transactivation domain of 16E2 associates with a
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C-terminal region of Rep which is common to all four Rep
proteins.

Binding of Rep to 16E2 does not disrupt the interaction of
16E1 with 16E2. The possibility existed that the interaction of
Rep with the transactivation domain of 16E2 disrupted 16E1
binding, thus affecting efficient replication of viral DNA. To

A

IP: a16E2
WB: aRep oy
&
S & & 8

% of input

C N 4
3 >
N & &
i
Rep68 — ﬁ ek M
10 25«
g
5 =
o
70 755
10

FIG. 3. 16E2 binds to Rep. (A) 16E2 and Rep68 coimmunoprecipitate in
vivo. 293 cells were transfected with expression constructs for 16E2 and Rep68
alone or in combination, as indicated. At 48 h after transfection, cleared lysates
were immunoprecipitated with an anti-16E2 antiserum as described in Materials
and Methods. Bound proteins were washed and loaded onto an SDS-10%
polyacrylamide gel. The gel was blotted on Hybond-C membranes and probed
with an anti-Rep antiserum. IP, immunoprecipitation; WB, Western blotting; o,
antiserum. (B) Rep68 and Rep78 expressed as His-tagged fusion proteins bind
IVT 16E2. Each binding reaction mixture contained 2 to 5 pg of His fusion
protein immobilized on Ni-NTA beads and *°S-labeled IVT 16E2 in NETN
buffer. The percentage of bound 16E2 is indicated. (C) 16E2 expressed as a GST
fusion protein binds IVT Rep68. Each binding reaction mixture contained 2 to
5 pg of GST-16E2 immobilized on gluthatione-CL4 beads and 3°S-labeled IVT
Rep68 in NETN buffer. After binding at 4°C, beads were extensively washed
prior to being loaded onto an SDS-10% polyacrylamide gel.
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FIG. 4. Interaction between 16E2 and Rep involves the N terminus of 16E2
and the C terminus of Rep. (A) IVT 16E2 associates with GST-Rep40 but not
with GST-Rep68N or GST. (B) IVT Rep68 associates with GST-16E2N but not
with 16E2C or GST. Binding reactions in panels A and B were carried out as
described in the legend to Fig. 3. (C) Schematic representation of 16E2 and the
constructs used in this study. The N-terminal activation domain (amino acids 1
to 140) and the C-terminal DNA binding and dimerization domain (amino acids
202 to 365) were used as GST fusion proteins and as IVT products. A 16E2
deletion mutant (amino acids 156 to 159) which has lost the ability to bind 16E1
is also indicated [16E2A(156-159)].

address this possibility, we investigated whether a mutant
16E2 protein lacking a region within the activation domain of
16E2 (aa 156 to 159) which is required for efficient binding to
16E1 (16E2,,56_150) (64) was capable of associating with Rep68.
As shown in Fig. 5A, 16E2,,5, ;50 Was capable of binding
GST-Rep40 as efficiently as the wild-type protein (compare
Fig. 5A with Fig. 4A). Furthermore, since other domains with-
in the N terminus of 16E2 have been described to be involved

J. VIROL.

in the interaction with 16E1 (25, 56), we conducted an exper-
iment where the interaction of IVT 16E1 with GST-16E2
was challenged with increasing amounts of recombinant His-
Rep68. As shown in Fig. 5B, increasing concentrations of
Rep68 did not disrupt the interaction of 16E2 with 16El.
These data appear to rule out the possible involvement of 16E1
in the mechanism of Rep inhibition of HPV DNA replication
and favor the hypothesis that Rep may inhibit the interaction
of the activation domain of 16E2 with other cellular factors
that are required for efficient replication of HPV16 DNA and
for E2-mediated transcriptional activation.

AAV Rep68 disrupts the binding of 16E2 to p300. The N-
terminal activation domain of 16E2 is a region highly con-
served among the 86 known papillomavirus types. Recently, it
has been reported that this region interacts with the transcrip-
tional coactivator CBP. This nuclear protein and its closely
related homologue p300 act at several cellular and viral pro-
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FIG. 5. Binding of Rep to 16E2 does not interfere with the E2-E1 interac-
tion. (A) IVT 16E2, 56150, @ mutant 16E2 form with a four-amino-acid deletion
which impairs its capacity to bind 16E1, associates in vitro with GST-Rep40 but
not with GST-Rep68N or GST. Binding reactions were carried out as described
in the legend to Fig. 3. (B) The association of GST-16E2 with IVT 16E1 is not
affected by increasing concentrations of recombinant Rep68. The binding reac-
tion was carried out as described in the legend to Fig. 3, except for the addition
of increasing concentrations of affinity-purified His-Rep68 protein.
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FIG. 6. Rep disrupts the binding of 16E2 to p300. (A) Increasing concentrations of Rep68 disrupt the association of GST-16E2 with IVT p300. The binding reaction
was carried out as described in the legend to Fig. 5B. The same concentrations of bovine serum albumin (BSA) were used as a control. (B) Increasing concentrations
of Rep68 do not disrupt the association of GST-16E2 with IVT AMF-1, a cellular factor known to associate with the N terminus of E2. The binding reaction was carried

out as described in the legend to Fig. 5B.

moters by coactivating transcription and promoting chromatin
remodeling through intrinsic histone acetyltransferase activity
(2, 13, 39, 53). Recruitment of CBP also has been shown
recently to mediate transcriptional activation by 16E2 (35).
Given these considerations, we explored the possibility that
Rep could functionally and physically interfere with the inter-
action between 16E2 and p300. As shown in Fig. 6A, IVT
full-length p300 specifically associated with GST-16E2 on
beads. Increasing concentrations of free recombinant His-
Rep68 as opposed to bovine serum albumin control could
disrupt this interaction. Inhibition of the 16E2-p300 interac-
tion by Rep68 was specific, since another protein which inter-
acts with the same domain of 16E2, the cellular AMF-1 factor
(9), could not be displaced from 16E2 on beads by the same
concentrations of Rep. In the same set of experiments, we were
not able to detect a direct association of Rep68 with p300 (data
not shown). Although we cannot formally exclude the possi-
bility that other components in the IVT mixture mediated
binding, the above-reported data suggest a model by which the
association of 16E2 with p300 is specifically disrupted by AAV
Rep68 binding to the N terminus of 16E2.

p300 rescues 16E2 transcriptional activity from Rep40 in-
hibition. Since p300 plays a role in E2 transcriptional activa-
tion and having shown that Rep can inhibit the association
between E2 and p300, we proceeded to investigate whether
ectopic expression of p300 could overcome the inhibitory ef-
fects of Rep. Cells were transfected with a minimal promoter
containing six E2-binding sites (Fig. 7A) together with expres-
sion vectors for p300 and/or Rep40. In agreement with previ-
ous observations, coexpression of p300 with 16E2 markedly
increased 16E2 transcriptional activity. This effect was E2 de-
pendent, since p300 alone had a minimal effect on the basal
activity of the promoter. In addition, Rep40 dramatically in-
hibited E2 transcriptional activity, in agreement with the re-
sults shown in Fig. 2. Coexpression of p300 with Rep40 over-
came Rep40 inhibition of E2 transcriptional activity. These
results demonstrate that the most likely mechanism by which
Rep inhibits E2 transcriptional activity is through inhibition of
E2-p300 complex formation, which in turn can be overcome by
ectopic expression of p300.

PTKM.32
6XE2BS
CAT SV40pA
80
c 604
2
[
[
=3
c
3 404
[
<
Q
X 204
04
pTKM.32 (ug) 1 1 1 1 1 1 1
pJ4Q.16E2 (ug) - - 1 1 - 2 2
pCMVpBp300 (ug) - 5 - 5 - - 5
pcDNA3-Rep40 (ug) - - - - 0.5 0.5 0.5

FIG. 7. Rep inhibits p300-mediated stimulation of E2 transactivation. (A)
Schematic representation of the reporter construct. The pTKM.32 construct
contains only six E2-binding sites (6XE2BS) and a thymidine kinase (TK) pro-
moter upstream of the CAT reporter gene followed by the simian virus 40
polyadenylation site (SV40pA) (68). (B) CAT assay. Cells transfected with the
minimal E2-responsive promoter shown in panel A were cotransfected with
plasmids expressing E2, Rep40, and p300, as indicated. Rep40 inhibited E2
activity, an effect that could be rescued by cotransfecting p300. Data are reported
as means and standard deviations.
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FIG. 8. A model for Rep-mediated inhibition of E2 activity. The N-terminal activation domain of 16E2 recruits the transcriptional coactivator p300 through its KIX
domain (35). AAV2 Rep proteins that bind 16E2 specifically disrupt this interaction. Rep-mediated squelching of the 16E2-p300 interaction accounts for the inhibition

of E2-mediated transactivation and HPV16 replication.

DISCUSSION

Several lines of evidence indicate the existence of a bidirec-
tional interplay between the oncogenic papillomavirues and
AAV. While papillomaviruses might serve as helpers for AAV
replication (54, 75), AAV inhibits BPV replication and HPV16
and HPV18 oncogenic transformation (20, 24). The interaction
between these two types of viruses probably has an important
consequence at the clinical level. Both papillomaviruses and
AAYV infect cells in the anogenital tract (14, 40, 69, 76); how-
ever, while the former are positively associated with the devel-
opment of cervical cancer, the latter appears to be a protective
factor for this disease (15, 45, 62). In addition to these clinical
considerations, the study of the molecular basis of the inter-
action between these two types of viruses can aid in an under-
standing of the respective molecular mechanisms of DNA rep-
lication and gene expression.

In AAV, the major players in the down-regulation of papil-
lomavirus replication and transformation are the nonstructural
Rep proteins (20, 22). The initial aim of this study was to gain
insight into the mechanisms of Rep-mediated inhibition of
human oncogenic HPV16 replication. We initially found that
all four forms of Rep were capable of inhibiting HPV16 DNA
replication, thus restricting this activity within the Rep40 prod-
uct. As shown in Fig. 1C and D, the expression of both 16E1
and 16E2 in these experiments was driven by the CMV imme-
diate-early promoter, which is only marginally affected by Rep
(19, 58, 78). It may therefore be concluded that the effects of
Rep were actually on DNA replication itself and not on the
expression of the two HPV replicative proteins. Recent data
suggest that Rep78 is able to physically interact with the
HPV16 URR by binding a 44-bp region that includes func-
tional Sp1- and E2-binding motifs, as well as part of the origin
of replication (80). This interaction was reported to be depen-
dent on the integrity of the N-terminal region of Rep. Simi-

larly, Rep68 and Rep78 and, to a lesser extent, Rep52 were
also reported to inhibit the basal transcriptional activity of the
HPV18 URR promoter (26). The mechanism of this inhibition
was reported to involve the direct binding of Rep to the pro-
moter DNA sequence or competition of Rep78 with the bind-
ing of TBP to the TATA box (65, 80).

These effects are clearly different from those observed here.
In our conditions, inhibition of HPV DNA replication was also
obtained by using Rep proteins truncated in the N-terminal
domain and was fully reproducible with Rep40 and Rep52,
corresponding to the C-terminal portions of Rep68 and Rep78,
respectively. Accordingly, inhibition of URR transcription was
also obtained with both Rep68 and Rep40, again indicating
that this is a function of the C-terminal portion of Rep. In
addition, these proteins inhibited not only the basal activity of
the URR promoter but also specifically transactivation by the
16E2 protein. In contrast, the N terminus of Rep was inactive
in both the DNA replication and the E2 transactivation assays.
Furthermore, none of the Rep variants showed increased cy-
totoxic or cytostatic effects in a cell survival and colony forma-
tion assay with both 293 and U20S cells (data not shown).

The inhibition of E2 transactivation by Rep40 suggested a
physical interaction between the two proteins. Rep and E2 are
indeed capable of interacting in vivo and in vitro, as shown by
coimmunoprecipitation and pulldown experiments. In keeping
with the functional results, when we mapped the domains of
the two proteins involved in this interaction, we found that the
C-terminal domain of Rep, namely, Rep40, was the minimal
domain capable of associating with the N-terminal activation
domain of 16E2. At least two experimental results indicated
that the interaction between Rep and E2 does not interfere
with the binding of E2 to El. First, a mutant 16E2 protein
(16E2,,56_150) that was unable to associate with E1 in vitro was
still fully competent for binding Rep. Second, the in vitro
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interaction between GST-16E2 and IVT E1 could not be dis-
rupted by increasing amounts of recombinant Rep68. These
data indicate that Rep-mediated inhibition of E2 activity in-
volves the interaction of other factors with the activation do-
main of E2.

One of the factors recently identified as binding to the N-
terminal domain of E2 is the human transcriptional coactivator
p300 homologue CBP (35), a protein with histone acetyltrans-
ferase (2, 53) and factor acetyltransfrase (7, 18, 41, 44, 51)
activities. p300 and its closely related homologue CBP are two
evolutionary conserved proteins acting as molecular bridges
between transcription factors and components of the basal
transcriptional machinery (13, 39). In the last few years, a
growing number of cellular transcription factors have been
identified for their capacity to interact with these two proteins
(for a recent review, see reference 10). Given the pivotal role
of p300 or CBP in the control of gene expression, it is not
surprising that several viruses encode proteins targeting the
two factors. Besides HPV E2, among these viral products are
adenovirus E1A (13), human T-cell leukemia virus type 1
Tax (16), human immunodeficiency virus type 1 Tat (43),
and simian virus 40 large T antigen (1).

AAV Rep does not directly associate with p300 (data not
shown) but clearly inhibits E2 functions by interfering with the
recruitment of p300 by E2. In vitro, the association of 16E2
with p300 was specifically disrupted by purified Rep68; and in
vivo, the inhibition of 16E2 transactivation by Rep68 and
Rep40 could be rescued by overexpression of p300. A model
can be envisaged where E2, along with E1, modulates chroma-
tin structure at the URR of the viral genome by recruiting
cellular macromolecular complexes that integrate transcription
and replication activities. These complexes are likely to contain
basal transcription and replication factors, chromatin remod-
eling factors, and transcriptional coactivators (31, 42, 67).
Among those, E1 has already been shown to associate with the
inil-hSNFS component of the ATP-dependent SWI-SNF chro-
matin remodeling complex (36). In this context, the role of
AAV?2 Rep appears to be that of a molecular dissector capable
of affecting both the replication and the transcription activities
of E2 by disrupting its interaction with p300 (Fig. 8).

How do the findings described here integrate in a more
extended model that could explain the general down-modulat-
ing activities of Rep for transcription from several cellular
promoters as well as for cellular DNA replication? The in-
volvement of Rep in a pathway involving p300 or CBP recruit-
ment is intriguing in this respect, since many of the described
down-modulating activities of Rep for general transcription
and replication could be explained by interference with this
pathway. Whether Rep, besides HPV 16E2, interacts with nu-
clear proteins whose activities are common to the transcription
of cellular genes and chromosomal DNA replication remains a
topic for future investigation.
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