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Papillomaviruses induce benign proliferative lesions, such as genital warts, in humans. The E2 gene product
is thought to play a major role in the regulation of viral transcription and DNA replication and may represent
a rational target for an antisense oligonucleotide drug action. Phosphorothioate oligonucleotides complemen-
tary to E2 mRNAs were synthesized and tested in a series of in vitro bovine papillomavirus (BPV) and human
papillomavirus (HPV) models for the ability to inhibit E2 transactivation and virus-induced focus formation.
The most active BPV-specific compounds were complementary to the mRNA cap region (ISIS 1751), the
translation initiation region for the full-length E2 transactivator (ISIS 1753), and the translation initiation
region for the E2 transrepressor mRNA (ISIS 1755). ISIS 1751 and ISIS 1753 were found to reduce
E2-dependent transactivation and viral focus formation in a sequence-specific and concentration-dependent
manner. ISIS 1755 increased E2 transactivation in a dose-dependent manner but had no effect on focus
formation. Oligonucleotides with a chain length of 20 residues had optimal activity in the E2 transactivation
assay. On the basis of the above observations, ISIS 2105, a 20-residue phosphorothioate oligonucleotide
targeted to the translation initiation of both HPV type 6 (HPV-6) and HPV-11 E2 mRNA, was designed and
shown to inhibit E2-dependent transactivation by HPV-11 E2 expressed from a surrogate promoter. These
observations support the rationale of E2 as a target for antiviral therapy against papillomavirus infections and
specifically identify ISIS 2105 as a candidate antisense oligonucleotide for the treatment of genital warts
induced by HPV-6 and HPV-11.

Papillomaviruses cause a spectrum of benign and malig-
nant diseases in both animals (23) and humans (44). Despite
its widespread occurrence as a sexually transmitted disease
(28) and its association with malignant disease (44), no
specific antiviral agents for papillomavirus exist. Current
treatment of genital warts is nonspecific and consists prima-
rily of surgical or chemical removal of the wart. These
therapies are not curative because they are unable to pro-
duce a loss of the viral DNA episome that resides in the basal
epithelium of latently infected patients.

Antisense oligonucleotides have been shown to be effec-
tive, specific inhibitors of gene expression (18) and to be
active against a number viruses including Rous sarcoma
virus (42), vesicular stomatitis virus (1), herpes simplex virus
type 1 (31), influenza virus (43), and human immunodefi-
ciency virus (41). Current information regarding gene struc-
ture and sequence and transcriptional regulation of a variety
of papillomaviruses led us to adapt a number of papilloma-
virus gene expression and infection models in order to
evaluate the potential use of antisense oligonucleotides as an
approach to the treatment of human papillomavirus type 6
(HPV-6) and HPV-11-induced genital warts. We took advan-
tage of the similarities in gene structure and function of
bovine papillomavirus type 1 (BPV-1) and HPV-6 and
HPV-11 to test the hypothesis that the E2 gene may repre-
sent a rational therapeutic target.
The E2 open reading frame of papillomaviruses encodes a

family of sequence-specific DNA-binding proteins that reg-
ulate transcription of papillomavirus early genes (26, 35).
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This observation was first made in BPV-1 (34) and has been
extended to other papillomaviruses including HPV-11 (21),
HPV-16 (29), and HPV-18 (16). In BPV-1, at least three E2
gene products have been identified: the full-length E2 gene
which functions as a transcriptional transactivator, a trun-
cated E2 gene which is transcribed from the promoter at
nucleotide (nt) 3080 functions as a transcriptional transre-
pressor (22), and a truncated E2 gene transcribed from the
promoter at nt 890 that uses the splice donor/acceptor sites
at nt 1235/3225 (6).
The activities of BPV-1 promoters are strongly dependent

upon an E2-dependent transcriptional enhancer located in
the long control region of the BPV-1 genome. The promoters
are responsible for the expression of the transforming gene
E6, as well as genes E7 and El, which are involved in
plasmid replication and which are regulated by the E2
responsive element E2RE1 located in the long control region
(17, 33). In addition, transcription from P2443, which directs
transcription of the transforming gene E5 as well as that of
gene E2, is under the control of E2RE1 (20). Thus, E2
regulates the expression of viral genes responsible for trans-
formation, replication, and transcriptional regulation.

In HPV the role of full-length E2 as a transcriptional
transactivator versus its role as a transrepressor is less clear.
Full-length E2 has been shown to be a transcriptional
transactivator that acts through E2 conditional enhancers
(26). Full-length E2 has also been demonstrated to act as a
repressor of the E6 promoter for HPV-11 and for HPV-16
and HPV-18 (3, 5, 30). On the basis of these observations, it
has been proposed that the major function of full-length E2
in HPV is repression of viral transcription, perhaps only at
high concentrations of E2 such as those achieved by expres-
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sion from surrogate promoters. The relative roles for these
two activities at physiologic concentrations and in the con-
text of the viral genome are not yet known.

In addition to its central role in the regulation of viral
transcription, E2 has also been identified as one of two viral
gene products required for viral DNA replication for BPV-1,
HPV-11, and HPV-16 (8, 27). On the basis of its critical
position in the regulation of viral transcription and its direct
role in viral DNA replication, E2 was selected as a target for
antisense oligonucleotides. Oligonucleotides that are de-
signed to bind to the E2 mRNA and, as a result, that inhibit
the expression of E2 protein should disrupt the regulation of
other papillomavirus gene products, should inhibit the life
cycle of the virus, and may provide a novel class of selective
antiviral compounds for the treatment of papillomavirus
infection. HPV-6 and HPV-11 were selected because they
are found in approximately 90% of genital condylomas (12,
13, 44).

In this report we describe the in vitro activities of a series
of oligonucleotides designed to hybridize to specific se-
quences within the BPV-1 E2 and HPV-11 E2 mRNAs.
Phosphorothioate oligonucleotides were used in the studies
in order minimize the potential metabolic inactivation of
serum and cellular nucleases. As a result of the present
investigation, antisense oligonucleotides which inhibit
BPV-1 transactivation and transformation and HPV-11 E2
transactivation were identified.

MATERIALS AND METHODS

Cells and viruses. C127 mouse cells (10) were maintained
in antibiotic-free Dulbecco modified Eagle medium, high
glucose (4,500 mg/liter) supplemented with glutamine to 40
mM, and heat-inactivated (65°C, 30 min) fetal bovine serum
to 10%. I-38 cells are a single cell clone derived from a single
focus after infection of C127 cells with BPV-1.
BPV-1 was purified from experimentally induced fibropap-

illomas by double banding in cesium chloride as described
previously (7). Virions were characterized by electron mi-
croscopy (2) and enzyme-linked immunosorbent assay with
a BPV-1 type-specific monoclonal antibody (7). Viral DNA
was characterized by digestion with a panel of restriction
endonucleases, and biological activity was assessed by
quantitative focus formation on C127 cells (10).

Plasmids. Plasmid IPV100 contains the complete BPV-1
genome (7,945 bp) cloned at the BamHI into PUC19. Plas-
mid PCH110 (Pharmacia, Piscataway, N.J.) constitutively
expresses the P-galactosidase gene and was used to control
for transfection efficiency. Plasmid IPV110 contains the
E2RE1 of BPV-1 (nts 7200 to 7386) cloned into the Sall site
of pCAT-Enhancer (Promega, Madison, Wis.). E2RE1 was
reconstructed by using overlapping oligonucleotides (32) and
contains Sall overhangs. Expression of the chloramphenicol
acetyltransferase (CAT) gene was shown to be dependent on
E2. Plasmid IPV118 contains the 2.3-kb XmnI fragment of
HPV-11 (nts 2665 to 4988) (12) cloned into the pSVL
(Pharmacia, Piscataway, N.J.) simian virus 40-based expres-
sion vector. Plasmid IPV120 contains the long control region
of HPV-11, amplified by polymerase chain reaction, cloned
into pCAT-Enhancer. Expression of the CAT gene from
IPV120 was shown to be dependent on expression of E2
from either HPV-11 E2 or BPV-1 E2 expression constructs.

Design and synthesis of oligonucleotides. Forty-one oligo-
nucleotides were designed to be complementary to the
BPV-1 E2 mRNA. All oligonucleotides were synthesized as
phosphodiester or phosphorothioate. Oligonucleotides were

designed to be complementary to such regions as the 5' cap
region, initiation of translation region, translation termina-
tion region, and polyadenylation signal. In addition, oligo-
nucleotides were designed to be complementary to the
5'-untranslated region, the 3'-untranslated region, and vari-
ous locations within the coding region. Oligonucleotides
were synthesized by a solid-support phosphoramidite proce-
dure at Applied Biosystems, Inc. (Foster City, Calif.), as
described previously (39). The compounds used in these
experiments were shown to be greater than 90% pure with
reference to contaminating oligonucleotides of different
chain lengths by polyacrylamide gel electrophoreses and
densitometric scanning.

Oligonucleotide modulation of E2-dependent transactiva-
tion. For BPV-1 E2 experiments, I-38 cells were plated 24 h
prior to transfection at 5 x 104 cells per cm2 in 60-mm petri
dishes. After attachment, cells were treated overnight with
oligonucleotide by adding oligonucleotides to the medium at
the stated concentrations. The next day, the medium was
aspirated and replaced with fresh medium without oligonu-
cleotide and was incubated for 1 h at 37°C in a humidified
chamber. Cells were cotransfected with 10 ,ug each of
IPV110 and PCH110 by the calcium phosphate coprecipita-
tion method (15). Four hours after transfection, cells were
treated with 15% glycerol for 1 min (11), refed with medium
containing oligonucleotide at the original concentration, and
incubated for 48 h. After incubation, cells were washed with
phosphate-buffered saline, scraped and transferred to a
microcentrifuge tube, and centrifuged. Cells were suspended
in 100 RI of 250 mM Tris-HCI and disrupted by three
freeze-thaw cycles. Extracts were cleared by centrifugation,
transferred to a fresh tube, and stored at -80°C until assayed
for CAT and ,-galactosidase activities.
For inhibition of HPV-11 E2 transactivation, C127 cells

were pretreated with oligonucleotide as described above;
this was followed by cotransfection with 13 ,ug of IPV118
HPV-11 E2 expression plasmid, 5 ,ug of IPV120-15 E2-CAT
reporter plasmid, and 2 ,ug of PCH110 as described above.
Following transfection, cells were treated with oligonucle-
otide and were incubated for 48 h. Cells were harvested and
processed for CAT and ,-galactosidase assays as described
above.
CAT activity was determined by standard protocols (14).

Acetylated and nonacetylated reaction products were sepa-
rated by thin-layer chromatography and were quantitated by
using a Molecular Dynamics PhosphoImager (Molecular
Dynamics, Sunnyvale, Calif.). 3-Galactosidase activity was
determined by standard procedures (19). To control for
transfection efficiencies, data were normalized to P-galacto-
sidase activity.

Inhibition of BPV-1 focus formation. C127 cells were plated
at subconfluence (5 x 104 cells per cm2) in 60-mm petri
dishes. Cells were either infected with 50 focus-forming units
per plate of purified BPV-1 or transfected with cloned BPV-1
DNA. Twenty-four hours after infection or transfection,
oligonucleotides were added to the medium. The medium
was changed every 72 h, with fresh oligonucleotide added at
each medium change. At 25 days postinfection, cells were
fixed in 10% formalin in phosphate-buffered saline for 5 min
and stained with 0.14% methylene blue aqueous solution for
10 min. Plates were washed with water and foci were
counted.

Oligonucleotide-mediated, site-specific cleavage of HPV-11
E2 transcripts. HeLa cell nuclear processing extract was
prepared by the procedure of Dignam et al. (9). Extracts
were stored at -80°C in processing extract buffer (20%
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TABLE 1. Antisense oligonucleotides tested for inhibition of E2 transactivationa

Oligomer Sequenceb Target' Activity

1751 AGGTTTGCACCCGACTATGCAAGTACAAAT BPV-1 E2 mRNA cap Active
1753 COGTTCOGCATGCTGTCTCCATCCTCTTCACT BPV-1 E2 mRNA AUG-TA Active
1755 AAATGCGTCCAGCACCGGCCATGGTGCAGT BPV-1 E2 mRNA AUG-TR Active
2324 CTGTCTCCATCCTCTTCACT BPV-1 E2 AUG Active
2325 TGTCTCCATCCTCTTCAC BPV-1 E2 AUG Active
2326 GTCTCCATCCTCTTCA BPV-1 E2 AUG Active
2327 TCTCCATCCTCTTC BPV-1 E2 AUG Nonactive
2328 CCATCCTCTTCACT BPV-1 E2 AUG Nonactive
2105 TTGCTTCCATCTTCCTCGTC HPV-6 and HPV-11 E2 mRNA AUG Active

a Oligonucleotides were synthesized on an automated DNA synthesizer as described previously (31). After synthesis, oligonucleotides were routinely analyzed
by electrophoresis through polyacrylamide gels to monitor chain length integrity. The linkage for all oligomers was P-S.

b Boldface type indicates positions of the initiation codon.
c AUG-TA and AUG-TR, initiation for transactivator and transrepressor, respectively.

glycerol, 20 mM HEPES [N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid; pH 7.9], 0.1 M NaCl, 0.2 mM EDTA, 1
mM dithiothreitol). Purified Escherichia coli RNase H was
purchased from Pharmacia and was diluted in processing
extract buffer prior to use.
HPV-11 E2 transcript was prepared by T7 transcription

from plasmid IPV130-20 which contains the 2.3-kb XmnI
fragment (nts 2665 to 4998) inserted into the SmaI site of
pGEM-1 vector (Promega).

Oligonucleotides and transcript were mixed at a 10:1
molar ratio in a buffer consisting of 12.5 mM ATP, 50 mM
creatine phosphate, and 8.25 mM MgCl2 and were heated to
60°C for 20 min. After equilibration to room temperature, 15
RI of nuclear processing extract (approximately 10 ,ug of
total protein) or 0.18 U of E. coli RNase H was added and
the mixture was incubated at 37°C for 15 min. The mixture
was deproteinized by phenol-chloroform-isoamyl alcohol
extraction and was ethanol precipitated with 10 ,ug of glyco-
gen as a carrier. Reaction products were fractionated on
0.8% agarose-formaldehyde gels and were visualized by
ethidium bromide staining.

RESULTS
Modulation of BPV-1 E2 transactivation. To identify an-

tisense-sensitive regions along the E2 transactivator mRNA,
antisense oligonucleotides were designed to hybridize to
various regions along the full-length E2 transactivator
mRNA of BPV-1 and were tested for the ability to inhibit E2
transactivation in BPV-1-infected cells. Of the 82 oligonu-
cleotides synthesized, only those oligonucleotides with sig-
nificant and specific activity at 1 ,uM are listed in Table 1.

In initial screens, two phosphorothioate oligonucleotides
complementary to E2 mRNA(s) were identified as being
among the most active in reducing E2 transactivation in
BPV-1-transformed rodent cells. These two compounds
were targeted to the mRNA cap region (ISIS 1751) and the
initiation of translation codon (ISIS 1753). In dose-response
experiments, ISIS 1753 had a 50% inhibitory concentration
(IC50) of 25 to 50 nM, while ISIS 1751 had an IC50 of
approximately 500 nM (Fig. 1). The shapes of the dose-
response curves for the two compounds differed. ISIS 1751
activity was concentration dependent to 500 nM, where it
plateaued and exhibited no further activity to 5,000 nM. The
activity of ISIS 1753 was dose dependent throughout the
entire range tested and was able to reduce E2-dependent
CAT activity to background levels.

ISIS 1755, which is complementary to the first initiation of
translation codon distal to the promoter identified at nt 3080,

increased E2-dependent transactivation in a concentration-
dependent manner (Fig. 1).

Inhibition of focus formation. Two compounds that inhib-
ited E2 transactivation, ISIS 1751 and ISIS 1753, also
inhibited BPV-1 focus formation on C127 cells (Fig. 2). This
effect was found to be concentration dependent with an IC50
of 10 nM for ISIS 1753. A clear IC50 for ISIS 1751 was not
achieved, but it appeared to be in the range of 500 to 1,000
nM. ISIS 1755, which increased E2-dependent transactiva-
tion, had no effect on BPV-1 focus formation.

Optimization of chain length. To assess the effect of chain
length on efficacy and potency, oligonucleotides of decreas-
ing chain length, complementary to the initiation of the
translation region of the E2 transactivator, were synthesized
and tested in the E2 transactivation assay (Fig. 3). Compar-
ison of the IC5,s revealed that an oligonucleotide of 20
residues was the most potent inhibitor of E2 transactivation
and that by the time oligonucleotides of 14 residues were
used, all activity was lost. Increasing the chain length to 30
oligonucleotides did not result in increased activity (Fig. 1).
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FIG. 1. The E2-dependent CAT expression assay was used to
test the concentration dependence of the antisense effect. Each
oligonucleotide was tested in triplicate over a 3-log-unit range of
oligonucleotide concentrations. Results are the means of triplicate
experimental points and are expressed as percent acetylation.
Results are normalized to P-galactosidase activity. 0, ISIS 1751; *,
ISIS 1753; A, ISIS 1755; *, ISIS 2105.
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FIG. 2. Inhibition of BPV-1 focus formation by E2 antisense
oligonucleotides. C127 cells were plated in 60-mm petri dishes and
were infected with 50 focus-forming units of purified BPV-1. At 24 h
postinfection, cells were treated with oligonucleotide over a 2-log-
unit concentration by direct addition of oligonucleotide to the
culture medium. The medium was aspirated and replaced with
medium containing oligonucleotide every 72 h. After 25 days, cells
were fixed and stained and the foci were counted. Data are the
means of triplicate experimental points and are presented as the
number of foci per plate. 0, ISIS 1751; 0, ISIS 1753; A, ISIS 2105.

ISIS 2105 inhibits HPV-11 E2 transactivation. On the basis
of the observations presented above, a 20-mer phospho-
rothioate oligonucleotide, ISIS 2105, was designed to hy-
bridize to the AUG region of the HPV-11 E2 transactivator
mRNA covering nts 2713 to 2732. ISIS 2105 was found to
inhibit HPV-11 E2-dependent transactivation in a concentra-
tion-dependent, sequence-specific manner, with an IC50 in
the range of 5 to 7 ,uM (Fig. 4). Within a concentration range
in which ISIS 2105 inhibited E2 transactivation up to 70%,
ISIS 2324, a BPV-1 E2-specific oligonucleotide, did not
produce a significant inhibitory effect in the HPV-11 E2
transactivation assay. This observation was expected since
ISIS 2324 has minimal sequence homology with HPV-11.
Similarly, ISIS 2105 had no effect on BPV-1 E2 transactiva-
tion, as measured in BPV-1-transformed cells (Fig. 1).

ISIS 2105-induced, site-specific cleavage of HPV-1l E2
transcript by RNase H. RNase H is an endoribonuclease that
specifically degrades the RNA strand of an RNA-DNA
hybrid. This activity was used to test the ability of ISIS 2105
to hybridize to its target in a sequence-dependent manner.
The sequence to which ISIS 2105 hybridizes is approxi-
mately 117 bases from the 5' terminus of the T7-produced
HPV-11 transcript. If ISIS 2105 hybridized to its target RNA
in a sequence-specific manner, then RNase H should cleave
off the 5'-terminal 117 bases. Both E. coli RNase H and
HeLa cell nuclear extracts resulted in specific cleavage of
the T7 transcript, consistent with the location of the ISIS
2105-binding site on the HPV-11 transcript (Fig. 5). ISIS
2423 did not induce cleavage of the HPV-11 T7 transcript,
demonstrating the requirement for sequence homology. ISIS
2105 did not induce cleavage of a heterologous transcript,
human 5-lipoxygenase, for which there is no sequence
homology, demonstrating the binding specificity of ISIS 2105
(data not shown).
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FIG. 3. Optimization of oligonucleotide length. Oligonucleotides

centered on the AUG codon of the BPV-1 E2 transactivator of
decreasing length were synthesized and tested in the E2 transacti-
vation assay. Cells were pretreated with oligonucleotide and were
then transfected with the E2-dependent CAT reporter and constitu-
tive 3-galactosidase expression vector. Results are the means of
triplicate experimental points and are normalized to ,B-galactosidase
activity. 0, ISIS 2324-20-mer; 0, ISIS 2325-18-mer; A, ISIS
2326-16-mer; V, ISIS 2327-14-mer.

DISCUSSION

One of the major difficulties in the study of the papilloma-
virus life cycle and the development of specific antiviral
agents has been the lack of an in vitro system permissive to
viral replication. In human genital warts caused by HPV-6 or
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FIG. 4. Inhibition of HPV-11 E2-dependent transactivation.
C127 cells were pretreated with oligonucleotide and were then co-
transfected with IPV118, HPV-11 E2 expression constructs, IPV128
HPV-11 E2-dependent CAT expression reporter, and PCH110. Four
separate experiments were carried out. An analysis of variance was
performed on the portion of acetylated chloramphenicol. The data are
expressed as the mean + standard deviation percent acetylation of
the four experiments. 0, ISIS 2105; 0, ISIS 2324.
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FIG. 5. ISIS 2105 directs RNase H cleavage of HPV-11 E2 RNA.
ISIS 2105 was hybridized to HPV-11 E2 RNA. Following hybrid-
ization, RNA was treated with RNase H and the reaction products
were analyzed by gel electrophoresis. Lane 1, untreated RNA; lane
2, RNA plus ISIS 2105 incubated with HeLa cell nuclear extract;
lane 3, RNA plus ISIS 2105 incubated with purifiedE. coli RNase H;
lane 4, RNA plus ISIS 2324 incubated with HeLa cell nuclear
extract; lane 5, 5-LO RNA plus ISIS 2105 incubated with HeLa cell
nuclear extract; lane 6, molecular weight markers.

HPV-11, the viral genome is maintained as a nuclear plas-
mid. This has not been achieved in cell culture for an HPV.
BPV-1, however, is able to transform rodent cells and
maintain its genome as a nuclear plasmid (10,24). Because of
these properties, BPV-1 has been used as a model for latent
infection and to study papillomavirus transcription and
transformation. This model has been used to test the hypoth-
esis that antisense oligonucleotides can provide papilloma-
virus-specific antiviral effects and that the BPV-1 model can

be used to predict targets in analogous HPV RNA sequences

that are sensitive to oligonucleotide-induced inhibition. Two
such regions were identified: the mRNA cap region and the
initiation of translation region, which are targeted by ISIS
1751 and ISIS 1753, respectively.

Inhibition of E2 transactivation by ISIS 1751 and ISIS
1753 was concentration dependent. ISIS 1751 is targeted to
the 5' cap of the mRNA produced by the promoter at nt 2443
and is complementary to nts 2443 to 2472 (40). Two addi-
tional mRNAs capable of producing full-length E2 transac-
tivator have been identified in BPV-1-transformed cells (36,
38). One is transcribed by the promoter located at nt 7940,
and the other is transcribed by the promoter located at nt
890. Both of these mRNA species utilize the splice acceptor
at nt 2558. Therefore, the sequences targeted by ISIS 1751
(nts 2443 to 2472) are not present in these mRNAs. This
suggests that ISIS 1751 is capable of inhibiting only one

species of E2 transactivator mRNA. BPV-1 can produce low
levels of these alternate mRNAs, thus sustaining E2 expres-

sion in the absence of the mRNA produced from P2443. In
dose-response experiments, ISIS 1753 was able to reduce
E2-dependent CAT expression to background levels. This
compound was targeted to the AUG of the full-length E2
transactivator mRNA located at nt 2608. ISIS 1753 was

complementary to nts 2598 to 2627. This region is contained
in all species of E2 transactivator mRNAs identified. This
suggests that, unlike ISIS 1751, ISIS 1753 is capable of
inhibiting E2 expression from all known E2 mRNAs, thus
accounting for the differences in the dose-response curves in
both the E2 transactivation assay and the focus formation
assay.
The chain length of oligonucleotides is thought to affect

not only the specificity of hybridization but also cellular

uptake. Therefore, the effect of oligonucleotide chain length
on activity was assessed by synthesis of a series of truncated
oligonucleotides centered on the AUG of the E2 transacti-
vator. In the present study, a minimum phosphorothioate
oligonucleotide chain length of 20 residues was required to
maintain maximum efficacy. Activity decreased significantly
with each truncation until all activity was lost with a 14-mer.
This apparent optimization of potency in a 20-nt oligonucle-
otide may be specific for this particular site in the RNA, the
type of oligonucleotide, and/or the cell type in which it is
evaluated. We are investigating the relationship between
oligonucleotide length and activity in a number of antisense
target models.
To test the effectiveness of BPV-1-specific oligonucle-

otides in the disruption of the virus life cycle, oligonucle-
otides that inhibited E2 transactivation were evaluated for
their ability to inhibit BPV-1 focus formation. Both ISIS
1751 and ISIS 1753 were shown to inhibit focus formation in
a concentration-dependent fashion. These results are consis-
tent with reports that have shown that genetic mutation of
E2 results in replication- and transformation-defective mu-
tants (17). Collectively, these findings provide further sup-
port that E2 is an essential gene in the life cycle of papillo-
maviruses and, as such, represents a rational target for
papillomavirus therapy.
The nucleotide sequence of the RNAs that code for

HPV-11 E2 protein differs significantly from those that code
for the BPV E2 protein sequence. Therefore, oligonucle-
otides targeted to equivalent regions on the HPV and BPV
RNAs have different nucleotide sequences. ISIS 2105, a
sequence analog of the most potent and minimal-length
phosphorothioate oligonucleotide targeted to the BPV-1 E2,
was shown to produce dose-dependent inhibition of HPV-11
E2 transactivation. This compound had no inhibitory effect
on BPV-1 transactivation. Conversely, ISIS 2324, the com-
pound targeted to the BPV-1 E2 RNA, inhibited BPV-1 E2
transactivation with no effect on HPV-11 E2 activity. Taken
together these data, which demonstrate that each phospho-
rothioate oligonucleotide was active in its homologous
model and inactive in its heterologous model, provide evi-
dence for (i) the requirement for oligonucleotide-RNA target
complementarity and (ii) the sequence-specific inhibitory
effect of ISIS 2105 on HPV-11 E2 expression.
The precise mechanism by which ISIS 2105, ISIS 2324,

and the other active oligonucleotides modulate E2 transac-
tivation has not been elucidated. At one level, the sequence-
specific inhibitory effects described above are consistent
with the initial design rationale of an antisense mechanism in
which synthesis of E2 proteins is inhibited as a result of the
oligonucleotide binding to their complementary receptor-
binding site on the E2 mRNA.
At the level of the RNA target itself, a definitive mecha-

nism of action for the oligonucleotides has not been as-
signed. One potential mechanism is hybridization arrest, in
which protein synthesis is inhibited as a result of the binding
of the oligonucleotide to the RNA, causing disruption of the
protein translation process (25). This mechanism is consis-
tent with the finding that many potent oligonucleotides are
targeted to sites associated with the initiation of translation.
Another possible molecular mechanism for these com-

pounds is cleavage of the oligonucleotide-RNA complex by
RNase H, leading to degradation of the RNA (18). While
ISIS 2105 was shown to support RNase H cleavage of E2
mRNA in vitro, it cannot be concluded that this process is
responsible for the activity action of the compound observed
in cells. Recent data suggest that phosphorothioate oligonu-
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cleotides can produce antisense-mediated effects on RNA
via multiple molecular mechanisms and that the role played
by specific mechanisms may be dependent on the host cell
and specific target site on the mRNA. For example, in
human umbilical vein endothelial cells, phosphorothioate
antisense oligonucleotides targeted to ICAM-1 mRNA have
been found to function through at least two mechanisms (4).
In one case, expression of ICAM-1 was attenuated without
any effect on steady-state mRNA levels, while an oligonu-
cleotide targeted to the 3'-untranslated region resulted in the
degradation of ICAM-1 mRNA.

Expression of BPV-1 (and HPV-6 and HPV-11) early
genes is thought to be tightly regulated by the ratio of E2
transactivator:E2 transrepressor with expression of full-
length E2 transactivator subject to autoregulation (20, 26).
This model suggests an intricate balance of transregulatory
factors in which net transcription is dependent on excess E2
transactivator. Therefore, even minimal inhibition of E2
transactivator expression could result in complete down-
regulation of early gene expression. The sensitivity of the
BPV-1 models to nanomolar concentrations of E2-targeted
oligonucleotides is consistent with this hypothesis and the
fact that perturbation of the balance in favor of E2 transre-
pression can disrupt the life cycle of the virus. This postu-
lated mechanism is consistent with the reduced potency of
ISIS 2105 as measured in the HPV-ll E2 transactivation
model. Within this model, no E2 transrepression exists.
Therefore, the HPV-11 E2 RNA, which is expressed from a
surrogate promoter, continues to be transcribed in the pres-
ence of oligonucleotides that inhibit expression of the E2
protein. This difference in the E2 transactivation models is a
likely explanation for the 50- to 100-fold greater potency of
ISIS 2324 over that of ISIS 2105.
The suitability of E2 as a target for antiviral therapy where

the strategy is inhibition of DNA replication is well sup-
ported by genetic data for both BPV and HPV. El is an
obvious alternative molecular target for this strategy. Cur-
rently, no assays exist for the evaluation of El. The issue of
whether the primary function of E2 is transactivation or
transrepression in HPV is unresolved. Discrimination be-
tween these two activities will likely require analysis in the
context of the entire viral genome. An in vitro system for
HPV-ll that may allow this analysis as well as testing of El
has recently been reported (8). Other genes, E6 and E7, have
been proposed and tested as potential therapeutic targets
(37). These genes may be suitable targets for high-risk
viruses such as HPV-16 and HPV-18 in which inhibition or
reversion of the malignant phenotype is the therapeutic
strategy. On the basis of the current understanding of the
functions of these genes, they do not appear to be suitable
targets for therapeutic strategies designed to inhibit replica-
tion of episomal viral DNA of low-risk HPV types such as
HPV-6 and HPV-ll.

In summary, the data described in this report provide
evidence to support the hypothesis that the E2 transactivator
protein of papillomaviruses is a sensitive target for antisense
oligonucleotide antiviral drug action. ISIS 2105, a phospho-
rothioate oligonucleotide targeted to a site in the E2 RNA of
HPV-6 and HPV-ll, is a compound that can inhibit E2
transactivation in cell culture models. The precise mecha-
nism of action of the compound and its therapeutic utility are
under investigation. ISIS 2105 is in phase I clinical trials for
the treatment of genital warts.

ACKNOWLEDGMENTS
We acknowledge Larry DeDionisio and Fariba Raisishabary of

Applied Biosystems, Inc., for expert assistance in the synthesis of
the phosphorothioate oligonucleotides used in the study. We also
thank S. T. Crooke and D. J. Ecker for advice and helpful discussion
during the course of the study.

This work was supported in part by SBIR grant 1 R43 CA52391-
01A2 to L.M.C.

REFERENCES
1. Agris, C. H., K. R. Blake, P. S. Miller, M. P. Reddy, and

P. 0. P. Ts'o. 1986. Inhibition of vesicular stomatitis virus
protein synthesis and infection by sequence-specific oligodeox-
yribonucleoside methylphosphonates. Biochemistry 25:6268-
6275.

2. Baker, T. S., W. W. Newcomb, N. H. Olson, L. M. Cowsert, C.
Olson, and J. Brown. 1991. Structures of bovine and human
papillomavirus. Analysis by cryoelectron microscopy and three-
dimensional image reconstruction. Biophys. J. 60:1445-1456.

3. Bernard, B. A., C. Bailly, M.-C. Lenoir, M. Darmon, F. Thierry,
and M. Yaniv. 1989. The human papillomavirus type 18
(HPV18) E2 gene product is a repressor of HPV18 regulatory
region in human keratinocytes. J. Virol. 63:4317-4324.

4. Chiang, M.-Y., H. Chan, M. A. Zounes, S. M. Freier, W. Lima,
and C. F. Bennett. 1991. Antisense oligonucleotides inhibit
intercellular adhesion molecule 1 expression by two distinct
mechanisms. J. Biol. Chem. 266:18162-18167.

5. Chin, M. T., T. R. Broker, and L. T. Chow. 1989. Identification
of a novel constitutive enhancer element and an associated
binding protein: implications for human papillomavirus type 11
enhancer regulation. J. Virol. 63:2967-2976.

6. Choe, J., P. Vaillancourt, A. Stenlund, and M. Botchan. 1989.
Bovine papillomavirus type 1 encodes two forms of a transcrip-
tional repressor: structural and functional analysis of new viral
cDNAs. J. Virol. 63:1743-1755.

7. Cowsert, L. M., P. Lake, and A. B. Jenson. 1987. Topographical
and conformational epitopes of bovine papillomavirus type 1
defined by monoclonal antibodies. J. Natl. Cancer Inst. 79:
1053-1057.

8. del Vecchio, A. M., H. Romanczuk, P. M. Howley, and C. C.
Baker. Transient replication of human papillomavirus DNAs. J.
Virol. 66:5949-5958.

9. Dignam, J. D., R. M. Lebovitz, and R. Roeder. 1983. Accurate
transcription initiation by RNA polymerase II in a soluble
extract from isolated mammalian nuclei. Nucleic Acids Res.
11:1475-1489.

10. Dvoretzky, I., R. Shober, K. Chattopadhy, and D. R. Lowy.
1980. A quantitative in vitro focus assay for bovine papilloma
virus. Virology 103:369-375.

11. Frost, E., and J. Williams. 1978. Mapping temperature-sensitive
and host-range mutation of adenovirus type 5 by marker rescue.
Virology 91:39-50.

12. Gissmann, L., E. M. de Villiers, and H. zur Hausen. 1982.
Analysis of human genital warts (condylomata acuminata) and
other genital tumors for human papillomavirus type 6 DNA. Int.
J. Cancer 29:143-146.

13. Gissmann, L., L. Wolnick, H. Ikenberg, U. Koldovsky, H. G.
Scnurch, and H. zur Hausen. 1983. Human papillomavirus types
6 and 11 DNA sequences in genital and laryngeal papillomas and
in some cervical cancers. Proc. Natl. Acad. Sci. USA 80:560-
563.

14. Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982.
Recombinate genomes which express chloramphenicol acetyl-
transferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.

15. Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-461.

16. Guis, D., S. Grossman, M. A. Bedell, and L. A. Laimons. 1988.
Inducible and constitutive enhancer domains in the noncoding
region of human papillomavirus type 18. J. Virol. 62:665-672.

17. Haugen, T. H., T. P. Cripe, G. D. Grinder, M. Karin, and L. P.
Turek. 1987. Trans-activation of an upstream early gene pro-
moter of bovine papillomavirus-1 by a product of the viral E2

176 COWSERT ET AL.



TREATMENT FOR GENITAL WARTS 177

gene. EMBO J. 6:145-152.
18. Helene, C., and J.-J. Toulme. 1990. Specific regulation of gene

expression by antisense, sense and antigene nucleic acids.
Biochim. Biophys. Acta 1049:99-125.

19. Herbomel, P., B. Bourachot, and M. Yaniv. 1984. Two distinct
enhancers with different cell specificities coexist in the regula-
tory region of polyoma. Cell 39:653-662.

20. Hermonat, P., B. A. Spalholz, and P. M. Howley. 1988. The
bovine papillomavirus P2443 promoter is E2 trans-responsive:
evidence for E2 autoregulation. EMBO J. 7:2815-2822.

21. Hirochika, H., T. R. Broker, and L. T. Chow. 1987. Enhancers
and trans-acting E2 transcriptional factors of papillomaviruses.
J. Virol. 61:2599-2606.

22. Lambert, P. F., B. A. Spalholz, and P. M. Howley. 1987. A
transcriptional repressor encoded by BPV-1 shares a common
carboxy terminal domain with the E2 transactivator. Cell 50:69-
78.

23. Lancaster, W. D., and C. Olson. 1982. The papillomaviruses.
Microbiol. Rev. 46:191-207.

24. Law, M. F., F. R. Lowy, I. Dvoretzky, and P. M. Howley. 1981.
Mouse cells transformed by bovine papillomavirus contain only
extrachromosomal viral DNA sequences. Proc. Natl. Acad. Sci.
USA 78:2727-2731.

25. Liebhaber, S. A., J. E. Russel, F. E. Cash, and S. S. Eshleman.
1992. Inhibition of mRNA translation by antisense sequences,
p. 163-174. In R. P. Erickson and J. G. Izant (ed.), Gene
regulation: biology of antisense RNA and DNA. Raven Press,
New York.

26. McBride, A. A., H. Romanczuk, and P. M. Howley. 1991. The
papillomavirus E2 regulatory proteins. J. Biol. Chem. 266:
18411-18414.

27. Mohr, I., R. Clark, S. Sun, E. Androphy, P. MacPherson, and
M. Botchan. 1990. Targeting the El replication protein to the
papillomavirus origin of replication by complex formation with
the E2 transactivator. Science 250:1694-1699.

28. Oriel, D. 1990. In K. Holmes, P. Mardh, P. F. Sparling, and
P. J. Wiesner (ed.), Sexually transmitted diseases. McGraw-
Hill, New York.

29. Phelps, W. C., and P. M. Howley. 1987. Transcriptional trans-
activation by the human papillomavirus type-16 E2 gene prod-
uct. J. Virol. 61:1630-1638.

30. Romanczuk, H., F. Thierry, and P. M. Howley. 1990. Mutational
analysis of cis elements involved in E2 modulation of human
papillomavirus type 16 P97 and type 18 P105 promoters. J.
Virol. 64:2849-2859.

31. Smith, C. C., L. Aurelian, M. Reddy, P. S. Miller, and P. 0. P.
Ts'o. 1986. Antiviral effect of an oligo (nucleotide methylphos-
phonate) complementary to the splicejunction of herpes sim-

plex virus type 1 immediate early pre-mRNAs 4 and 5. Bio-
chemistry 83:2787-2791.

32. Spalholz, B. A., J. Byrn, and P. Howley. 1988. Evidence for
cooperativity between E2 binding sites in E2 trans-regulation of
bovine papillomavirus type 1. J. Virol. 62:3143-3150.

33. Spalholz, B. A., P. F. Lambert, C. L. Yee, and P. M. Howley.
1987. Bovine papillomavirus transcriptional regulation: localiza-
tion of the E2-responsive elements of the long control region. J.
Virol. 61:2128-2137.

34. Spalholz, B. A., Y.-C. Yang, and P. M. Howley. 1985. Transac-
tivation of a bovine papillomavirus transcriptional regulatory
element by the E2 gene product. Cell 42:183-191.

35. Sousa, R., N. Dostatni, and M. Yanive. 1990. Control of papil-
lomavirus gene expression. Biochim. Biophys. Acta 1032:19-
37.

36. Stenlund, A., J. Zabielski, H. Ahola, J. Moreno-Lopez, and U.
Pettersson. 1985. Messenger RNAs from the transforming region
of bovine papillomavirus type 1. J. Mol. Biol. 182:541-554.

37. Storey, A., D. Oates, L. Banks, L. Crawford, and T. Crook.
1991. Antisense phosphorothioate oligonucleotides have both
specific and non-specific effects on cells containing human
papillomavirus type 16. Nucleic Acids Res. 19:4109-4114.

38. Vaillancourt, P., T. Nottoli, J. Choe, and M. R. Botchan. 1990.
The E2 transactivator of bovine papillomavirus type 1 is ex-
pressed from multiple promoters. J. Virol. 64:3927-3937.

39. Vickers, T., B. F. Baker, P. D. Cook, M. Zounes, R. W.
Buckheit, J. Germany, and D. J. Ecker. 1991. Inhibition of
HIV-LTR gene expression by oligonucleotides targeted to the
TAR element. Nucleic Acids Res. 19:3359-3368.

40. Yang, Y.-C., H. Okayama, and P. M. Howley. 1985. Bovine
papillomavirus contains multiple transforming genes. Proc.
Natl. Acad. Sci. USA 82:1030-1034.

41. Zamecnik, P. C., J. Goodchild, Y. Taguchi, and P. S. Sarin.
1986. Inhibition of replication and expression of human T-cell
lymphotropic virus type II in cultured cells by exogenous
synthetic oligonucleotides complementary to viral RNA. Proc.
Natl. Acad. Sci. USA 83:4143-4146.

42. Zamecnik, P. C., and M. L. Stephenson. 1978. Inhibition of Rous
sarcoma virus replication and cell transformation by a specific
oligodeoxynucleotide. Proc. Natl. Acad. Sci. USA 75:280-284.

43. Zerial, A., N. T. Thuong, and C. Helene. 1987. Selective
inhibition of the cytopathic effect of type A influenza viruses by
oligodeoxynucleotides covalently linked to an intercalating
agent. Nucleic Acids Res. 15:9909-9919.

44. zur Hausen, H., and A. Schneider. 1987. The role of papilloma-
viruses in human anogenital cancer, p. 245-263. In N. P.
Salzman and P. M. Howley (ed.) The papovaviridae, vol. 2: the
papillomaviruses. Plenum Press, New York.

VOL. 37, 1993


