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Abstract

Human papillomavirus (HPV) causes cervical cancer and other hyperproliferative diseases. There
currently are no approved antiviral drugs for HPV that directly decrease viral DNA load and that
have low toxicity. We report the potent anti-HPV activity of two N-methylpyrrole-imidazole
polyamides of the hairpin type, polyamide 1 (PA1) and polyamide 25 (PA25). Both polyamides
have potent anti-HPV activity against 3 different genotypes when tested on cells maintaining HPV
episomes. The compounds were tested against HPV16 (in W12 cells), HPV18 (in Ker4-18 cells),
and HPV31 (tested in HPV31 maintaining cells). From a library of polyamides designed to
recognize AT-rich DNA sequences such as those in or near E1 or E2 binding sites of the HPVV16
origin of replication (ori), 4 polyamides were identified that possessed apparent IC5s < 150 nM
with no evidence of cytotoxicity and we report two highly-active compounds here. Treatment of
epithelia engineered in organotypic cultures with these compounds also causes a dose-dependent
loss of HPV episomal DNA that correlates with accumulation of compounds in the nucleus.
Bromodeoxyuridine (BrdU) incorporation demonstrates that DNA synthesis in organotypic
cultures is suppressed upon compound treatment, correlating with a loss of HPV16 and HPV18
episomes. PA1 and PA25 are currently in preclinical development as an antiviral compound for
treatment of HPV-related disease, including cervical dysplasia. PAL and related polyamides offer
promise as antiviral agents and the ability to regulate HPV episomal levels in cells for the study of
HPV biology. We also report that anti-HPV'16 activity for Distamycin A, a natural product related
to PAL, is accompanied by significant cellular toxicity.
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Introduction

Human papillomavirus (HPV) causes the vast majority of cervical cancers, with HPV16 and
HPV18 being responsible for greater than 65% of these cases (Munoz et al., 2003; zur
Hausen, 2002). HPV is highly trophic for epithelia. Initial infection, which is believed to
occur within the basal or proliferative cell layers by way of micro-lesions within the
epithelium, establishes viral episomes within the proliferative, basal cells. During productive
infections (i.e. warts) where progeny virions are made, episomes are amplified within the
differentiating keratinocytes via an unscheduled round of DNA synthesis. This unscheduled
round of synthesis produces viral DNA for packaging in virions and eventual shedding
within the most apical, differentiated cells of the epithelium (Cheng et al., 1995; Garner-
Hamrick et al., 2004; Howley, 1996).

Most HPV infections, whether caused by high- or low-risk viruses, clear on their own.
Progression to high-grade disease of the cervix and invasive cervical cancer is thought to be
dependent upon several factors including persistence of infection, HPV viral DNA load, and
HPV DNA integration (Stanley et al., 2007; Woodman et al., 2007). Antiviral compounds
that decrease or eliminate human papillomavirus (HPV) levels and reverse associated
disease pathology are not available (Fradet-Turcotte and Archambault, 2007). An antiviral
agent effective at reducing HPV load or persistence has the potential to impact public health,
especially given that vaccines protect against a small number of viral subtypes and
widespread use of HPV DNA testing in cervical cancer screening programs is anticipated
(Sankaranarayanan et al., 2009; Schiffman and Wacholder, 2009). In addition, such
compounds have the potential to be used as tools to manipulate and study HPV episomes in
cells.

Episome-maintaining keratinocytes have been isolated from low-grade HPV lesions
(Doorbar et al., 1990; Meyers et al., 1992) and from keratinocytes transfected with cloned
HPV genomes (Flores et al., 2000; Frattini et al., 1996; Garner-Hamrick and Fisher, 2002).
In general, high-risk HPV episomes appear to be required for robust establishment of
episome-maintaining cell lines in primary keratinocytes. This is likely due to the ability of
high-risk HPVs to impart effects upon keratinocytes such as extension of cell lifespan,
immortalization, circumvention of innate immunity, and promotion of DNA synthesis
(Hebner and Laimins, 2006; Howley, 1996; Longworth and Laimins, 2004; Thomas et al.,
2001), which are required for episome maintenance and increased survival of the host cells.

Virally encoded DNA polymerases such as HIV reverse transcriptase have been successful
medicinal chemistry targets, but HPV encodes few proteins that resemble traditional targets
for medicinal chemistry. Thus, the small HPV genome does not encode a DNA polymerase
but depends on the viral proteins E1 and E2 to initiate viral DNA replication and recruit host
cell DNA replication machinery to the viral origin of replication (ori). However, some
possible drug strategies include targeting the helicase and ATPase activities of the HPV E1
protein and disrupting the E1/E2 protein-protein interactions that are of particularly high
importance for a small virus encoding so few proteins (Fradet-Turcotte and Archambault,
2007), or targeting activities of the viral oncogenes such as E7 (He and Fisher, 2003). To our
knowledge, these strategies have been effective only on low-risk HPV. To attempt a fresh
approach against high-risk HPV, we based our initial chemical synthesis of potential
antiviral agents on the proposition that targeting long AT-rich regions of the viral genome
with DNA-binding polyamides would interfere with viral maintenance, in part because such
regions occur near viral DNA binding sites for important viral E1 and/or E2 proteins,
including sites at the ori essential for HPV replication. Here we describe the activity and use
of two synthetic N-methyl-pyrrole/N-methyl-imidazole containing polyamides (Dervan,
2001; Dervan and Edelson, 2003; White, 1998), polyamide 1 (PA1) and polyamide 25
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(PA25), which is active against HPVV16 in W12E cells. We show that PA1 decreased the
HPV16 episome count in W12E cells with a pseudo I1Csq of 100 nM. In addition, PA1
decreased the HPV16 episome levels of organotypic cultures made from W12E cells.

Materials and Methods

Synthesis of Polyamide 1 and Polyamide 25

Polyamide 1 (PA1) has the sequence dim-Py-Py-B-Py-Py-Py-y-Py-Py-B-Py-Py-Py-Py-B-Ta,
where the amino acid building blocks and terminating amine are denoted as follows: dim is
desamino-N-methylimidazole, Py is N-methylpyrrole, B is p—alanine, y is y-aminobutyric
acid, and Ta is CH3N(CH,CH,>CH,NH5), (Dervan, 2001; Dervan and Edelson, 2003;
White, 1998). PAL was prepared by a variety of methods, including manual and automated
solid-phase methods and by combined solid-phase and solution methods (Baird and Dervan,
1996; Krutzik and Chamberlin, 2002; Wang et al., 2001; Wurtz et al., 2001; Xiao et al.,
2000). Automated solid phase synthesis was performed on an ABI 433A peptide synthesizer
(Applied Biosystems, Foster City, California) by t-Boc methods (Baird and Dervan, 1996)
while manual solid phase synthesis used Fmoc methods (Wurtz et al., 2001). Purification of
the crude products was accomplished as previously reported (Baird and Dervan, 1996;
Wurtz et al., 2001). Desired product and pure HPLC fractions were identified initially by
ultraviolet and visible light detection (UV/Vis) and Matrix-Assisted Laser Desorption
lonization Mass Spectrometry (MALDI, Global Peptides, Fort Collins, Colorado), and later
by HPLC/mass spectrometry with diode array UV/Vis detection and electrospray ionization
(ESI HPLC/MS, Agilent Technologies, Santa Clara, California). Purity > 95% by reverse
phase (RP) HPLC/mass spec); high resolution mass spectrometry (HRMS, Danforth Plant
Science Center, St. Louis, MO) of the purified product was carried out to confirm
composition: HRMS found 1894.89331,; calc. 1894.89038 for [M+H]* (Cg1H112N31015).

Polyamide 25 (PA25) has the sequence dim-Py-Py-B-Py-Py-Im-B-Py-Py-y-Py-Py-B-Py-Py-
Py-B-Py-Py-Py-B-Ta and was prepared and purified by analogy with PAL (purity 95% by RP
HPLC/mass spec); high resolution mass spectrometry (HRMS, Danforth Plant Science
Center, St. Louis, MO) of the purified product was carried out to confirm its composition:
HRMS found 2526.15570; calc. 2526.15186 for [M+H]* (C129H145N42027).

Reagents were prepared according to the literature (Xiao et al., 2000) or purchased from
Wako Chemicals (Richmond, Virginia), Oakwood (West Columbia, South Carolina), Chem-
Impex (Wood Dale, lllinois), Peptides International (Louisville, Kentucky), Aldrich
(Milwaukee, Wisconsin) and EMD-NovaBiochem (Gibbstown, New Jersey).

Cells and Cell Culture

The extensively analyzed W12E cervical keratinocyte cell line that maintains HPV16
episomes was derived from a low grade cervical dysplasia (15, 23, 32). Ker4-18 cells
maintaining HPV18 episomes were derived from cloned HPV18 DNA as previously
described for HPV31 cells (23). Cells maintaining HPV31 were the gift of Dr. Lou Laimins
(Northwestern University). All three cells were cultured on mitomycin C-treated J2 3T3
cells in media containing three parts Dulbecco’s modified Eagle medium (DMEM) and one
part F12 media as previously described (23). Culture media (E media) was supplemented
with 0.4 pg/mL hydrocortisone, 10 ng/mL cholera toxin, 5 pg/mL insulin, 24 pug/mL
adenine, 5 pg/mL transferrin, 20 pM 3,3’, 5-triiodothyronine (T3), 5 ng/mL epidermal
growth factor (EGF), 100 U/mL penicillin,100 pg/mL streptomycin, and 5% fetal bovine
serum (FBS). All cells were passaged at 70% confluence using a split ratio of 1:10 (W12E)
and 1:20 (Ker4-18).
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Compound Efficacy Testing on Episome Harboring Keratinocyte Monolayer Cultures

Lyophilized single-use aliquots of polyamide were dissolved at 10 mM in 100% DMSO and
diluted with dH,0 to 1 mM. Polyamides were added to cells at concentrations spanning
0.001-10 uM with final DMSO concentration of 0.1% in E media. Cells were also incubated
with normal E media or media with 0.1% DMSO as controls. After 48 h incubation, cells
were harvested from the plates for isolation of total DNA. Cells were lysed with DNAzol
reagent (Invitrogen), precipitated with ethanol, and DNA resuspended in 8 mM NaOH. After
resuspension, the DNA solution was neutralized by the addition of 1M Hepes buffer.

Tagman® (Real-Time) PCR and Determination of ICgg Values

Quantitative PCR (Q-PCR) was performed using real-time technology on the ABI PRISM
7700 Sequence Detector (Applied Biosystems, Foster City, CA) as previously described
(Garner-Hamrick and Fisher, 2002). All HPV probes and primers were designed within the
relevant HPV L1 gene using Primer Express 1.0 software (Applied Biosystems, Foster City,
CA). The probes were labeled with the 5’ reporter dye FAM (6-carboxyfluorescein) and the
3’ quencher dye TAMRA (6-carboxytetramethylrhodamine) (Integrated DNA Technologies,
IDT). PCR reactions contained a final concentration of 1x JumpStart Tag ReadyMix
(Sigma), 200 nM of each primer (IDT), and 250 nM probe (IDT) in a reaction volume of 25
pL. A standard curve was generated using cloned HPV16, 18, or 31 DNA. Total copies of
episomal DNA in samples were calculated using the following formula:

(1.82 x 1015 pg/uL stock DNA) / (length in base pairs) x (2) = (copies of DNA) / (uL
stock DNA)

For drug efficacy screening, 20 ng of total DNA was added to the PCR reaction and the
effect on HPV copy number was plotted as a percent decrease compared to vehicle-treated
cells. The log dose-response was plotted for each compound that showed any activity. Each
experiment was conducted in triplicate, with an independent experimental at least n = 3 for
both PA1 and PA25. The data from each independent experiment were combined, 1C5pS
calculated, and variance determined to reveal the fit of the data to the model and its
reliability using a best-fit curve generated by the Microsoft Excel add-in, XLfit (version 2.0;
ID Business Solutions, Guildford, UK).

For polyamide efficacy analysis against HPV in the context of organotypic cultures, total
DNA was extracted from the rafts with DNAzol reagent and episome copies determined via
Q-PCR for each drug-treated and vehicle-treated sample. The reduction in HPV16 or 18
DNA was plotted as a function of drug concentration and expressed as % decrease in HPV
episomes relative to the vehicle-treated controls.

Several quality control tests, including use of alternative qPCR amplicons, Southern
blotting, and isolation of low molecular weight (“Hirt”) DNA, were routinely conducted
through the course of these studies to ensure that the measurements of HPV episomal DNA
were accurate.

Cell Viability Assay

Cells were plated in triplicate at 4.5 x 103 cells per well in 96-well tissue culture plates in
100 pL of E-media. Cells were treated 24 h. later with E media, 0.1% DMSO (vehicle
control), or PA1 or 25 at doses ranging from 10 nM to 200 uM, and the cells cultured for an
additional 48 h. Cell viability was assessed using an MTT assay kit (ATCC, cat# 30-1010K)
as per manufacturer’s recommendations. Briefly, 10 pL tetrazolium MTT reagent (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was added to each well and
incubated 4 h at 37° C in a tissue culture incubator. The intracellular purple formazan
precipitate was solubilized in detergent according to kit directions, and absorbance was read
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at 595 nm on a Bio-Rad plate reader. The data was plotted as the percentage of viable cells
following 48 h of drug treatment compared with control-treated cells.

Organotypic Cultures

Organotypic cultures were constructed using a dermal equivalent seeded with W12E cells or
Ker4-18 cells, and grown at the air liquid interface according to modifications of previously
published procedures (Flores et al., 1999; Meyers and Laimins, 1994). Rat tail type |
collagen (5.2 mg/mL; Invitrogen cat# A10483-01) was gently mixed on ice with 10x
reconstitution buffer (2.2 g NaHCO3 and 4.77 g Hepes in 200 mL 0.05 N NaOH) and 10x
DMEM (Invitrogen) at a ratio of 8:1:1. To this mixture, we added 1.5 x 10° per mL J2 3T3
cell fibroblasts. Corning Transwell Inserts (Cat. # 3450; Corning, NY) with a permeable
base were transferred to Deep Well Trays (BD Biosciences) and 2 mL of the collagen-
fibroblast mixture were transferred into each insert (2 mg/mL final collagen concentration).
The trays were placed in a 37°C incubator (5% CO») where they were allowed to gel for 30
min. DMEM (18 mL) was added to each deep well tray and the gels allowed to contract for
4 days. DMEM was removed and 5 x 10° W12E cells or Ker4-18 cells in 1 mL of E media
were added to the surface of each dermal equivalent. After 2 hours, an additional 18 mL of E
media was added to the deep well reservoir. After reaching confluence (4 days post-plating
of keratinocytes), the cells were raised to the air-liquid interface by placing the transwell
inserts upon 2 x 2 inch sterile gauze pads placed in the bottom of the deep well trays.
Enough E media (without EGF) was pipetted into the deep well trays to permeate the dermal
equivalent but leave the keratinocytes exposed to the atmosphere within the tray. Raft
cultures were fed with fresh media every 2 days. All organotypic cultures were routinely
treated with 50uM bromodeoxyuridine (BrdU; Sigma) added directly to the culture media
24 h. prior to harvest. The rafts were harvested by carefully bisecting each raft with a scalpel
and fixing one half in 3% neutral buffered formalin for histology. The stratified epithelium
from the remaining half was carefully stripped from the collagen gel and total DNA
extracted with DNAzol.

Treatment of W12E rafts with PA1 occurred at the time of cell plating onto the collagen gel;
cells were plated in E media in the presence of a final concentration of 0.1% DMSO
containing 10, 50, or 100 uM polyamide. Any compound remaining in the E media from
W12E cell plating was removed two days later by washing with media and 1 mL fresh E
media was applied to the top of the raft cultures. Rafts were raised to the air-liquid interface
upon confluence 2 days later. The rafts were harvested fifteen days post-raise.

Treatment of Ker4-18 rafts was topical in a mixture of 50% DMSO and 50% PEG 400.
Polyamide 25 (1 mM) was topically applied to the surface of the raft cultures following
stratification in a formulation of 50%PEG-400/50%DMSO either once (1X-at day 6 after
raising to the air-liquid interface) or twice (2X-at days two and six after raising).

All organotypic cultures were treated with 50 UM 5-bromodeoxyuridine (BrdU; Sigma) for
hours prior to harvesting.

Tissue Processing, Immunohistochemistry, and Cell Counts

The formalin-fixed tissues were embedded in paraffin following dehydration through a
graded ethanol series and xylene, and 5 uM sections cut with a Leica rotary microtome.
Sections were mounted on poly-L-lysine coated slides. Immunohistochemistry was
conducted after de-waxing in xylene and re-hydrating through a graded ethanol series.
Sections were incubated for 30 min in 2N HCl at 37°C, rinsed in tap water, and transferred
to Tris-buffered saline with Tween (TBST: 50 mM Tris-HCI, 150 mM NacCl, and 0.025%
Tween-20) and blocked with 3% normal rabbit serum (MP Biomedicals) for 1 h. Slides were
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drained and incubated 1 h with antibromodeoxyuridine (BrdU) antibody (clone BU-33;
Sigma) at 2.5 pg/mL in diluent buffer (DB: 50 mM Tris-HCI, 150 mM NaCl, 1% bovine
serum albumin (BSA), 0.1% Tween-20, pH 7.2). After 3 rinses (5 min each) with TBST, a
biotinylated rabbit anti-mouse 1gG (Vector Labs, cat. # BA-9200) was applied to the
sections at 3 pg/mL for 30 min at r.t. Sections were rinsed 3 times with TBS (TBST without
Tween-20) for 5 min. each and were incubated with an avidin-biotinhorseradish peroxidase
complex (Vectastain ABC Kit, Vector Labs), prepared according to manufacturer’s
recommendations, for 30 min. Sections were developed, and peroxidase was detected with
diaminobenzidene (Sigma; cat. # D-0426).

The % BrdU-labeled cells in organotypic cultures was determined by direct counting of cells
from matched brightfield and phase contrast photomicrographs of BrdU-stained sections.
Multiple sections separated by at least 20 uM were examined, and a minimum of 12 fields
were photographed in brightfield and in phase contrast for each culture. These images were
printed and nuclei within each field were counted in the phase contrast micrographs
(minimum of 5700 nuclei were counted per culture) and total BrdU-stained nuclei were
counted in the matching brightfield images. Total labeled nuclei were counted for W12E
rafts. In the case of Ker4-18 rafts, which stratified and differentiated much better, nuclei in
the basal and suprabasal compartments were analyzed separately. P-values were determined
by Student’s t-Test: two-sample unequal variance, two-tailed distribution.

To identify candidate compounds, we designed and screened a library of polyamides that
target AT-rich regions of the ori containing or adjacent to the HPV16 E1 and E2 binding
sites (Figure 1). Ten negative control compounds were constructed by adding imidazole
building blocks, ensuring that increased GC content would be required for strong DNA
binding, and a total of twenty-four compounds were initially prepared and tested. Five
binding sites for the polyamide library are present within the minimal HPV16 ori (Fig. 1A).
Two such sites (PA-BS1, PA-BS2) are within the consensus E1 binding site (E1BS), two
overlapping binding sites (PA-BS3, PABS4) fall between the E1BS and an E2 binding site
(E2BS2), and one binding site (PA-BS5) overlaps with E2BS1. Furthermore, one site (PA-
BS1) can accommodate longer polyamides than the other four sites. Similar sites are
conserved in HPV18 and HPV31. Polyamides were initially tested for their effects on
episomal DNA levels in W12E cells. A significant decrease in HPV16 episome levels was
seen with PAL, targeted to AT-rich regions containing only one GC base pair, while the
negative control compounds designed for sequences richer in GC showed no effects on
HPV16 episome levels. Any compounds showing a significant initial decrease in HPV
episomes at the highest dose (10 uM) were re-tested for a dose response so that an apparent
ICsq value could be calculated. A drug concentration of less than 250 nM gave a 50%
decrease in viral DNA (apparent 1Cgp) for seven library compounds and a full report of a
series of libraries will be published separately. Reproducibility of the results was high with
three or more independent experiments performed in triplicate for each active compound (n
> 3). Four library compounds had apparent I1Csq values equal to or below 150 nM, and one
compound, PA1 (Fig. 1B) and PA25, were chosen for further studies. Table 1 summarizes
the activity of PAL1 and PA25 against 3 different HPV genotypes.

To determine if decreases in HPVV16 DNA were associated with cytotoxicity, W12E cells
were treated with increasing concentrations of PA1 and cell viability was measured at 48
hours. No toxicity was observed for PA1 up to the highest concentration studied: 200 pM
(Fig. 2A). This observation was consistent with additional observations: no changes in cell
morphology or apparent growth rate of cells, or other evidence of toxicity have been noted
with hairpin polyamides throughout the course of our work or in the literature (Harki et al.,
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2008; Hsu and Dervan, 2008; Matsuda et al., 2006; Ueno et al., 2009). No cytotoxicity has
been observed for PA1 or PA25 against any HPV episome-maintaining cell line.

Numerous Southern blots have been run to confirm the reduction in HPV episomes by
polyamides, and to see if integration of the viral DNA is occurring during the loss of viral
DNA over the short culture period. One example is provided is supplemental data (SFig.1a).
A dose-dependent loss of episomal DNA in noted. In addition, while loss of the 8 kb
episome occurs, there is no subsequent appearance of higher molecular weight DNA
hybridizing with the probe, indicating that integration of the viral DNA is not occurring
concurrent with loss of episomes. Numerous experiments using Q-PCR indicate that
polyamides are reducing cell episomal DNA content in the absence of integration (SFiglb).
These separate experiments all show that the final cellular concentration of HPV DNA
copies is well below one copy per cell.

PAL is a synthetic, higher homolog of naturally-occurring oligoamides, such as Distamycin
A, which has previously been reported to have antiviral activity against DNA viruses
(Becker and Weinber, 1972; Broyles et al., 2004). For this reason, we examined the effects
of Distamycin A on monolayer cultures of W12E cells. Distamycin A showed evidence of
weak anti-HPV activity with an apparent ICsq of 33 uM. To the best of our knowledge, this
is the first report of anti-HPV activity for Distamycin A. However, Distamycin A activity
largely tracked with its cellular toxicity (Fig. 2B). Thus, PA1 has a selectivity index (SI)
more than 1000-fold superior to a natural product from which its basic structure is derived
(SI = 1C50/TDs5g, where TDg is the dose at which 50% of cells are killed).

We next examined the effects of PA1 on HPV16 episome levels in an organotypic culture of
W12E cells. W12E cells were plated on an engineered “dermal equivalent” in the presence
of a single treatment of 10, 50, or 100 uM of PA1. Two days post-plating of W12E cells, the
tissue culture media containing PA1 was changed (washing out any unabsorbed drug), the
cultures were incubated another two days until confluent, and then raised to the air-liquid
interface. The W12E cells were allowed to differentiate for an additional fifteen days. Q-
PCR examination of HPV16 levels revealed that the single treatment with PA1 caused a
dose-dependent decrease in HPVV16 episome levels within the W12E cell-derived epithelium
(Fig. 3). The highest dose of 100 uM resulted in an 80% loss of viral DNA at the time of
harvest compared to vehicle-treated control raft cultures. While 100 pM is well above the
apparent 1Csq determined in monolayer cultures, the doses are not inconsistent: we have not
yet determined the intracellular concentrations in rafts or monolayers and they may be
considerably lower than the nominal concentrations used for apparent I1Csq calculations. The
10 pM and 50 pM doses resulted in losses of 35% and 65% of HPV16 DNA from the rafts,
respectively (Fig. 3).

Histological examination of the W12E organotypic cultures demonstrated that both the
vehicle-treated controls (treated with the delivery buffer--0.1% DMSO in E-media minus
polyamide 1) and the polyamide 1-treated raft cultures differentiated over the course of the
experiment, with all cultures showing evidence of stratification and cornification (Fig. 4).
The effects of decreases in W12E episome levels on DNA synthesis were next tested by
probing adjacent, multiple histological sections of the treated epithelia with a BrdU
antibody. BrdU incorporating cells were in both the basal cell layer and in more
differentiated cell layers of the epithelium, although the limited thickness and poor
organization of the W12E epithelium made it difficult to conclusively assign labeled cells to
a particular compartment. Nevertheless, fewer cells incorporated BrdU within the polyamide
1-treated epithelia than within the vehicle-treated controls (Fig. 4), and qualitatively this
seems to hold for both suprabasal and basal layers. We therefore quantified the total number
of nuclei versus the number of BrdU-labeled nuclei in order to compare BrdU uptake among
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samples. The percentage of epithelial cells whose nuclei stained positive for BrdU in the
control samples was 9.8 + 1.15%, while the BrdU labeling of all three treatment groups was
lower than the control (p < 0.05; Fig 5). The difference in BrdU staining was also
statistically significant between dosage groups (Fig. 5). These results demonstrate that a
single treatment of W12E cells with polyamide 1 results in a significant, dose-dependent
decrease in HPV16 DNA load, and in a loss of cells in S-phase within the engineered
epithelia.

Examination of LDH levels in the organotypic culture media following treatment showed no
elevation over vehicle-treated controls (data not shown). Fluorescence microscopy of the
PA1-treated rafts at the end of the culture period revealed prominent nuclear staining
attributable to PAL (SFig. 4). This result is consistent with the long-term ability of PA1 to
diminish HPV DNA levels.

WA12E cell derived epithelia are not ideal for histological studies for several reasons, notably
poor differentiation and a lack of organization relative to other HPV episome-positive cell
lines, particularly those lines that have been derived by transfection and been in culture for
shorter periods of time. For this reason, we next set out to examine the effects of topical-
treatment of highly organized, well-differentiated raft cultures derived from an HPV18
episome-positive cell line (Ker4-18). Since PA1 had lower activity against HPV18 (1C50
~650 nM; Table 1), we employed a different polyamide (PA25) that potently reduced
HPV18 episomes in Ker4-18 cell monolayers with an I1Csg of 56 £ 5 nM. As observed in the
W12E study with active anti-HPV polyamides, PA25 had no detectable effects on cell
viability in MTT assays (data not shown).

Polyamide 25 (1 mM) was topically applied to the surface of HPV/18 raft cultures as
described. Q-PCR confirmed that both the 1X and 2X treatments resulted in significant
reductions of HPV18 episome levels of approximately 70% and 80%, respectively, in the
cultured epithelia relative to the vehicle-treated controls (S Fig. 3). Due to the excellent
stratification, differentiation, and histological organization of the Ker4-18 cells in raft
cultures, cells in both the basal and suprabasal compartments of the epithelia were easily
identified and counted. BrdU labeling decreased within the suprabasal compartments of the
Ker4-18 epithelia following both the 1X and 2X treatments with PA25 relative to vehicle-
treated controls (Fig. 6). Cell counts confirmed that PA25 caused a statistically significant
reduction in suprabasal labeling in both treatment groups relative to controls (Fig. 6E). In
contrast, no significant effect on basal cell labeling was observed between treatment groups.
The difference in labeling index between basal and suprabasal layers was not attributable to
polyamide bioavailability because polyamide nuclear labeling was found throughout all
Ker4-18 epithelial cell layers at the end of the culture period (S Fig. 4). LDH levels in the
organotypic culture media of Ker4-18 rafts following treatment showed no elevation over
vehicle-treated controls (data not shown).

Discussion

We report a novel polyamide compound that controls and decreases the HPV episome
content of keratinocytes for the major high-risk virus HPV16. Minor groove binding agents
such as Distamycin A have long been considered as possible DNA antiviral agents (Becker
and Weinber, 1972; Verini, 1964), although problems such as toxicity and lack of specificity
have hindered their clinical usefulness. We describe here the synthesis and testing of PA1, a
synthetic minor groove DNA binding agent initially designed to target E1 and E2 binding
sites on the HPV genome, including those at the HPV16 ori. PA1 is a higher homolog of
naturally occurring oligoamides such as Distamycin A. PA1 shows no evidence of
cytotoxicity at doses up to 200 uM. We attribute this improvement over Distamycin A to the
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much greater sequence-selectivity of PA1 for DNA binding and possibility to a decreased
accessibility to host DNA of the relatively large PA1 vs. Distamycin. PAL is currently under
development as an HPV16 antiviral compound. In addition, it and related reagents may also
prove to be useful for controlling HPV episomal levels in cells and thereby promote
experimentation on various aspects of the HPV biology.

The difference in cellular uptake of compounds is currently under investigation as part of the
SAR. We previously reported that uptake and nuclear localization of polyamides are
influenced by multidrug resistance efflux pumps for certain cell lines, including human
rheumatoid synovial fibroblasts (RSFs). Our report showed that verapamil, an inhibitor of p-
glycoprotein-dependent ABC transporter systems, blocked the accumulation of certain
polyamides in vesicles and led to nuclear accumulation of the polyamides in RSFs (Crowley
et al., 2003). We further showed that uptake can change dramatically with small changes in
chemical structure, for example in HCT116 colon cancer cells, where altering molecular
properties by changing one dye (BODIPY) for another (fluorescein) led to efficient uptake
and nuclear localization (Crowley et al., 2003). Subsequent studies on polyamide uptake
have reported similar effects, including successful uptake and biological activity with
appropriate molecular designs, in a wide range of cell types, both in vitro and in vivo
(Belitsky et al., 2002; Best et al., 2003; Harki et al., 2008; Nickols et al., 2007; Takahashi et
al., 2008; Ueno et al., 2009; Xiao et al., 2007).

For the keratinocytes under study here, we have routinely observed successful polyamide
uptake. For example, we show uptake into cells in engineered, differentiated epithelial
tissues by the inherent fluorescence of polyamides localized in the nuclei of target cells (S
Fig. 4). It should be noted that polyamide fluorescence is greatly enhanced upon binding
DNA, so the absence of the characteristic polyamide emission from the cytoplasm does not
necessarily mean that the cytoplasm is polyamide-free (Rucker et al., 2004, Hsu and Dervan,
2008). Recently, it was reported that polyamides up to a molecular weight (MW) of 3115 are
taken up well by two cell lines as long as the imidazole content is not high (Nishijima et al.,
2010). The value 3115 is significantly above the MW of compounds we report here. This
same uptake study (Nishijima et al., 2010) noted that uptake into cells did not correlate at all
with MW: large polyamides were taken up by cells just as readily as small polyamides, and
the “standard” ideas about MW and cell permeability do not apply for polyamides. Note that
our ultimate use for PAL or its analogs is as a topical agent, not as a systemic drug. We also
note that a previous report demonstrated blocking of E2 binding to HPV DNA by a tandem
hairpin polyamide in a cell free system (Schaal et al., 2003), an encouraging observation.

Organotypic cultures (or “raft” cultures) have been useful for investigations of the HPV
lifecycle because they allow formation and differentiation of a stratified squamous
epithelium very similar to that found in vivo and they support the entire life cycle of the
virus (Flores et al., 1999; Frattini et al., 1997; Garner-Hamrick et al., 2004; Meyers and
Laimins, 1994). We therefore set out to determine if we could also reduce HPV16 episome
content with PA1 in this more complex culture system, using engineered epithelia derived
from W12E cells. Surprisingly, we found that a single treatment of PAL at the time of initial
raft construction resulted in a dose-dependent decrease in episome content of the rafts at the
time of harvest 19 days later. W12 organotypic cultures are highly dysplastic, which makes
it difficult to precisely assign BrdU uptake to basal versus suprabasal cell populations.
However, Ker4-18 organotypic cultures are highly stratified and differentiated. Topical
treatment of these cultures with PA25 causes a dramatic loss of suprabasal BrdU uptake
while basal cell BrdU labeling is apparently unaffected. These changes are consistent with
the treated epithelium reverting to a phenotype that is more consistent with a normal, rather
than an HPV-infected, epithelium We are currently examining the effects of episome loss
following PA1 and PA25 treatment on DNA synthesis and cell cycle progression.
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The observed, polyamide-driven decrease in HPV DNA is not attributable to cellular
toxicity. We have searched extensively for signs of toxic effects from our compounds using
multiple assay systems, including the MTT assays reported here, and have yet to see
evidence of polyamide toxicity in cells up to 200 uM concentrations (ca. 2000-fold higher
than the apparent ICsg). In addition, we routinely monitor the media of all raft cultures at the
end of our long-term polyamide treatment periods for the presence of lactate dehydrogenase
(LDH) activity, a widely used assay for assessment of cell or tissue damage in vivo and in
vitro (Babson and Babson, 1973). These studies are part of an ongoing pre-clinical
development program for identifying the best formulation for topical delivery of our lead
compound. We have never observed short- or long-term toxicity of polyamides using the
LDH assay with our organotypic culture system or the MTT assay with monolayer cultures.
Finally, many others have reported on the use and nontoxic nature of synthetic polyamides
in a variety of in vitro and animal models (Fukuda, 2006; Harki et al., 2008; Matsuda et al.,
2006; Shinohara et al., 2005). Together, these results strongly indicate that the reduction of
HPV DNA episomes by our active polyamides is specific.

Maintenance of HPV episomes in cultured human keratinocytes is a poorly understood
phenomenon that primarily occurs in “high-risk™ or cancer-causing forms of the virus.
Furthermore, establishing episome-maintaining cells, whether from cultured clinical tissue
or following transfection of normal keratinocytes, generally requires a “high risk” genotype
(Doorbar et al., 1990; Frattini et al., 1997; Garner-Hamrick and Fisher, 2002; Meyers et al.,
1992; Stanley et al., 2007). However, exceptions to this generalization do exist (Fang et al.,
2006; Pittayakhajonwut and Angeletti, 2008; Thomas et al., 2001). Numerous viral proteins
and interaction domains have been implicated in the maintenance of HPV episomes (Cote-
Martin et al., 2008; Hebner and Laimins, 2006; Ilves et al., 1999; Pittayakhajonwut and
Angeletti, 2008; Thomas et al., 1999). For this reason, it is understood that episome
maintenance is complicated, involving episome replication, host cell lifespan extension,
evasion of innate immunity, chromosomal tethering and nuclear sequestration, and equitable
segregation of viral DNA during cell replication. Since PA1 binds with high affinity
adjacent to E1 and E2 binding sites within the HPV16 ori, a current working model for the
potent action of these compounds is interruption of E1 and/or E2 binding activities, which
are known to substantially contribute to the ori structure and function. For example, E2 is a
multi-functional protein implicated in tethering to mitotic chromosomes as well as
regulating viral DNA transcription and replication (Botchan, 2004; McBride et al., 2006;
Van Tine et al., 2004). E1 possesses well described ATPase and helicase activities that are
of interest as antiviral targets because of their requisite role in unwinding the papillomavirus
ori during initiation of viral DNA synthesis (Fradet-Turcotte and Archambault, 2007).
Additional E1 activities have also been identified that are required for viral episome
maintenance or for promoting HPV amplification (Cote-Martin et al., 2008; Moody et al.,
2007). Finally, both the E1 and E2 proteins are implicated in the higher order structure of
the viral ori. While the role of the ori DNA structure in replication and maintenance is
unknown, it is likely to be important for both replication and maintenance of the HPV
genome (Abbate et al., 2004; Sim et al., 2008; Wilson et al., 2002). Importantly, the binding
of polyamides is likely to alter the viral DNA conformation profoundly, including possibly
at the ori, due to the well-known biophysical effects of polyamides on DNA such as
widening the minor groove, shrinking the major groove, and stiffening the double helix
(Dervan and Edelson, 2003).

Loss of HPV episomes following treatment of cells with polyamide is not associated with
integration. Southern blots have not revealed HPV-containing bands other than the 8 kb
episomal DNA, so we observed none of the bands expected if integration of viral DNA were
occurring. Furthermore, we observed, following treatment of cells with polyamide, that the
total remaining HPV DNA is far below 1 copy per cell. Others have previously shown, using
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W12 cells, that integration in vitro occurs only over many passages (Jeon et al., 1995; Grey
et. al., 2010). These reported results on integration in W12 cells are consistent with
populations of W12 cells that carry HPV integrants out-competing episome-maintaining
cells: and these circumstances require considerable time in culture to be achieved. It is
therefore highly improbable that integration of viral DNA would occur during the short
treatment times employed in the experiments reported here and that resulted in a robust
decline in episomal DNA even though the cells are dividing rapidly.

In summary, HPV16 causes greater than 50% of cervical cancers worldwide and contributes
to other cancers and diseases as well. Antiviral compounds that specifically reduce or
eliminate human papillomavirus (HPV) and reverse the disease pathology are currently not
available. An antiviral compound effective against HPV has potential for an impact on
public health, especially in light of the anticipated widespread use of HPV DNA testing in
cervical cancer screening programs. This paper describes a synthetic pyrrole-imidazole
containing polyamide designed to bind the HPV16 ori DNA sequence and related AT-rich
viral sequences. The compounds potently decrease levels of episomal HPV DNA while
showing no evidence of toxicity to human cells or tissue cultures. Thus, we believe that the
compounds reported here have potential utility as research tools for controlling HPV DNA
levels in vitro and as therapeutics for HPV-related diseases. PA1 and PA25 are currently
under preclinical development as topical agents for the prevention of HPV-related disease.
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Figure 1. Polyamide binding sites within the HPV16 origin of replication (ori) and the structure
of PAL

(A) The minimal origin of replication (ori) of HPV16 genome is shown with the polyamide
binding sites (PA-BS1-5, in bold) that were used in part to design a targeted polyamide
library. The nucleotide 1/7904 boundary of the circular HPV16 genome is indicated.
Numerous other binding sites for polyamides 1-24 exist within the HPVV16 genome. (B)
Structure of polyamide 1, selected for further study based upon its potent ability to decrease
levels of HPVV16 DNA episomes.

Antiviral Res. Author manuscript; available in PMC 2012 August 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Edwards et al.

120
100

40

%% Control
(@)
()

20

120

100

% Control
(«)) (o0}
() (=}

o
S

0 0.01 0.1 1 10 100 200

Page 16

B Cell Viability
OHPV16 DNA Copy #

Polyamide 1 [uM]

B Cell Viability
OHPV16 DNA Copy #
0 1 10 50 100
Distamycin A [uM]

Figure 2. Effects of PA1 and distamycin A on HPV16 DNA levels and viability of W12E cells
(A) The effects of PA1 on HPV16 DNA copy number and cellular viability are shown. (B)
Distamycin A effects upon HPV16 DNA levels and cellular viability are shown.
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Figure 3. Effect of Polyamide 1 on HPV16 DNA levels in an organotypic epithelium

HPV16 copy number is represented as a percent of vehicle control. Average copy number
and standard deviation were calculated from duplicate DNA input amounts using increasing
amounts of total DNA (5, 10, 20, 40, 80, 160 ng) in the PCR reaction.
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Figure 4. Hemotoxylin and eosin (H&E) staining and BrdU incorporation in organotypic

cultures treated with vehicle and increasing doses of polyamide 1
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vehicle control

10 yM polyamide 1

50 uM polyamide 1

100 pM polyamide 1

The panel shows vehicle-treated control cultures (A, B), and cultures treated initially with 10
UM (C, D), 50 uM (E, F), and 100 uM (G, H) of polyamide 1. Micrographs of H&E stained
cultures are on the left (A, C, E, G) and BrdU labeled sections (B, D, F, H) on the right.

Magnification = 100x.

Antiviral Res. Author manuscript; available in PMC 2012 August 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Edwards et al. Page 19

p=0.003

100 - ‘ p=0.000003

p=0.0008 |

all [ p=0.0002

-
p=0.000000002

40 - T
1

%BrdU-Positive Cells

10 uM 50 UM 100 uM
[Polyamide 1]

Figure 5.
Cell counts of total and BrdU-stained nuclei from the samples exhibited in Figure 4.
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Figure 6.

An average of 9,000 cells was counted for each raft. BrdU-positive cells were counted in the
basal and suprabasal layers and the labeling index calculated as a percent of the total cell
population. No significant change between controls (A,C) and rafts (B,D) treated with
polyamide 25 was noted for basal cell labeling. For suprabasal labeling, a significant
decrease was noted relative to controls for rafts treated with polyamide 25: * p=0.002; **
p=0.0000001. Basal cell labeling was not significantly affected (E).
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Apparent 1C50’s of polyamides 1 and 25 against 3 different high risk HPV episomes maintained in cells. The
structures of the polyamides are represented by the following symbols: Im: Imidazole, P: Pyrrole, and B: beta-

alanine.
Polyamide 1 Polyamide 25
ImPPBPPPYPPBPPPPETa  ImPPBPPIMBPPyPPBPPPBPPPBTa
HPV16  0.100 +0.02 (n=4) 0.036 + 0.0004 (n=3)
HPV18  0.657 +0.16 (n=3) 0.056 + 0.01 (n=6)
HPV31 0.108 + 0.02 (n=4) 0.030 + 0.001 (n=3)
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