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1. Introduction

Human papillomaviruses (HPVs) are prevalent human pathogens
that infect cutaneous or mucosal epithelia. The non-enveloped virion
contains a double-stranded circular DNA genome of approximate 7900
base pairs. Infections by the mucosotrophic HPVs can lead to benign
hyperproliferative lesions of the ano-genital and oropharyngeal epi-
thelia. The infections are usually cleared by a healthy immune system.
Those caused by the low-risk (LR) HPV types such as HPV-6 and -11
rarely progress. However, persistent infections by the high-risk (HR)
alpha HPV genotypes (notably HPV-16, HPV-18 and closely related
types) can develop into high-grade dysplasia and carcinomas (zur
Hausen, 2009). HR-HPV types cause almost all cervical cancers, 80% of
anal cancers, and some 30% of head and neck carcinomas (de Martel
et al., 2017). Effective vaccines and early therapeutic intervention
would reduce HPV-induced morbidity and cancer burden. The multi-
valent prophylactic vaccines Gardasil 4 and Gardasil 9 are safe and
highly efficacious (Joura et al., 2015). However, vaccination has not
been widely achieved, largely due to economic and social issues
(National Vaccine Advisory, 2016; Roden and Stern, 2018). Molecular
diagnostic tools for HPV infections are highly sensitive, but there are no
FDA approved therapeutic agents to treat the lesions (AACR Cancer
Progress Report, 2018, https://cancerprogressreport.org/Documents/
AACR_CPR18.pdf). A few topical agents (Imiquimod, Trichloroacetic
acid, cidofovir etc) are commercially available but none are highly ef-
fective (Lacey, 2005; Cengiz et al., 2016; Banerjee et al., 2018a,b).
Accordingly, physical removal by various means is typically utilized.
Thus, there is an urgent need to identify safe and effective therapeutic
agents to treat premalignant lesions.

Nitric oxide (NO) is a naturally produced free radical which has
numerous critical physiologic functions, including immunomodulation,
antimicrobial roles, regulation of blood pressure and vascular tone.
Within the epithelial tissues, host immune responses are inherently
sensitive to the local endogenous concentration of NO and its temporal-
spatial release properties (Bogdan, 2001). In cultured cells, nitric oxide
inhibits the replication of DNA viruses including herpesviruses simplex,
Epstein-Barr virus and the vaccinia virus (Bi et al., 1995; Croen, 1993;
Karupiah et al., 1993). Nitrosylation and inactivation of viral and host
proteins contribute to these activities (Colasanti et al., 1999). The po-
tential of exogenous NO as a novel topical antimicrobial agent has been
investigated based on its ability to diffuse readily through cell mem-
branes (Weller, 2009).

Certain small molecule NO donors are not ideal for drug develop-
ment because of instability and inability to tune the NO release rate
(Shin and Schoenfisch, 2008). NVN1000 (berdazimer sodium, CAS.
1846565-00-1, Novan Inc.) is a novel macromolecular polysiloxane
polymer which stably stores NO as a covalently bound N-diaze-
niumdiolate and complete NO release was achieved within 1 h in
physiological solution (Stasko et al., 2018). Topical application of
NVN1000 gel (SB206) was moderately effective in reducing genital and
perianal warts caused by HPV-6 and -11 in a Phase 2 clinical trial
(Tyring et al., 2018). To investigate the molecular basis for this out-
come, we examined the effects of topical application of NVN1000 to a
three-dimensional epithelial tissue culture system, which supports the
complete productive program of the oncogenic HPV-18.

HPV infection initiates upon epithelial tissue abrasion exposing the
basal cells. The viral E6 and E7 oncoproteins facilitate the viral pro-
ductive phase in post-mitotic, differentiated cells. Briefly, the HPV
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oncoprotein E7 promotes S-phase reentry in differentiated keratino-
cytes by destabilizing p130, a pocket protein related to the tumor
suppressor, the retinoblastoma susceptibility protein pRB (Cheng et al.,
1995; Genovese et al., 2008). E7 also induces a DNA damage response
(DDR) (Banerjee et al., 2011; Chow and Broker, 2013; Moody and
Laimins, 2009). Both activities are critical for efficient viral DNA am-
plification. The tumor suppressor p53 is stabilized by E7 (Demers et al.,
1994; Eichten et al., 2002; Jian et al., 1998), but the E6 protein in-
actives p53 or destabilizes p53 in conjunction with E6AP, a host en-
coded ubiquitin ligase (Howie et al., 2009). This E6 function is essential
to overcome p53 inhibition of viral DNA amplification (Kho et al.,
2013; Wang et al., 2009). Upon viral DNA amplification, viral capsid
proteins are expressed in the superficial cells whereupon progeny vir-
ions are assembled in the nuclei. Mature virions are shed with the
acellular tissue remnants that slough off the surface of the epithelium.

Organotypic cultures of primary human keratinocytes (PHKs) and
NIKS cells, a spontaneously immortalized epithelial cell line, allow for
progressive squamous differentiation over a period of 2 weeks (Allen-
Hoffmann et al., 2000; Wilson et al., 1992). Low-to-moderate levels of
HPV DNA amplification have been achieved in NIKS cells transfected
with HPV DNA excised from recombinant plasmids (Egawa et al., 2017;
Flores et al., 1999; Lambert et al., 2005). Using PHK raft cultures, we
have recapitulated a robust HPV-18 productive program yielding high
titers of infectious virions (Wang et al., 2009). In this system, PHKs are
transfected with recombinant DNA plasmids from which HPV-18 re-
plicons are generated via Cre-LoxP recombination in vivo. This pro-
ductive experimental system allows for in-depth characterization of
inhibitors of the infection cycle.

Herein, we demonstrate that a 1-h exposure of HPV-18 infected raft
cultures to 2mg/ml of NVN1000 on six consecutive days compromized
E6 and E7 activities, significantly reduced HPV-18 DNA amplification
and abrogated progeny virus production and the inhibitory effects are
durable. These results explain the efficacy of SB206 in the phase 2 trial
to treat HPV infections.

2. Materials and methods

Isolation of PHKs from neonatal foreskins, generation of PHKs
containing replication competent HPV-18 plasmids (hereafter called
HPV-18 infected PHKs) and preparation of organotypic raft cultures
were described (Wang et al., 2015). Modifications introduced for to-
pical application of NVN1000 were described in Supplemental In-
formation. NVN1000 was dissolved to 0.75, 1.0, 1.5 or 2.0mg/ml
concentration in 50mM phosphate buffer (1.3 gm anhydrous po-
tassium dihydrogen phosphate, 10.85 gm di-sodium hydrogen phos-
phate hepta-hydrate, and 8.74 gm sodium chloride in 1.0 L, pH 7.4).
300 μl of freshly prepared solutions were delivered topically to the
epithelial tissue on days specified for each experiment. Following 1 h at
37 °C in the incubator with 5% CO2, the solution was aspirated off. The
culture media were refreshed and the assemblies returned to the in-
cubator. In parallel, control cultures were topically exposed to the ve-
hicle solvent. Cultures were harvested on different days as described for
each experiment. Six to 12 h prior to harvest, 5-bromo-2′-deoxyuridine
(BrdU, cat. B5002, MilliporeSigma) was added at 100 μg/ml to the
culture medium in one raft culture of each test condition to mark cells
in S-phase. BrdU-treated cultures were fixed in 10% buffered formalin
and embedded in paraffin (FFPE) for in situ analyses, while parallel
replicate cultures were flash frozen in liquid nitrogen and stored at
−80 °C for biochemical analyses. Assay details are provided in Sup-
plemental Information. Repeat experiments were conducted with dif-
ferent batches of PHKs.

Fig. 1. Inhibitory effect on HPV-18 DNA amplification requires a minimal
of 1mg of NVN1000. Vehicle or NVN1000 was topically applied for 1 h daily
to HPV-18 infected PHK raft cultures on days 7–12. BrdU was added 12 h prior
to harvest on day 13. A. Histology (left panels) and immunohistochemistry to
probe for BrdU incorporation into cellular DNA (right panels, reddish brown
staining) induced by HPV. B. Relative viral DNA copy number per cell as de-
termined by qPCR from parallel cultures from the same experiment. This set of
experiments was conducted once to approximate the effective concentration of
the test compound. Microscope objective lens= 20× magnification.
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3. Results

3.1. Conditions of exposure to NVN1000

Because viral DNA amplification occurs between days 9/10 and
days 13/15 in the productive HPV-18 raft cultures, we selected daily 1 h
topical application on days 7–12 and analyzed the day 13 cultures.
First, we determined that vehicle alone applied on this schedule did not
affect the histology of infected or uninfected tissues, nor the productive
viral program. We then evaluated the effects of NVN1000. S-phase cells
were marked by BrdU added to the culture medium immediately prior
to tissue harvest. Increasing concentrations of the test compound (0.75,
1.0 and 1.5 mg/ml) reduced suprabasal BrdU incorporation as revealed
by immunohistochemistry of FFPE tissue sections (Fig. 1A). Viral DNA
amplification was also reduced as determined by real time qPCR
(Fig. 1B). Six daily 1 h applications (days 7–12) were much more ef-
fective than three daily applications (days 7–9) (Fig. 2A). Based on
these results, we selected 1 and 2mg/ml NVN1000 for 6 daily 1 h ex-
posure for further experimentation.

Quantitative analysis of three independent experiments confirmed
the initial observations. NVN1000 at 2mg/ml reduced HPV-18 DNA
copy number per cell by 95% (p < 0.002) (Fig. 2B). Using FFPE tissue
sections, we performed HPV DNA fluorescence in situ hybridization
(FISH) to detect amplified HPV-18 DNA. In the vehicle-treated raft
cultures, FISH generated strong signals in numerous nuclei in the upper
differentiated strata. In contrast, few or no HPV-18 positive nuclei were
detected in cultures treated with 1mg/ml or 2mg/ml NVN1000

(Fig. 2C).

3.2. Impairment of S-phase progression in differentiated strata

S-phase reentry in differentiated keratinocytes was detected by in-
direct immunofluorescence (IF) with an antibody to BrdU. In the HPV-
18 infected cultures, exposed to vehicle alone or to 6 daily treatment
with 1mg/ml NVN1000, many basal and suprabasal strata exhibited
strong BrdU signals (Fig. 2C). Upon treatment with 2mg/ml NVN1000,
nuclei with strongly BrdU signals decreased, though many nuclei with
weaker signals were detected (Fig. 2C). For quantitative assessments,
we used the cellSens program to count the total number of nuclei and
those positive for BrdU in 3 non-overlapping regions of serial sections of
three independent day 13 raft cultures. The results revealed a reduction
of the total number of nuclei in the treated cultures relative to the
vehicle-treated control, but the percentages of BrdU-positive nuclei did
not significantly decline (Fig. 3A and B). Box and Whisker plots
(Fig. 3C) depicted the range, mean and medians of BrdU incorporation
efficiency in individual nuclei, as measured by gray scale signal in-
tensity. The data revealed that the signal intensities were significantly
reduced (p < 0.0018) in 2mg/ml NVN1000-treated cultures. We
conclude that host DNA replication during S-phase progression were
significantly impaired.

CellSens counting also confirmed the reduction of HPV-Positive
nuclei in the NVN1000-treated cultures.

Fig. 2. Six daily applications of 2mg/ml
NVN1000 is highly effective in inhibiting HPV-18
DNA amplification. NVN1000 was delivered topi-
cally for 1 h on days 7–9 (A) or days 7–12 (B, C).
BrdU was added 6 h prior to harvest on day 13. A and
B. Relative HPV DNA copy number/cell as de-
termined by qPCR. C. In situ assays of sections
treated on days 7–12. Viral DNA amplification was
revealed by FISH (red). BrdU incorporation was de-
tected by indirect IF (green) with antibodies. Nuclei
were stained with DAPI (blue). Microscope objective
lens= 20× magnification. Data in panel A were
obtained from one set of raft cultures. Data in Panel B
were derived from three independent experiments.
Images were obtained from one of the 3 independent
experiments. ** and *** indicate p values at< 0.05
and < 0.005.
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3.3. Reduction of E6 and E7 proteins and activities

We next analyzed the effects of NVN1000 on the levels of HPV-18
E6 and E7 proteins by immunoblots of raft culture lysates (Fig. 4A, B,
D). Six daily exposures to 1mg/ml of NVN1000 reduced viral proteins
slightly relative to the vehicle-treated cultures. In contrast, six appli-
cations of 2mg/ml NVN1000 diminished both viral proteins sig-
nificantly. We also examined the host proteins targeted by the viral
oncoproteins. Uninfected PHK cultures had high levels of p53, whereas
no p53 was detectable in vehicle-treated HPV-18 raft cultures (Fig. 4B).

As expected from the reduced levels of E6 protein in cultures exposed to
NVN1000, p53 protein became elevated relative to vehicle-treated
cultures. E6AP, the ubiquitin ligase responsible for p53 destabilization
in association with E6, was also reduced in 2mg/ml treated cultures.
Moreover, consistent with the reduced E7 protein levels upon exposure
to NVN1000, immunoblots showed that E7-induced proliferating cell
nuclear antigen (PCNA) and cyclin B1 were greatly decreased relative
to vehicle-treated HPV-18 raft cultures (Fig. 4B and C). Indirect IF as-
says also showed stabilized p53 and reduced cyclin B1 in NVN1000-
treated cultures (Fig. 5). Uninfected PHK cultures exhibited higher le-
vels of pRB and p130 than did HPV-18 infected raft cultures (Fig. 4A).
Interestingly, levels of these proteins did not increase; rather, both were
decreased, in response to NVN1000 exposure despite of reduced E7
protein levels. We conclude that this low E7 protein level was none-
theless sufficient to effect adequate p130 destabilization to permit S-
phase reentry in the differentiated cells (Figs. 2C and 3B).

3.4. Durable inhibition of HPV-18 DNA replication

To examine the durability of the inhibitory effects of NVN1000, the
cultures were harvested on day 13 or 18 after exposure to NVN1000 on
days 7–12. As before, qPCR revealed that NVN1000 at 1 or 2mg/ml
reduced the HPV-18 DNA copy number/cell to 15% or 4% of the ve-
hicle-treated day 13 culture, respectively. After a 6-day compound-free
chase (day 13–18), DNA copy number increased to 16.5% or 19%
(Fig. 6) and the intensity of suprabasal BrdU signals also increased
(Fig. 7A). This small increase in HPV DNA copy number was not evident
by HPV DNA-FISH analyses (Fig. 7A). In accordance with our previous
studies, L1 capsid protein signal was weak in day 13 vehicle-treated
cultures, but was more abundant in day 18 cultures (Fig. 7B, left pa-
nels). In cultures treated with 2mg/ml NVN1000, L1 protein was not
detected in day 13 or day 18 cultures, consistent with the relatively low
viral DNA copy number (Fig. 7B).

3.5. Induction of DNA damage, apoptosis and incomplete differentiation in
HPV-18 raft cultures

Compared to uninfected epithelium (see Fig. 10), the histology of
vehicle-treated HPV-18 infected raft cultures showed slightly hyper-
plastic growth and increased thickness of the squamous epithelium
(Fig. 8). After 6 daily applications of 2mg/ml NVN1000, the day 13 raft
cultures were thinner and devoid of superficial granulocytes indicative
of a lack terminally differentiation. The reduction in cell number
(Fig. 3A) can be explained in part by the inhibition of S-phase entry by
basal cells. In addition, retarded S-phase progression could lead to DNA
damage and possibly apoptosis. Indeed, we observed occasional empty
spaces or cells devoid of nuclei, suggestive of intraepithelial cell loss.
Interestingly, many cells in the upper strata had highly condensed nu-
clei. They might represent apoptotic cells or incompletely differentiated
superficial cells that were undergoing ineffective programmed cell
death (Fig. 8, upper row).

To test these hypotheses, we probed for differentiation markers and
for DNA damage and apoptosis by indirect IF. Relative to vehicle-
treated cultures, cytokeratin 10 (CK10), an early differentiation marker
was not affected, whereas loricrin, a marker for terminal differentia-
tion, was absent in 2mg/ml treated cultures (Fig. 8, middle row). The
vehicle-treated cultures were negative for γ-H2AX, a marker of double-
stranded DNA breakage, and for TUNEL, which is commonly used to
detect apoptotic cells with extensively degraded nuclear DNA. Supra-
basal γ-H2AX signals were detected in cultures treated with NVN1000
(Fig. 8, lower panels). Enumeration revealed that only few cells in
1mg/ml NVN1000-treated cultures accumulated high DNA damage
marker. At 2mg/ml much higher percentage of cells were γ-H2AX
positive, but with low signals, possibly due to loss of apoptotic cells
with extensive DNA damage (Fig. 8). Live suprabasal strata in cultures
treated with 2mg/ml NVN1000 had only occasional TUNEL signals

Fig. 3. NVN1000 reduces total cell number and impaired suprabasal S
phase progression, but not S phase reentry in HPV-infected cultures The
cellSens program of the fluorescence microscope was used to quantify total
nuclei, HPV-18 DNA-positive nuclei and BrdU-positive nuclei as well as the
BrdU signal intensities in raft culture tissue sections. Three non-overlapping
areas per slide from 3 independent experiments are summarized. A. relative cell
number of vehicle- or NVN1000-treated raft culture cultures. Cell numbers
were derived by counting DAPI positive nuclei. B. Relative percentages of HPV-
positive- and BrdU-positive nuclei that were also DAPI-positive. C. Box and
Whisker plots represent the relative intensities of BrdU positive nuclei in rafts
cultures treated with vehicle or NVN1000. Each color box contain middle 50%
of nuclei. The horizontal line within the box is median and x indicate average.
Dots outside the whiskers are individual outliers. Tissue sections of vehicle
treated HPV-18 infected cultures were used as reference in each case. Statistical
significance (p value) was indicated by ** (< 0.05) and *** (< 0.005).
Microscope objective lens = 20× magnification.
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indicative of apoptosis. Rather, many superficial cells were TUNEL
positive. We suggest that at least some of these signals could have
originated from partially degraded nuclear DNA due to ineffective
programmed cell death of incompletely differentiated cells. Im-
munoblots also showed that 2mg/ml NVN1000 for 6 days induced

elevated γ-H2AX (Fig. 9A, C) and cleaved caspase 3, a marker of early
apoptosis (Fig. 9B, D).

3.6. Effects of NVN1000 on uninfected PHK raft cultures

In two independently conducted experiments, uninfected PHK raft
cultures were examined along with the HPV-18 infected raft cultures for
cytopathic effects upon exposure to NVN1000. Data from one re-
presentative experiment are presented. Histology of vehicle-treated
cultures revealed proper squamous differentiation. No residual nuclei
was observed in stratum corneum, demonstrating a normal and com-
plete programed cell death. CK10 was detected in suprabasal cells and

Fig. 4. Immunoblot analyses of raft culture lysates reveal that 2mg/ml NVN1000 significantly reduced HPV-18 E6 and E7 proteins and their abilities to
modulate the host target proteins. Raft cultures were treated for 1 h daily with topical application of the agent from day 7 to day 12 and harvested on day 13. The
lysates were derived from parallel cultures from one of the three independent experiments described above. Panels A, B and C each represent a separate blot, with
actin serving as a loading control. Panel D is densitometric quantification of viral and host protein bands. In panel A, * indicates a nonspecific cross-reactive protein.

Fig. 5. Indirect IF confirms that exposure to NVN1000 stabilized p53 while
reducing cyclin B1. Vehicle or NVN-treated infected cultures were probed
with p53 (green) and cyclin B1 (red). Nuclei were stained with DAPI. These
observations are representative of 3 independent experiments. Microscope ob-
jective lens= 20× magnification.

Fig. 6. The inhibitory effects of NVN1000 on HPV-18 DNA amplification is
durable as revealed by a 6-day compound-free chase. HPV-18 infected raft
cultures were treated daily with 1 h topical exposure on days 7–12. Parallel
cultures were harvested on day 13 or on day 18 without further NVN1000
application. BrdU was added to the culture media 6 h prior to harvest. Relative
HPV-18 DNA copy number per cell on day 13 and day 18, determined by real
time qPCR. The chase experiment was performed once.
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loricrin was detected in the superficial granulocytes (Fig. 10 left pa-
nels). In contrast, NVN1000 treated cultures had thin spinous strata, but
thick stratum corneum with condensed residual nuclei (Fig. 10, upper
panels). CK10 was detected only in the compacted stratum corneum
(Fig. 10, 2nd row), while loricrin was not detected, indicative of a lack
of terminal differentiation. The presence of residual DAPI-positive nu-
clei present in the stratum corneum is suggestive of ineffective pro-
grammed cell death (Fig. 10, 2nd row).

In vehicle-treated cultures, cellular DNA replication occurred only
in the basal stratum as revealed by BrdU incorporation. Exposure to
NVN1000 reduced BrdU incorporation into basal cell nuclei (Fig. 10,
3rd row). Thus, basal cell proliferation slowed down or ceased. Indeed,
immunoblot analysis revealed that cyclin B1 was reduced relative to

vehicle-treated cultures (Fig. 11A and B). In addition, NVN1000 stabi-
lized p53, which can also prevent S-phase entry. The vehicle-treated
PHK raft cultures were negative for γ-H2AX or TUNEL (Fig 10, 4th row,
left panel). Following 6 applications of 2mg/ml NVN1000, we detected
γ-H2AX in basal as well as suprabasal cells, (Fig. 10, 4th row, right
panels). However, TUNEL signals were primarily detected within the
residual nuclei in stratum corneum (Fig. 10, 4th row, right panels).

Collectively, NVN1000 impaired basal cell proliferation and re-
duced squamous differentiation. Importantly, these results indicate that
NO or NO carrier penetrated down to the basal stratum.

Fig. 7. In situ analyses of the chase experiment
confirm NVN1000 abrogate HPV-18 productive
infection. A. Dual detection of amplified viral DNA
by DNA-FISH (red) and of BrdU incorporation by
indirect IF (green) to assess host DNA replication. B.
Indirect IF detection of the L1 capsid protein (in
green) in raft cultures harvested on day 13 and on
day 18. Nuclei were detected with DAPI staining.
Microscope objective lens= 20× magnification.

Fig. 8. NVN1000 inhibits terminal differentiation
and induces DNA damage and TUNEL signals in
HPV-18 infected raft cultures. In situ assays of ve-
hicle-treat and NNV1000 treated cultures. Top pa-
nels, histology (H&E staining) revealed cytopathic
effects. Some of the abnormal nuclei were indicated
with black arrowheads. Middle panels, indirect IF
detected no loricin when treated with 2mg/ml test
compound but the expression CK10 appeared un-
altered. Lower panels. NVN1000 induced γ-H2AX
(red) and TUNEL signals (green). An atypical area in
1mg/ml NVN1000 treated culture shows strong γ-
H2AX signals. Yellow arrowheads point to some
apoptotic cells within spinous strata. Nuclei were
stained with DAPI. Parentheses } (red) and } (green)
to the right of each panel indicates stratum corneum
and live tissue compartments, respectively.
Microscope objective lens= 20× magnification.
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4. Discussion

NO inhibits DNA replication by inactivating ribonucleoside dipho-
sphate reductase (Lepoivre et al., 1991). S-Nitrosylation also inhibit
DNA polymerase delta activity in vitro (Ding et al., 2013). These
properties are in agreement with the antiviral properties of ectopic NO
on large DNA viruses, but the effects on the productive HPV infection
has not been described. Using organotypic epithelial raft cultures har-
boring HPV-18 genomes, we demonstrated that 6 daily 1 h topical ap-
plications of NVN1000 inhibit productive HPV-18 DNA amplification.
Capsid protein synthesis was not detected (Fig. 1A). The inhibitory ef-
fect is durable as demonstrated by a 6-day compound-free chase. Our
results would account for the phase 2 trial in which NVN1000 (in
SB206) moderately reduced genital and perianal warts (Tyring et al.,
2018). These encouraging observations in vivo and in vitro suggest that
NO-releasing compounds should be further tested or developed to

achieve a more durable efficacy in inhibiting or possibly abrogating
HPV infection. Notably, high viral load is a risk factor for lesion pro-
gression to high grade dysplasia or carcinomas (Ylitalo et al., 2000). By
significantly reducing the viral DNA, NO treatment could be anticipated
to slow or eliminate progression.

Immunoblots revealed that viral E6 oncoprotein and the host en-
coded E6AP were reduced resulting in p53 stabilization. The increase in
p53 could also contribute to the reduction of viral DNA amplification
(Kho et al., 2013; Wang et al., 2009). Interestingly, NO has been re-
ported to stabilize p53 through S-nitrosylation of C77 to inhibit its in-
teraction with HDM2 (Schonhoff et al., 2002). In the uninfected cul-
tures, NO reduced basal S phase entry resulting in much thinner
epithelium. NO also reduced viral oncoprotein E7 levels, leading to
reduced S phase progression based on the significant reduction in BrdU
incorporation and in the accumulation of cyclin B1, the G2 cyclin.
Because HPV DNA amplifies during G2-phase, the inability to complete
S-phase and progress to G2 would be one of the major impediments for
viral DNA amplification. We also suspect that viral DNA replication is
impaired as is host DNA replication. The incompletely replicated viral
DNA could be quickly lost, contributing to the dramatic reduction of
viral DNA copy number per cell.

NVN1000 exposure leads to impaired S-phase progression and DNA
damage. It also prevented proper differentiation. Interestingly, TUNEL
signals were infrequently observed only in the live epithelium of in-
fected cultures. Rather, the signals were primarily detected in the
stratum corneum of both infected and uninfected cultures. We sug-
gested the majority of the TUNEL signals might be attributed to residual
nuclear DNA when ineffective programmed cell death occurred in in-
completely differentiated cells. Despite of the toxicity in uninfected
normal raft cultures, in a clinical trial NVN1000 (Trial agent name
SB206), topical application to external genital and perianal wart was
generally well tolerated without scar formation (Tyring et al., 2018).
Presumablly, in vivo, the basal cells or surrounding normal tissues can
regenerate a healthy epithelium.

Our finding is different than an earlier report which described that
ectopic DETA-NO increased E6 and E7 mRNA expression, reduced pRB
and p53 and induced mutations in submerged monolayer cultures of
W12E or CIN-612 9 E, immortalized human cervical CIN–I derived cell
lines harboring HPV-16 or HPV-31 plasmids, respectively (Wei et al.,
2009). These cultures support neither viral DNA amplification nor
progeny virus production. DETA-NO is a small molecule that contains
primary amines, known to be toxic to cells. The half-life of DETA-NO is
very long and delivers low amounts of NO for days. In contrast,

Fig. 9. Immunoblot assays confirm that NVN1000 induces γ-H2AX and
cleaved caspase 3 in infected cultures. A and B. Parallel cultures of those
shown in Fig. 8 were lysed and immunoblotted. Actin from the same blots
served as the respective loading control. B. Densitometric quantification of γ-
H2AX and cleaved caspase 3 protein bands, relative to actin. C. Percentages of
γ-H2AX positive nuclei. Data are from one set of raft cultures, representative of
3 independent experiments.

Fig. 10. NVN1000 reduces basal cell DNA re-
plication and impairs differentiation in unin-
fected PHK raft cultures. The in situ assays were
performed on day 13 cultures that were vehicle or
NNV1000 treated cultures (days 7–12). Nuclei were
stained with DAPI (blue). First row, H&E staining
revealed increased strata corneum and reduced spi-
nous strata in NVN1000-treated cultures. Black ar-
rowheads indicate some of the residual nuclei in
stratum corneum. Second row, NVN 1000 exposure
inhibited CK 10 (green) and loricin (red) expression
in live epithelium. Third row, NVN1000 reduced
BrdU (green) incorporation in the basal stratum.
Fourth row, γ-H2AX (red) was detected in live epi-
thelium while TUNEL signals were primarily loca-
lized to the residual nuclei in stratum corneum
(yellow arrow heads). Nuclei are stained with DAPI.
Results are reproducible in two independent experi-
ments. Parentheses } (red) and } (green) indicate
stratum corneum and live tissue compartments, re-
spectively. Microscope objective lens= 20× magni-
fication.
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NVN1000 does not contain primary amines and quickly releases NO in
an aqueous environment at neutral pH. These differences illustrate the
importance of both the release rate on pharmacodynamics of NO and
the experimental model systems used.

In conclusion, the three-dimensional raft culture is a highly in-
formative and relevant system to assess anti-HPV agents. The agents
can be supplied through the liquid medium (Banerjee et al., 2018a,
2018b) or applied topically, as in this study. Our results indicate that
NVN1000 offer new possibilities for topical treatment of premalignant
HPV lesions and are worthy of further investigation.
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