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Vorinostat, a pan-HDAC inhibitor, abrogates productive
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Human papillomaviruses (HPVs) cause epithelial proliferative dis-
eases. Persistent infection of the mucosal epithelia by the high-risk
genotypes can progress to high-grade dysplasia and cancers. Viral
transcription and protein activities are intimately linked to regula-
tion by histone acetyltransferases and histone deacetylases (HDACs)
that remodel chromatin and regulate gene expression. HDACs are
also essential to remodel and repair replicating chromatin to enable
the progression of replication forks. As such, Vorinostat (suberoy-
lanilide hydroximic acid), and other pan-HDAC inhibitors, are used
to treat lymphomas. Here, we investigated the effects of Vorinostat
on productive infection of the high-risk HPV-18 in organotypic
cultures of primary human keratinocytes. HPV DNA amplifies in the
postmitotic, differentiated cells of squamous epithelia, in which the
viral oncoproteins E7 and E6 establish a permissive milieu by
destabilizing major tumor suppressors, the pRB family proteins
and p53, respectively. We showed that Vorinostat significantly re-
duced these E6 and E7 activities, abrogated viral DNA amplification,
and inhibited host DNA replication. The E7-induced DNA damage
response, which is critical for both events, was also compromised.
Consequently, Vorinostat exposure led to DNA damage and triggered
apoptosis in HPV-infected, differentiated cells, whereas uninfected
tissues were spared. Apoptosis was attributed to highly elevated
proapoptotic Bim isoforms that are known to be repressed by EZH2 in
a repressor complex containing HDACs. Two other HDAC inhibitors,
Belinostat and Panobinostat, also inhibited viral DNA amplification
and cause apoptosis. We suggest that HDAC inhibitors are promising
therapeutic agents to treat benign HPV infections, abrogate progeny
virus production, and hence interrupt transmission.
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he prevalent human papillomaviruses infect the basal cells of

mucosal or cutaneous squamous epithelia, causing hyper-
proliferative lesions. The low-risk (LR) mucosotropic HPVs
cause 90% of anogenital warts and all laryngeal papillomas,
whereas persistent infection by the high-risk (HR) virus types can
progress to carcinomas, including anogenital and head and neck
cancers (1). The virus gains entry into the basal cells of a squa-
mous epithelium through a wound. In benign lesions, viral ac-
tivities are low in the basal cells, and the productive program
depends on squamous differentiation, which occurs in the middle
and upper strata. Following DNA amplification, capsid proteins
are synthesized and progeny virus particles are assembled in the
uppermost strata and shed with the desquamated cells (2). Our
laboratory has recapitulated a robust productive program of HR
HPV-18 in organotypic raft cultures of primary human kerati-
nocytes (PHKSs) (3). To support viral production in postmitotic,
differentiated keratinocytes, HPVs express E7 and E6 proteins
to target pRB family pocket proteins and p53, respectively (4). The
p130 pocket protein maintains the homeostasis of differentiated
cells. The HR and LR E7 proteins mediate p130 destabilization,
thereby reactivating cell cycle genes to promote S-phase reentry (5).
E7 also induces the DNA damage response (DDR), which safe-
guards proper cellular DNA replication and is required to support
viral DNA amplification (6-8). Importantly, DDR prolongs G2
phase, during which the host replication machinery becomes
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available to support virus DNA amplification (3, 7). The DDR
kinases also phosphorylate and stabilize p53 protein (9). Among
its diverse functions (10), E6-mediated destabilization of p53 is
necessary to permit high levels of HPV DNA amplification (3, 11).

Histone acetyltransferases (HATs) add acetyl groups to lysine
residues in histones and nonhistone regulatory proteins, whereas
histone deacetylases (HDACSs) remove them. The former modifi-
cations result in an open chromatin structure to activate RNA
transcription, whereas the latter lead to a compact chromatin to
inhibit transcription (12). Eighteen mammalian HDACs have been
broadly grouped into four classes (13). Briefly, in addition to acting
on histones, class I (HDAC-1, HDAC-2, and HDAC-3), class Ila
[HDAC-4 and -5, class IIb (HDAC-6)], and class III (Sirtuin-1,
Sirtuin-2, Sirtuin-3, Sirtuin-5, Sirtuin-6, and Sirtuin-7) are compo-
nents of repressor complexes that regulate growth, development,
cell migration, apoptosis, and DNA damage repair (13-16).

HPYV infections establish extensive interactions with HATs and
HDACGs. HATs and HDACs can regulate transcription of the
E6 and E7 genes from the promoter located in upstream regula-
tory region (URR; ie., long control region). HDAC-1 recruits
SMARI to the HPV-18 URR to down-regulate cFos-dependent
transcription in HeLa cells (17). Trichostatin A (TSA), a pan-
HDAC inhibitor, derepresses the HPV URR-driven LacZ re-
porter in the basal stratum of PHK raft cultures (18). Tip60
acetylates histone H4 and recruits Brd4, resulting in repression of
the HPV URR promoter in the presence or absence of the viral
E2 protein in transformed epithelial cell lines (19, 20). To counter
this repression, LR and HR HPV E6 proteins destabilize Tip60 to
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derepress the URR promoter as well as promoters of certain
cellular genes. In particular, destabilization of Tip60 abrogates
p53-dependent apoptosis (20). Furthermore, E6 can inactivate the
transacting function of p53 by inhibiting p300-mediated acetyla-
tion of p53 and nucleosome core histones (21). Thus, in certain
transformed cell lines, HDAC inhibitors increase acetylation,
leading to elevated p53 activity and increased p53-stimulated ex-
pression of proapoptotic proteins such as Apafl, Puma, and Noxa
(9). E7 destabilizes the pRB family pocket proteins that normally
recruit HDAC:S to inhibit cell cycle genes (22). Moreover, HPV-31
E7 binds and inhibits HDACs, thereby facilitating virus replication
through activation of E2F2 transcription (23). SirT1, which inac-
tivates pRB pocket proteins (24) and p53 (25, 26), is induced by
HPV-16 E7 (27, 28) and by HPV-31 E6 and E7 (29). SirT1 as-
sociates with the HPV genome and participates in chromatin
remodeling and in recruitment of homologous DNA repair pro-
teins necessary for viral genome maintenance and replication (29).
However, in the absence of HPV oncoproteins, SirT1 inhibits the
transient replication of HPV-16 origin-containing plasmid by
deacetylation of the HPV E2 protein in the C33a cell line, an
HPV-negative cervical cancer cell line (30).

In addition to regulating gene expression, class I HDACs also
remodel replicating chromatin, an activity which is essential for
fork progression during chromatin replication and damage repair
for in vivo viability and development (31). Indeed, Vorinostat and
other pan-HDAC inhibitors of class I, IIa, IIb, and IV HDACs
effectively inhibit growth of cancer cell lines and patient-derived
xenografts. Consequently, HDAC inhibitors have emerged as
chemotherapeutic agents alone or in combination with other an-
ticancer agents to treat multiple myeloma and lymphoma (32).
HDAC: are also elevated in cervical dysplasia and cancers relative
to the normal epithelium, and TSA or Vorinostat in combination
with the proteasome inhibitor bortezomib is lethal against cervical
cancer cell lines in vitro or in nude mice xenografts (33). However,
the mechanisms were not investigated.

Because of the demonstrated intricate interactions among
HPVs, HATs, and HDAG:s, the E7-induced S-phase reentry in the
differentiated strata and, in particular, the critical role of HDACs
in chromatin remodeling during DNA replication, we hypothesized
that a pan-HDAC inhibitor would also adversely affect viral DNA
amplification. First, an HDAC inhibitor would prevent S-phase
progression to G2 in suprabasal cells in which viral DNA ampli-
fication occurs. Second, replicating forks of chromatinized viral
DNA would also stall, possibly resulting in its loss to degradation.
Third, the arrest of host chromatin fork progression could lead to
DNA damage and apoptosis, as it does in cancer cells. We tested
this hypothesis in the productively infected HPV-18 model system.
The results indeed revealed Vorinostat to be an effective inhibitor
of HPV-18 DNA amplification and induced apoptosis in a fraction
of differentiated cells. In contrast, uninfected PHK raft cultures
were largely spared. We also examined the effects of Vorinostat on
levels and functions of viral oncoproteins and elucidated the
mechanisms that led to apoptosis in HPV-18—infected cultures.
Finally, we showed that raft cultures of an HPV-16 immortalized
cell line and HPV-16 transformed cervical cancer cells were highly
sensitive to Vorinostat, leading to tissue death.

Materials and Methods

Replicative HPV-18 plasmid was generated via in vivo recombination in early
passage (PO or P1) PHKs transfected with recombinant DNA plasmids (3).
Independent experiments used different batches of PHKs. In each set of
experiments, raft cultures were prepared from the same batch of untrans-
fected PHKs and from HPV-18 containing (hereinafter indicated as infected)
PHKSs. They were untreated (UT) or exposed to vehicle (0.1% DMSO), Vorinostat,
Belinostat, or Panobinostat as detailed in Results. BrdU was added to culture
medium for 6 h before harvest to mark S-phase cells. Multiplicative raft cultures
were harvested either frozen for protein and DNA analysis or formalin-fixed
and paraffin-embedded (FFPE) for in situ studies. Additional information can be
found in S/ Appendiix.
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Results

Effects on Tissue Histology. We conducted multiple independent
experiments in which the control PHK and HPV-18 raft cultures
were exposed to DMSO vehicle (final concentration of 0.1%) or
increasing concentrations of Vorinostat (SAHA) from day 6 to
day 13. Histology of day 13 cultures was analyzed after H&E
staining. At 0.2 pM, Vorinostat had no discernable effect on
either culture (SI Appendix, Fig. S1). At 5 pM, Vorinostat in-
duced hypertrophy (enlarged cells) in the infected cultures.
Additional morphological features of cytotoxicity such as vacu-
olated cells or cells with condensed nuclei were observed in the
suprabasal layers, much more so in HPV-18—infected cultures
than in PHK cultures (Fig. 1). In 1 pM-treated PHK raft cul-
tures, hypertrophy was already evident, and formation of stratum
granulosum was inhibited (Fig. 1B). The expression of late dif-
ferentiation marker Loricrin, a component of granules in gran-
ulocytes, and early differentiation marker K10, normally present in
all suprabasal cells, was more significantly and adversely impacted in

A HPV-18
DMSO

1 uM Vorinostat 5 uM Vorinostat

Fig. 1. Histology and differentiation markers of representative raft cul-
tures. HPV-18 (A) infected and (B) uninfected day 13 PHK raft cultures were
exposed, from days 6 to 13, to DMSO and 1 or 5 pM Vorinostat. Four-
micrometer sections of FFPE tissues were stained with hematoxylin and eo-
sin (Upper). Indirect IF detection of loricrin (red) and keratin 10 (green)
(Lower). Brackets denote stratum granulosum. Microphotographic images
here and in later figures were captured with a 20x objective, and DAPI
staining (blue) revealed all nuclei.
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uninfected cultures than in infected cultures (compare Fig. 1 4
and B).

Inhibition of HPV-18 DNA Amplification and Major Capsid Protein
Synthesis. Using quantitative real-time PCR, the effects of Vorinostat
on the amplification of HPV-18 DNA were determined relative to
vehicle-treated control raft cultures. In one set of experiments, the
relative HPV-18 DNA copy number/cell did not decrease signifi-
cantly in cultures exposed to 0.2 pM Vorinostat relative to the
control culture. However, it was reduced by 94.0% or 98.7% in
cultures treated with 5 or 10 uM Vorinostat, respectively (Fig.
2A4). In another set of independent experiments, exposures to 2,
3,4, or 5 uM Vorinostat reduced HPV-18 DNA copy numbers in a
concentration-dependent manner (Fig. 2B). In subsequent experi-
ments, we settled on using 0.2, 1, and 5 pM Vorinostat. As a negative
control, we used UT or 0.1% DMSO vehicle (0 for no Vorinostat)-
exposed PHK raft cultures and HPV-18—infected raft cultures.

Viral DNA fluorescence in situ hybridization (DNA-FISH)
performed on slides from one of several sets of experiments
confirmed the trend of reduction in viral DNA amplification in
the presence of increasing Vorinostat concentrations (Fig. 2C).
Quantitative analyses of images from four microscopic fields (at
20x) from each slide showed that, relative to the vehicle-treated
control, the number of nuclei with HPV-18 DNA signals was
reduced by 79% when exposed to 1 pM Vorinostat and by nearly
100% in 5 pM Vorinostat (Fig. 2D, orange bars). In addition, the
pixel intensity of HPV-18 DNA signal per microscopic field was
reduced from an average of 8,300 (+1,300) in the vehicle-treated
control to 1,500 (+840) in 1 pM Vorinostat-treated cultures
(Fig. 2E).

Indirect immunofluorescence (IF) detection of the major L1
capsid protein in DMSO carrier-treated HPV-18 cultures revealed
copious signals in desquamated cellular envelopes above the live
epithelium. The signals were greatly reduced or entirely abrogated
in cultures exposed to 1 or 5 pg/mL of Vorinostat, respectively
(Fig. 2F). These results are consistent with our understanding that
viral capsid protein synthesis depends on viral DNA amplification
(3, 11). Thus, we conclude that Vorinostat has prevented progeny
virus production.

Inhibition of S-Phase Entry or Progression. HPV E7 protein pro-
motes differentiated cells to reenter S phase in a stochastic manner
(34). In the raft cultures, nascent cellular DNA replication was
labeled by incorporation of the thymidine analog BrdU added to
the culture medium for 6 h immediately before harvest. To ex-
amine the effect of Vorinostat on cellular DNA replication, we
simultaneously probed for BrdU incorporation in the same sections
used to detect viral DNA amplification by DNA-FISH (Fig. 2C).
As shown previously (3), in vehicle-treated HPV-18 raft cultures,
cellular DNA replication and HPV DNA amplification were
temporally separated such that BrdU incorporation and amplified
viral DNA were primarily detected in different nuclei. BrdU-
positive cells were reduced in cultures treated with 1 pM Vorinostat
for 7 d in HPV-18—infected cultures relative to vehicle-treated cul-
tures. Hardly any signals were detected upon exposure to Vorinostat
at 5 pM. These results were verified in multiple experiments. Quan-
titative analyses of four microscopic fields confirmed the reduction
of BrdU-positive nuclei by 63% or 94% relative to the control cul-
tures following exposures to 1 or 5 pM Vorinostat in the represen-
tative experimental set (Fig. 2D, blue bars).

We also probed for the effect of Vorinostat on host DNA
replication in raft cultures of uninfected PHKSs. In vehicle-
exposed cultures, BrdU incorporation was stochastically de-
tected exclusively in the basal stratum. The signals were reduced
at 1 pM of Vorinostat and abrogated at 5 pM (Fig. 2G). Thus,
the inhibitory effect of Vorinostat on host DNA replication ap-
pears to be similar in both normal and HPV-18 raft cultures.
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Elevation of Histone 4 Acetylation and Modulation of HPV-Induced
HDAGs. To ensure that Vorinostat indeed inhibits the deacetyla-
tion of histones at the concentrations used in our experiments, we
examined its effect on the levels of acetylated H4 as a represen-
tative target. In two independent experiments, in which HPV-18
DNA amplified to different levels (lysates designated a and b),
immunoblots (IB) showed that antibodies to acetylated H4K5/K9/
K12/K16 or H4K12 detected elevated signals in the HPV-18 raft
culture treated with 5 pM Vorinostat (Fig. 3 4 and B). Indirect IF
assays of tissue sections revealed a large number of differentiated
cells positive for H4K12Ac or for H4K16Ac. In contrast, the
vehicle-treated cultures had very weak signals and only in a few
cells (Fig. 3 C and D). Although the impact on viral and host DNA
replication was evident at 1 pg/mL Vorinostat, we did not detect
acetylated H4 by IF or IB, possibly due to the sensitivity of the
antibody. For instance, at 2 pg/mL, indirect IF revealed widespread
signals (Fig. 3E). These results verify the activity of Vorinostat. It is
likely that H3 is similarly affected by the pan-HDAC inhibitor.

Because of the suprabasal S-phase reentry in infected cultures,
we anticipated that certain HDACs would be elevated relative to
uninfected cultures to meet the need for remodeling the repli-
cating chromatin. To confirm this hypothesis, we probed IBs for
various HDACs. HDAC-1, HDAC-3, HDAC-4, HDAC-5, and
HDAC-6 were low in PHK raft cultures but were elevated upon
HPV-18 infection (Fig. 4). HDAC-2 was high in uninfected cul-
tures, and the increase in HPV-18—infected PHKs was relatively
small. Interestingly, 5 pM Vorinostat, which abrogated host DNA
replication, reduced HDAC-3, HDAC-4, HDAC-5, and HDAC-6,
but not HDAC-1 and HDAC-2 (Fig. 4). The HDAC-7 signals
were low in PHK raft cultures, and their modulation in response
to HPV infection and by the subsequent Vorinostat exposure was
relatively minor (Fig. 4B). As reported previously (29), we also
observed slightly elevated SirT-1 in the HPV-infected cultures.
This elevation was abrogated by 5 uM Vorinostat (Fig. 4B).

Reduction of E7 and E6 Activities. We found that, relative to
vehicle-treated control, the E7 protein levels in HPV-18 raft
cultures were not significantly altered at 0.2 and 1 pM in two
independent experiments but were slightly reduced at 5 pM (Fig. 54).
As described previously, p130 was high in uninfected raft cultures
and its level was greatly reduced in HPV-18—infected cultures and
in cultures expressing E7 (3, 5). In cultures treated with Vorinostat,
the levels of hypophosphorylated p130 pocket protein were el-
evated relative to UT HPV-18 cultures (Fig. 54), consistent with
diminished E7 activity. The stabilization of p130 could reduce
S-phase reentry (5). Indeed, the E7 responsive protein, the pro-
liferating cells nuclear antigen (PCNA), was detected only in a few
cells, whereas the cyclin B1 were no longer detectible (Fig. 5G).
The pRB protein level was also reduced in HPV-18—infected cul-
tures relative to the uninfected PHK raft cultures. However, unlike
p130, it was diminished at 5 pM of Vorinostat (Fig. 5B). The sig-
nificance of this latter observation will be presented in Discussion.

HPV E7 activates E2F-responsive genes, thereby promoting S-
phase reentry as well as DDR kinases that safeguard accurate
chromosomal duplication (35). Some of these kinases in turn
phosphorylate and stabilize p53 (36). The HR HPV E6 protein,
in conjunction with the E3 ubiquitin ligase E6AP, binds and
destabilizes p53 (37) to permit HPV DNA amplification (3, 11).
IBs showed that steady-state levels of E6 were reduced in cul-
tures exposed to 5 pM Vorinostat (Fig. 54). Relative to un-
infected raft cultures, p53 in HPV-18 raft cultures was much
reduced, whereas its levels increased in cultures treated with 1 or
5 pM Vorinostat (Fig. 5B). These results suggest that the ability
of E6 to destabilize pS3 was adversely affected by Vorinostat.
Intriguingly, the steady-state levels of E6AP were not altered in
the presence or absence of HPV-18 infection, nor upon expo-
sures to Vorinostat (Fig. 5C). This result is unlike the report of
E6-induced E6AP degradation in submerged cancer cells (38),
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Fig. 2. Effects of Vorinostat on HPV-18 DNA amplification and cellular DNA
synthesis. Relative HPV-18 DNA copy number/cell was computed from gPCR of
total DNA, extracted from fresh day 13 raft cultures following exposure (A) to
DMSO (as 100%) (0) or 0.2 (0.2), 5 (5), or 10 uM (10) of Vorinostat, or (B) to
DMSO (0), 2 (2), 3 (3), 4 (4), or 5 (5) pM Vorinostat from days 6 to 13. (C) In situ
detection of HPV-18 DNA (red/cy3) and BrdU incorporation (green/FitC) in FFPE
tissue sections of HPV-18 raft cultures exposed to DMSO or Vorinostat. Nuclei
were detected with DAPI. (D) Average percentage of BrdU-positive and HPV-
18—positive nuclei from four nonoverlapping microscopic fields per slide from
the above experiment (C: DMSO, 1 or 5 pM Vorinostat) using the Count And
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possibly because of a difference from differentiating squamous
epithelium.

Reduction of E7-Induced Nbs1, MRE11, and Activated ATM. Because
E7 induces a DDR, which is essential to support HPV DNA
amplification (6, 7), we next performed systematic analyses to
investigate how proteins in the DDR pathways might be affected
in HPV-infected cultures exposed to Vorinostat. E7 activates
ATM by increasing phospho-ATM S1981 (3, 6, 7). Consistent
with previous reports, IB showed that HPV-18 infection elevated
total and phospho-ATM relative to uninfected PHK raft cul-
tures. They also revealed that Vorinostat reduced phospho-ATM
(S1981) in HPV-18 raft cultures treated at 1 pM concentrations,
while the total ATM level was not affected. However, at 5 pM,
neither total nor phosphorylated ATM was detectable (Fig. 5D).

The MRN complex (Mrell/Rad50/Nbsl) is a sensor of
double-stranded DNA breaks, and it recruits ATM to the sites
of damage. The complex prevents the accumulation of DNA
damage by promoting restart of a stalled replication fork (39).
The MRN complex also initiates ATM/ATR-dependent ho-
mologous DNA recombination in S phase and G2 phase in
normal and in stressed cells, thereby improving the prospect for
cell survival (40). IB analyses confirmed that both Nbsl and
Mrell proteins were elevated in HPV-18 raft cultures relative to
normal PHK raft cultures (Fig. 5 D and E), in agreement with
the previous report that HPV-31 increases Nbsl to support its
replication (41). In the presence of 5 pM Vorinostat, the levels of
both proteins decreased. In particular, Nbsl was reduced to the
level of the uninfected PHK raft culture (Fig. SD). The decrease
in these DDR proteins is consistent with diminished E7 activity
and could have also contributed to the dramatic reduction in
viral DNA amplification. We anticipated that it would also in-
crease host DNA damage when chromatin replication forks are
halted (see Induction of y-H2AX in Infected Cultures).

Cleavage of DNA-Dependent Protein Kinase Catalytic Subunit. We
next examined the steady-state level of DNA-dependent protein
kinase catalytic subunit (DNA-PKcs). This protein regulates the
nonhomologous end-joining (NHEJ) pathway and is activated by
ATM- and ATR-mediated phosphorylation in response to cellular
replication stress (42). Even though HPV DNA amplification is
unlikely to use NHEJ, compromised NHEJ would exacerbate host
DNA damage and enhance apoptosis in the differentiated infected
cells (see Induction of Apoptosis in HPV-18—Infected Cultures).
Antibody specific for the activated, phosphorylated DNA-
PKcs (S2056) is known to detect a slow-migrating band greater
than the 260-kDa marker, which likely represents the full-length
protein (460 kDa). It also detected several faster-migrating
bands of ~240, 150, and 120 kDa in molecular mass. During
apoptosis, the slow-migrating phosphorylated DNA-PKcs band is
lost while fast-migrating fragments increase, as caspase 3 cleaves
DNA-PKcs (43). In two independent experiments (designated a
and b in Fig. 5F), the total DNA-PKcs and the full-length
phosphorylated DNA-PKcs (S2056) were highly elevated in
vehicle-treated or 0.2 pM Vorinostat-treated cultures relative to
the uninfected PHK raft culture. Both decreased in 1 pM and
5 pM Vorinostat-treated cultures (Fig. 5F, Upper), whereas two
fast-migrating bands significantly increased (Fig. 5F, Lower).
One band migrated slower than the 140-kDa marker, while the

Measure Application of cellSens software (Olympus). (E) Average intensity of
HPV-18 DNA signals from the same microscopic fields as in D. Error bars in D
and E represent SD. (F) Indirect IF detection of the major capsid protein L1
(green) in day 14 HPV-18 raft cultures treated with DMSO or Vorinostat from
days 6 to 14. (G) Indirect IF probing for BrdU incorporation (red) in day
13 uninfected cultures exposed to DMSO or to Vorinostat from days 6 to 13.
**%P < 0.001.
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Fig. 3. Detection of acetylated histone 4 in the presence or absence of
Vorinostat. (A) Acetylated histone 4 was detected with antibody reactive to
H4 K5/6/9/12/16 (red signals) in IBs of lysates from two independent sets of
day 13 HPV-18—infected cultures (a and b). The cultures were exposed to
DMSO (0) or to 0.2, 1, or 5 uM Vorinostat from days 6 to 13. Acetylated H4 (n
red) and actin (in green) were recorded with the LI-COR CLx system. (B)
Acetylated H4K12 was detected in the IB of the above lysates using the
enhanced chemiluminescence (ECL) method. Lysate from UT PHK was one of
the controls. This IB (marked with an asterisk) was derived from the same gel
as depicted for HDAC-2 in Fig. 4A and for HDAC-5 and actin loading refer-
ence in Fig. 4B. Indirect IF detection of elevated (C) H4K12Ac and (D)
H4K16Ac in day 13 HPV-18 raft cultures in the DMSO-treated control (Upper)
or exposed to 5 pM Vorinostat (Lower) from days 6 to 13. (E) Indirect IF de-
tection of H4K12Ac (green) in day 13 HPV-18 raft cultures treated with 2 uM
Vorinostat from days 6 to 13. In C—£, merged images are shown in which nuclei
were detected with DAPI and acetylated H4K in green (Left), while only the
acetylated H4K signals were shown (Right).
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other more prominent band migrated slower than the 95-kDa
marker. These results are indicative of apoptosis in the in-
fected cultures treated with Vorinostat.

Induction of y-H2AX in Infected Cultures. The Vorinostat inhibition
of replicating chromatin remodeling along with down-regulated
DDR would lead to accumulation of DNA damage. Using in-
direct IF, we examined the levels of y-H2AX (S139), a bio-
marker of double-stranded DNA breaks. Signals were evident in
a subset of cells in the differentiated strata of HPV-18 raft cul-
tures treated with Vorinostat at 5 pM (Fig. 64). In contrast,
Vorinostat induced little or no y-H2AX in uninfected PHK raft
cultures (Fig. 6B, Lower). IBs detected a weak or strong y-H2AX
(S139) band in HPV-18 raft cultures exposed to 1 or 5 pM
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Fig. 4. IBs to detect HDACs in control and Vorinostat-treated day 13 raft
cultures. (A) IBs of lysates of HPV-18 and PHK raft cultures reveal steady-state
levels of HDAC-1, HDAC-2, HDAC-3, and HDAC-4. The cultures were exposed
to vehicle (0) or Vorinostat at three concentrations, as indicated, from days
6 to 13. Lysates from UT PHK raft cultures served as one of the controls. The
signals were detected with ECL. (B) HDACs-5, HDAC -6, HDAC -7, and SirT-1
(in red) and actin (in green) from the same raft cultures were documented
with the LI-COR CLx system. Brackets indicate blots from the same gel. Panels
showing bands for H4K12Ac in Fig. 3B as well as bands of HDAC2 in A and
HDACS in B (each marked with an asterisk) were detected in strips from the
same gel.
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Fig. 5. IBs and IF to detect steady-state levels of HPV-18 E6 and E7 and
target host proteins. (A and B) Two sets of independent day 13 HPV-
18 cultures were exposed to the indicated Vorinostat concentrations from
days 6 to 13. UT PHK or HPV-18—infected raft cultures exposed to vehicle (0)
served as references. Actin was loading control. The ECL detection system
was used to detect (A) p130, HPV-18 E6 and E7, and actin, (B) pRB, p53, and
actin, (D) total ATM, phosphorylated ATM S$1981, and Nbs1, (E) Mre-11 and
actin, and (F) total (Upper) and phosphorylated (Lower) DNA-PKcs. (C) EGAP
and actin were detected and documented with LI-COR CLx system. Images in A—
C and E each represent blots from a separate gel. Protein bands identified in D
and F are from the same gel as those in A and B, respectively. (G) PCNA (red)
and cyclin B1 (green) were detected by IF in FFPE sections from one set of the
infected cultures, exposed to DMSO (Left) or 5 uM Vorinostat (Right). A and F
are from the same gel and had same actin loading control, indicated by a single
asterisk (*) in A. ** and *** indicate actin loading controls of B and C IBs.

Vorinostat (Fig. 6C), whereas no signal was detected in UT PHK
raft cultures, nor in UT or vehicle-treated HPV-18 raft cultures.

Induction of Apoptosis in HPV-18—Infected Cultures. In HPV-18 raft
cultures exposed to 5 pM Vorinostat, the histological changes
and induction of y-H2AX, as well as the loss of the full-length
phosphorylated DNA-PKcs accompanied by the appearance of
degraded short forms, together are suggestive of the occurrence
of apoptosis. To substantiate this interpretation, we examined
the cultures for the presence of cleaved caspase 3, a marker for
early-stage commitment toward apoptosis. It was only detected
in HPV-18 cultures treated with 5 pM Vorinostat (Fig. 64). The
in situ observation was confirmed by IB (Fig. 6E). We then
performed terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assays to probe for extensive DNA frag-
mentation (Fig. 6B, Upper). In vehicle-treated HPV-18 raft cul-
tures, only occasional terminally differentiated uppermost cells
were positive for a low-intensity TUNEL signal, attributable to
normal programmed cell death. At 1 pM of Vorinostat, more
TUNEL signals were observed, primarily in the superficial cells
and in desquamated tissues (see additional discussion below). At
5 pM of Vorinostat, about 33% of suprabasal cells (averaged
over several microscopic fields) accumulated high nuclear
TUNEL signals, confirming DNA breakage and apoptosis oc-
curring in these spinous cells (Fig. 6B, Upper and Fig. 6D).
Histology and the indirect IF of uninfected raft cultures
revealed that Vorinostat at 1 and 5 pg/mL did not undergo ter-
minal differentiation (Fig. 1B). TUNEL signals were detected
mostly in desquamated cells, not in the live epithelium (Fig. 6B,
Lower). We suggest that the upper strata of the treated cultures
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underwent premature programmed cell death without complete
degradation of the cellular DNA. The residual DNA was then
detected by the TUNEL assay. Even at 5 pM, the cultures
exhibited very few TUNEL-positive nuclei (2 to 3%) in the living
tissue (Fig. 6B, Lower and Fig. 6D). Collectively, these results
suggest that HPV-18—infected cultures were substantially more
sensitive than uninfected PHK raft cultures to Vorinostat-caused
DNA damage and associated apoptosis.

To determine whether more effective cell killing can be achieved
without increasing the Vorinostat concentration, we treated HPV-
18 raft cultures with 1 or 5 pM Vorinostat from day 6 through day
22. This prolonged exposure to the higher concentration led to
extensive cytopathic effects throughout the epithelium (Fig. 7). The
tissue became hypertrophic, and there was no clear demarcation
between dead and live tissues. Some suprabasal cells accumu-
lated DNA damage as indicated by y-H2AX incorporation.
Furthermore, DAPI staining revealed a continuous basal layer,
but there was significant void in suprabasal strata, suggestive of
loss of apoptosed cells. Premature programmed cell death oc-
curred, as virtually all of the desquamated cells retained their
nucleus and were y-H2AX— and TUNEL-positive.

Induction of the Proapoptotic Bim-L and Bim-S. To investigate the
apoptotic pathway in these tissue cultures, we used IBs to evaluate
the p53-induced proapoptotic proteins Bax, PUMA, NOXA, and
Apafl (9), as might be expected from an elevated p53 in Vorinostat-
treated cultures. However, relative to the vehicle-treated control,
Apafl, PUMA, and Bax were all reduced at 5 pM Vorinostat ex-
posure, where apoptosis occurred (Fig. 84). Thus, stabilized pS3 did
not appear to be transcriptionally active and responsible for apo-
ptosis observed in HPV-18 raft cultures.

HPV E7 destabilizes pocket proteins and activates E2F1-3
transcription factors (4, 44). Prolonged exposure of cervical cancer
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Fig. 6. Assays to detect DNA damage and apoptosis in day 13 PHK and HPV-
18—infected raft cultures. (A) Detection of cleaved caspase 3 (green) and
y-H2AX (5139) (red) in HPV-18 raft cultures following exposure to DMSO or
Vorinostat (1 and 5 uM) from days 6 to 13. (B) HPV-18 raft cultures were
probed for TUNEL (green) (Upper), whereas PHK raft cultures were probed for
TUNEL (green) and y-H2AX (red) (Lower). (C) IB detection of y-H2AX S139 in
parallel HPV-18 raft cultures. Lysates from UT PHK or infected raft culture as
well as infected culture exposed to vehicle (0) were used as references. Actin
served as a loading control. (D) Percentage of TUNEL-positive nuclei in A and B
were averaged from four microscopic fields under a 20x objective. (E) IB de-
tection of cleaved caspase 3 in parallel Vorinostat-treated HPV-18 raft and
untreated PHK raft cultures. This strip of IB was derived from the same gel as
depicted in Fig. 5E, and the actin loading control was presented in Fig. 5E.
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Fig. 7. Prolonged exposure of HPV-18—infected raft culture to Vorinostat.
The day 22 cultures were exposed to DMSO or 1 or 5 pM Vorinostat from
days 6 to 22. Histology was revealed by staining with hematoxylin and eosin
(Upper). DNA damage and apoptosis were detected by indirect immuno-
fluorescent detection of y-H2AX and TUNEL (Lower).

cells to Vorinostat leads to E2F1-mediated apoptosis (45). E2F1
up-regulates EZH?2, a component of the PRC2 transcription re-
pressor complex (46), which contains the HDAC corepressors
(47). EZH2 expression is elevated in proliferating cells and can-
cers, while it is reduced in differentiated cells (48, 49). The
proapoptotic Bim protein is also up-regulated by E2F-1 (50), but
it is under the negative control of the PRC2/HDAC repressor
complex (51). Thus, depletion of EZH?2 and inhibition of HDACs
with Vorinostat decrease the activity of EZH2 while elevating
Bim, thereby reducing cell proliferation and inducing apoptosis in
human cancer cell lines with elevated E2F-1 (52).

Three alternatively spliced isoforms of Bim called Bim-EL,
Bim-L, and Bim-S are detected in mammalian cells. They are
BH3-only proapoptotic members of the Bcl2 family. Cytotoxicity
of the Bim isoforms is inversely related to their size, with the
shortest (Bim-S) being the most potent mediator of apoptosis
(53). The EZH2-Bim axis is a target of virus infection. For ex-
ample, Bim expression is repressed by EZH2 in Epstein—Barr
virus infections (54). EZH2 is elevated by HPV E7 protein in
cultured cells as well as in high-grade dysplasias and cervical
cancers, while its depletion inhibited proliferation of E7-
expressing keratinocytes in submerged cultures (55). In raft
cultures expressing HPV-18 E6 and E7 oncogenes, EZH2 RNA
was up-regulated (56). However, the role of EZH2 has not been
investigated in productive HPV infections.

Accordingly, we examined EZH2 and Bim expression by IBs
to determine whether they play a role in the apoptosis observed
in the Vorinostat-treated HPV-infected cultures. EZH2 protein
was slightly higher in HPV-18 raft cultures relative to the PHK
raft cultures. This level was reduced to that present in uninfected
cultures in the presence of Vorinostat (Fig. 8B, Upper). In con-
trast, the effects of Vorinostat on the activity EZH2 were evident
by examining its target gene Bim (Fig. 8B, Lower). Relative to
PHK raft cultures, a slow-migrating band representing Bim-EL
was elevated in UT and vehicle-treated HPV-18 raft cultures.
This band intensity was not affected by exposure to 0.2 and 1 pM
Vorinostat. However, at 5 pM Vorinostat, levels of this protein
and especially two faster-migrating bands, possibly correspond-
ing to alternatively spliced forms Bim-L and Bim-S, were highly
elevated. Elevated Bim expression was confirmed by indirect IF
in the tissue sections (Fig. 8C).

A number of other mechanisms for elevated induction or al-
ternative splicing of Bim have been described (52). In particular,
HDAC-3 and HDAC-4 repress Bim expression in non-small cell
lung cancer and multiple myeloma cell lines through non-EZH2—-
dependent mechanisms (57, 58). Thus, reduced levels of HDAC-
3 and HDAC-4 in 5 pM Vorinostat-treated HPV-18 raft cul-
tures (Fig. 44) offer additional mechanisms for elevated expres-
sion of Bim isoforms. Collectively, the above observations strongly
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suggest that Vorinostat at 5 pM promotes the Bim-mediated ap-
optotic pathways in HPV-18 raft cultures.

Effects of Vorinostat on Raft Cultures Containing Other HPV Types. So
far, we have described inhibitory effects of Vorinostat on host
and HPV-18 proteins. It is reasonable to propose that similar
effects would be observed in raft cultures harboring and expressing
genomes or oncogenes of other HPV genotypes. Because of the
lack of model system to support the productive program of the LR
HPV-6 or HPV-11, we conducted a surrogate experiment. Raft
cultures were prepared from PHKs acutely transduced with a
retrovirus expressing the HPV-11 E7 protein. While HPV-11 E7
alone is able to promote S-phase reentry in suprabasal cells, it does
so rather ineffectively relative to HPV-18 E7 (5, 59). We selected
an E7 G22D mutant form which has a slightly increased efficiency
(60). In this experiment, very few suprabasal cells were positive for
BrdU incorporation. Nevertheless, upon exposure to 1 pg/mL of
Vorinostat from days 7 to 14, BrdU signal incorporation was en-
tirely abolished. At 5 pg/mL, toxicity was obvious, as tissue was very
thin, with no morphologically distinct strata. The y-H2AX signals
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Fig. 8. IBs and IF to detect steady-state levels of the proapoptotic proteins. (A)
Apaf1, PUMA, Bax, and Noxa. IBs marked with ** and *** are from the same
gels as shown in Fig. 5 B and C, which included the actin loading control. (B) IBs
to detect EZH2 (Upper) and Bim (Lowver) in day 13 lysates from UT PHK and HPV-
18 cultures as well as HPV-18 raft cultures exposed to Vorinostat from days 6 to
13 at the indicated concentrations. EL, L, and S indicate extralong, long, and
small forms of Bim, respectively. The blots are from the same gels as presented
in Figs. 5E and 6C, where the actin loading controls are shown. (C) Indirect IF
detection of Bim protein (green) in tissue sections of HPV-18 raft cultures.
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were detected in live tissue whereas TUNEL was observed in the
superficial layer, possibly because the few spinous cells that reen-
tered S phase were already lost to apoptosis (ST Appendix, Fig. S2).
We infer that Vorinostat would also be effective in inhibiting LR
HPV DNA amplification.

Next, we examined raft cultures of an immortalized cell line
W12-E which harbor extrachromosomal HPV-16 genomic plasmids
(61). The cells were subcloned from W12 cells established from a
cervical dysplasia (62). UT W12-E cells formed a stratified squa-
mous epithelium (Fig. 94, Upper Left). Unexpectedly, not only did
BrdU incorporation completely cease in the presence of 1 pg/mL
Vorinostat, but extensive cell death was evident (Upper Middle). At
5 pg/mL, all cells in the tissue died (Fig. 94, Upper Right). The
induction of y-H2AX and TUNEL signals supported these con-
clusions (Fig. 94, Lower). These results suggest that immortalized
cells appear more sensitive to Vorinostat than primary cells.

To evaluate whether cells transformed by HPV are also similarly
sensitive to Vorinostat, we tested raft cultures of CaSki cells, a cell
line derived from a cervical cancer. CaSki cells harbor about
600 copies of the integrated HPV-16 genome and express the
E6 and E7 genes (63, 64). The CaSki cell raft culture formed a
highly dysplastic tissue which was composed entirely of undiffer-
entiated cells with some apoptosis already occurring (Fig. 9B). The
raft cultures were indeed highly sensitive to Vorinostat. At 1 pg/mL,
the majority of the cells underwent apoptosis, as judged by TUNEL
assay. At 5 pg/mL, only remnant dead tissue remained.

The Inhibitory Effects of Belinostat and Panobinostat. Belinostat
(65) and Panobinostat (66) are new HDAC inhibitors approved
by the Food and Drug Administration for clinical applications
against peripheral T-cell lymphoma and resistant multiple mye-
loma. To rule out the possibility that the inhibition observed with
Vorinostat was due to an off-target effect, we performed side-by-
side comparisons of Vorinostat, Belinostat, and Panobinostat in
HPV-18—infected cultures. Based on published reports, a range
of concentrations were tested. The cultures were exposed to the
inhibitors from day 6 to day 14, harvested on day 14, and ex-
amined for histology and probed with DNA-FISH and indirect
IF (Fig. 10 and SI Appendix, Figs. S3 and S4).
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Fig. 9. Effects of Vorinostat on raft cultures of W12-E cells (A) and CaSki
cells (B). Day 14 cultures were exposed to DMSO (Left) or 1 (Middle) or 5 pM
(Right) Vorinostat from days (A) 6 to 14 or (B) 5 to 14. Rows are as follows:
(A) histology (Upper), BrdU incorporation (Middle), and y-H2AX and TUNEL
(Lower) signals; (B) histology (Upper) and TUNEL (Lower) signals.
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Fig. 10. HPV-18-infected raft cultures exposed to Vorinostat, Belinostat, or
Panobinostat. Parallel cultures were exposed to these HDAC inhibitors at the
specified concentration from days 6 to 14. Day 14 cultures were probed for
viral DNA amplification (red) and BrdU incorporation (green). Portions of the
cultures exposed to 5 uM Belinostat had significant cell death, causing
trapping of in situ probe signals (red). Histology, L1, and TUNEL assays are
shown in S/ Appendix, Figs. S3 and S4.

Belinostat had a stronger inhibitory effect on viral DNA am-
plification relative to that of Vorinostat (Fig. 10, Upper and
Middle rows). As expected, it abrogated L1 expression (SI Ap-
pendix, Fig. S3B). Belinostat killed the infected raft culture more
effectively than Vorinostat, as evident from histology. A partial
disintegration of the cultures was observed at 5 pg/mL of Beli-
nostat (SI Appendix, Fig. S34, compare cultures treated with
5 pM Belinostat or 5 pM Vorinostat). In agreement, at 5 pM,
Belinostat induced much more extensive y-H2AX and TUNEL
signals than Vorinostat (compare SI Appendix, Fig. S4 to Fig. 6 A
and B). Up to 100 nM, Panobinostat exhibited no morphologi-
cally visible toxicity in the infected culture (SI Appendix, Fig.
S3A4). It only reduced viral DNA amplification slightly but did
not abrogate host DNA replication (Fig. 10, Lower row). Con-
sequently, it did not abolish viral L1 expression (S Appendix, Fig.
S3B). At 250 nM, apoptosis began to appear, and, at 1 pM,
Panobinostat caused extensive DNA damage and cell death (S7
Appendix, Fig. S4). Taken together, these results suggest that the
inhibitory effects observed with Vorinostat are shared with at
least one other HDAC inhibitor, affirming our conclusion that
HDAC:S are the main targets. However, the possibility of addi-
tional dysregulated pathways cannot be ruled out.

Discussion

Histone acetylation by HATSs and deacetylation by HDACsS play
critical roles in nucleosome remodeling, in regulating gene ex-
pression, and in fork progression of replicating chromatinized
DNA (32). Vorinostat is known to sensitize cancer cells in vitro
and tumors in xenografts to apoptosis by DNA damage-inducing
agents. This is the basis for using HDAC inhibitors in cancer
therapeutics. Because HPV induces S-phase reentry in differ-
entiated cells, host cell DNA replication and viral DNA ampli-
fication in these cells should be subject to the same regulation by
HDAG:s. In this study, we applied the pan-HDAC inhibitor
Vorinostat as a single agent to determine whether perturbation
of HDAC activities would influence viral DNA amplification and
cell survival in epithelial tissue cultures developed from PHKs,
an organotypic system which provides a physiologically relevant
environment.

We found that Vorinostat at 0.2 pM has nondiscernable effect
on tissue histology and minimal effects on host DNA replication
and viral DNA amplification. Of note, this treatment increased
the levels of certain host and viral proteins including E6, E7,
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ATM, phospho-ATM, and Mrell. One interpretation is that this
low concentration of Vorinostat promoted open chromatin and
increased transcription. In contrast, exposure from days 6 through
13 to higher Vorinostat concentrations, host DNA replication, and
viral DNA amplification were dramatically inhibited. More than
30% of the cells underwent apoptosis after this short treatment
(Fig. 6). Prolonged exposure from days 6 through 22 induced
widespread toxicity (Fig. 7). With different effectiveness, an 8-d
exposure to two other pan-HDAC inhibitors, Belinostat and
Panobinostat, also inhibited viral DNA amplification or cellular
DNA replication (Fig. 10). As expected, higher concentrations led
to more cell death (SI Appendix, Figs. S3 and S4).

Detailed in situ analyses and biochemical interrogation of
Vorinostat-treated cultures suggest several causes for these effects.
First, the HDAC inhibitor halts suprabasal cellular DNA replica-
tion, reducing progression to G2 phase during which viral DNA
amplifies. Second, viral DNA replication forks may also stall,
resulting in degradation and loss. Third, the activities of viral
oncoproteins are compromised, stabilizing the underphosphorylated
form of p130, the increase of which could reduce S-phase reentry.
Fourth, DDR proteins were down-regulated, further hampering
viral DNA amplification. Lastly, with stalled host chromatin repli-
cation and compromised DDR, DNA damage accumulates, leading
to apoptosis. In this respect, the end results are similar to treatment
with octadecycloxyethyl benzyl phosphonyl methoxyethyl guanine
(ODE-Bn-PMEGQG), an acyclic nucleoside phosphonate prodrug and
obligate chain terminator when incorporated into DNA. Exposure
of HPV-18—infected raft cultures to ODE-Bn-PMEG leads to ex-
tensive DNA damage and apoptosis and possible loss of HPV ge-
nomes in remaining cells (67).

The exposure to Vorinostat led to stabilized p5S3. However, the
p53 protein was transcriptionally inactive, as it did not elevate
p53-responsive, proapoptotic proteins such as BAX, PUMA,
Apafl, and Noxa (Fig. 84). Rather, these proteins were reduced.
We previously reported on raft cultures infected with HPV-18
E6 mutants incapable of destabilizing p53. Despite high levels of
p53 in numerous cells, there was no apoptosis in these cultures,
indicative of transcriptionally inactive p53 (3, 11). Our data show
that apoptosis is mediated by proapoptotic Bim isoforms (Fig. 8),
known to be up-regulated by E2F-1 and a primary cause of death
in Vorinostat-treated cancer cells (50, 68).

How does exposure to 1 or 5 pM Vorinostat compromise the
abilities of E6 and E7 to destabilize p130 and p53 (Fig. 5 4 and
B)? The activity and stability of p53 are tightly regulated by al-
ternative posttranslational acetylation or ubiquitination on its
many lysine residues. The acetylated lysine residues must be
deacetylated for polyubiquitination and degradation to occur (69,
70). The loss of their activities could explain why p53 became
elevated in Vorinostat-treated raft cultures. The elevated p53
could also have contributed to the inability to amplify viral DNA
(4, 11). Similarly, Vorinostat could have reduced or prevented
polyubiquitination of p130, thereby stabilizing it. The elevated
hypophosphorylated p130 would then contribute to the severe
reduction in S-phase cells. At 5 pM Vorinostat, a very low level of
pRB was detected despite the compromised E7 activity (Fig. 5B).
We suggest several possible explanations. First, p300-mediated
acetylation of the lysine residues in the C-terminal domain of
hypophosphorylated pRB increases its association with MDM2, a
ubiquitin ligase (71). MDM2 can destabilize pRB, but not 130, in a
ubiqitination-independent manner (72). Second, Vorinostat may
have caused the basal cells to exit the cell cycle and become
quiescent, and quiescent cells have low pRB but high p130. This

1. de Martel C, Plummer M, Vignat J, Franceschi S (2017) Worldwide burden of cancer
attributable to HPV by site, country and HPV type. Int J Cancer 141:664-670.

2. Stoler MH, Wolinsky SM, Whitbeck A, Broker TR, Chow LT (1989) Differentiation-linked
human papillomavirus types 6 and 11 transcription in genital condylomata revealed by
in situ hybridization with message-specific RNA probes. Virology 172:331-340.
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possibility is supported by the complete loss of BrdU incorpora-
tion and cytoplasmic cyclin Bl accumulation (indicative of pro-
longed G2 phase) from treated raft cultures (Fig. 2C and Fig. 5G,
Right). In concordance, the E7-induced proliferating cell nuclear
antigen (PCNA), a processivity factor for DNA poly 8, was only
infrequently detected (Fig. 5G, Right). In contrast, in the control
DMSO-exposed HPV-18 raft cultures, BrdU incorporation (Fig.
2C), cytoplasmic cyclin B1, and nuclear PCNA were observed in
basal and suprabasal cells (Fig. 5G, Left), as described previously
(3, 7, 67). Thus, most of the cells in treated HPV-18 raft cultures
had indeed exited the cell cycle.

Although E6 and E7 activities were compromised by 1 or 5 pM
Vorinostat, the E6 and E7 protein levels were not significantly
reduced relative to UT cultures. We speculate that E6 and
E7 might normally be degraded in a complex with their re-
spective target proteins. Thus, when p53 and p130 remained
acetylated and could not be destabilized by the viral proteins, the
viral proteins were also stabilized. This hypothesis is consistent
with the observation that more-potent E7 proteins are shorter
lived than less active E7 in raft cultures (60).

Because one of the major mechanisms of action by HDAC in-
hibitors is their interference in chromatin replication, the inhibitory
effect is not expected to restrict to HPV-18 cultures. Indeed,
Vorinostat prevents BrdU incorporation in raft cultures expressing
the LR HPV-11 E7 alone (SI Appendix, Fig. S2). In one case re-
port, Vorinostat stabilized HPV-11-associated lung tumors after a
yearlong treatment (73). We have now shed some light on the
mechanisms involved. Importantly, we also show that raft cultures
of HPV-16 immortalized W12-E cells derived from a cervical
dysplasia and HPV-16 transformed CaSki cells derived from a
cervical cancer were highly sensitive to Vorinostat, triggering
widespread apoptosis at as low as 1 pM exposure. We speculate
that these cell lines are already deficient in elements in DDR
pathways, further sensitizing them to HDAC inhibitors. Our results
suggest that HDAC inhibitors could also be useful in treating
cervical dysplasias or possibly cancers, perhaps in combination with
other DNA damaging agents currently used in the clinic.

In conclusion, our experiments revealed that HPV-18 infection
induces S-phase reentry in differentiated cells and elevates protein
levels of multiple HDACs. HDAC inhibitor Vorinostat reduces
viral oncoprotein activities, and it also inhibits and down-regulates
the expression of a number HDACsS that are necessary for remod-
eling the replicating chromatin. As a result, HPV DNA amplifica-
tion and host DNA replication are abrogated. Importantly, HPV
infection sensitizes the cells to Vorinostat, which selectively induces
DNA damage and apoptosis in HPV-infected raft cultures relative
to uninfected cells. On the basis of these observations, we suggest
that HDAC inhibitors are promising compounds for treating benign
HPV infections, abrogating progeny production, and hence inter-
rupting infectious transmission. It remains to be further investigated
whether they might also be useful in treating HPV associated dys-
plasias and cancers.
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