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A highly reproducible quantitative PCR (Q-PCR) assay was used to study the stability of human papillomavirus (HPV) in undif-
ferentiated keratinocytes that maintain viral episomes. The term “stability” refers to the ability of episomes to persist with little
copy number variation in cells. In investigating the mechanism of action of PA25, a previously published compound that desta-
bilizes HPV episomes, aphidicolin was also found to markedly decrease episome levels, but via a different pathway from that of
PA25. Since aphidicolin is known to activate DNA damage response (DDR) pathways, effects of inhibitors and small interfering
RNAs (siRNAs) acting within DDR pathways were investigated. Inhibitors of Chk1 and siRNA directed against ataxia-telangiec-
tasia mutated (ATM) and ataxia-telangiectasia Rad3-related (ATR) pathways significantly reduced viral episomes, suggesting
that these pathways play a role in maintaining HPV episome stability. Inhibitors of Chk2 and DNA-PK had no effect on episome
levels. Pharmacological inhibition of ATM proteins had no effect on episome levels, but ATM knockdown by siRNA significantly
reduced episome levels, suggesting that ATM proteins are playing an important role in HPV episome stability that does not re-
quire kinase activity. These results outline two pathways that trigger episome loss from cells and suggest the existence of a little-
understood mechanism that mediates viral DNA elimination. Together, our results also indicate that HPV episomes have a sta-
bility profile that is remarkably similar to that of fragile sites; these similarities are outlined and discussed. This close
correspondence may influence the preference of HPV for integration into fragile sites.

Human papillomaviruses (HPVs) are a large family of DNA
viruses that infect stratified squamous epithelia of the skin,

oropharynx, urogenital tract, and anus. A subset of high-risk vi-
ruses are essential, although not sufficient, to cause cancer (1). The
small, approximately 8-kb viral genome is maintained as a circular
extrachromosomal element, or episome, which encodes a limited
number of proteins that are required for its establishment, repli-
cation, and maintenance. These proteins include E1, which, in
cooperation with E2, binds and licenses the ori for DNA replica-
tion by forming a hexameric helicase to unwind viral DNA and
initiate the loading of host cell replication factors (2). E2 is a pro-
tein with multiple functions that include transcriptional repres-
sion of the viral oncogenes E6 and E7 (3). E6 and E7 are required
for maintenance of the viral genome, including assisting unsched-
uled rounds of DNA synthesis in differentiating keratinocytes in
support of the productive phase of viral replication (4, 5).

A major risk factor for carcinogenic progression following in-
fection by high-risk HPV is viral persistence (6). Episomal DNA
persistence is thought to lead to viral DNA integration. Almost all
cervical cancers exhibit integration at a single chromosomal locus,
lending support for both the idea of a clonal origin of cervical
cancer and the view that integration is key to carcinogenic pro-
gression (7). Integration occurs widely throughout the host ge-
nome but with a preference for fragile sites (8, 9). It has long been
recognized that most HPV-associated cancers have integrated
HPV sequences that do not retain the E1/E2 genes. The loss of E2
leads to upregulation of E6 and E7, genomic instability, and car-
cinogenic progression (10).

Cells maintaining HPV have been isolated from low-grade
HPV lesions (11, 12) and created in the laboratory from primary
cells transfected with HPV genomes (13–15). In general, high-risk
HPV episomes are necessary for establishment of stable, episome-
maintaining cell lines. This is most likely due to the ability of
high-risk HPVs to influence keratinocyte phenotypes such as ex-

tension of cell life span, immortalization, circumvention of innate
immunity, and promotion of DNA synthesis, which are required
for both episome maintenance and the prolonged life span of the
host cell line (4, 16, 17).

Keratinocytes maintaining high-risk HPV genomes in vitro,
whether derived from clinical samples or engineered in the labo-
ratory, generally maintain a constant number of episomes per cell
(15, 18–20). The E2 protein and E8Ê2C have been implicated as
playing an important role in HPV episome copy number control
via their role in modulating both E1-dependent replication and
transcriptional repression (21). Specific viral genes have been
shown to be required for episome maintenance (6, 13, 22, 23).
Control of viral episome levels has also been studied with respect
to long-term cell population dynamics following viral DNA inte-
gration, and with respect to the productive replication phase of the
viral life cycle during keratinocyte differentiation (15, 24, 25). It is
known that significant episome loss follows interferon treatment
in the HPV16 episome-maintaining cell line W12, and that the
effect is not dependent upon the cytolytic loss of cells (25, 26).
However, the cellular pathways responsible for episome elimina-
tion in response to interferon are unknown.

DNA viruses have a close association with DNA damage re-
sponse (DDR) pathways, which are increasingly recognized as a
first line of cellular antiviral defense (27, 28). Viruses represent a
threat to genomic stability, and as such, the host cell acts to min-
imize genome damage and eliminate the foreign DNA. The virus
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employs strategies to circumvent detection and elimination, often
redirecting the host DDR machinery to achieve these goals. The
ataxia-telangiectasia mutated (ATM) and ATM and Rad3-related
(ATR) serine/threonine protein kinases are primary sensors of
DNA damage (29). ATM is chiefly involved with sensing and trig-
gering the response to double-stranded DNA breaks. ATR has a
wider function in organizing the response to a variety of DNA
insults, including stalled replication forks and exposure of single-
stranded regions of DNA. Acting downstream of ATM and ATR
are the Chk2 and Chk1 kinases, respectively, which phosphorylate
a host of substrates to coordinate the DDR (30). Elements of both
the ATM and ATR pathways are activated in HPV-positive cells,
and a role for ATM activation has been implicated in productive
HPV DNA replication (31–34).

Stable maintenance, defined as the ability of cells to maintain a
constant copy number of viral episomes over many cell passages in
vitro, is well studied. However, little is known of the factors that
contribute to episome stability over short periods of time in cul-
ture. We employ a quantitative PCR (Q-PCR) assay for HPV epi-
somes that permits the rapid and accurate examination of changes
in episome levels over short periods of time in culture (15, 19).
Two DNA binding compounds, polyamide 1 (PA1) and poly-
amide 25 (PA25), targeting HPV were recently reported to cause a
large, rapid loss of episomes in monolayer and organotypic cul-
tures (19). In investigating the mechanism by which PA25 acts to
destabilize episomes, we discovered that aphidicolin by itself also
elicits episome loss from cells. We further found that ATR and
Chk1, but not Chk2, play a role in stabilizing the HPV episome.
ATM small interfering RNA (siRNA), but not ATM kinase inhib-
itor, also causes significant episome loss. The results reported here
begin to reveal a role for DDR pathways in episome stability and
suggest close parallels between HPV episomes and fragile sites.
These results may help to provide insight into HPV persistence
and integration.

MATERIALS AND METHODS
Cells and cell culture. Tissue culture of normal foreskin keratinocytes
(Ker-4) and keratinocytes maintaining HPV16 (W12E cells), HPV18
(Ker4-18 cells), or HPV31 was previously described (15, 19). 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
medium. Culture media were supplemented with 0.4 �g/ml hydrocorti-
sone, 10 ng/ml cholera toxin, 5 �g/ml insulin, 24 �g/ml adenine, 5 �g/ml
transferrin, 20 pM 3,3=,5-triiodo-thyronine (T3), 5 ng/ml epidermal
growth factor (EGF), 100 U/ml penicillin,100 �g/ml streptomycin, and
5% fetal bovine serum (FBS). Cells were passaged at 70% confluence
using a split ratio of 1:10 (Ker-4, W12E, and HPV31 cells) or 1:20
(Ker4-18).

Inhibitors and siRNAs. Pharmacological inhibitors were used at con-
centrations that had been previously reported to be effective in cells and
against their enzymatic targets (35–39). Inhibitors were dissolved as stock
solutions in 100% dimethyl sulfoxide (DMSO) and added to cell cultures
at the indicated concentrations with a final vehicle concentration of 0.1%
DMSO. Hydroxyurea was prepared in water. Chemical inhibitors (with
sources and concentrations indicated in parentheses) used in the study
included aphidicolin (Sigma catalog no. A0781; 0.1 �M to 25 �M), no-
codazole (Sigma catalog no. M1404; 250 nM), hydroxyurea (Sigma cata-
log no. 8627; 2 mM), ATM inhibitor KU55933 (Tocris; 10 �M), Chk1
inhibitors PF477736 (Axon Medchem catalog no. 1379; 200 nM) and
Chir124 (Axon Medchem catalog no. 1636; 200 nM), Chk2 inhibitor II
hydrate (Sigma catalog no. C3742; 5 �M), and DNA-PK inhibitor
NU7441 (Tocris; 1 �M).

All siRNAs were ON-TARGETplus SMARTpools purchased from
Dharmacon, including Chk1 (catalog no. J-003255), Chk2 (catalog no.
J-003256), ATR (catalog no. J-003202), ATM (catalog no. J-003201), and
Nontargeting Control 2 (catalog no. D-001810). The siRNA was delivered
72 h prior to assay at a concentration of 100 nM using DharmaFect 1
transfection reagent (Dharmacon; catalog no. T-2001) according to the
manufacturer’s recommendations.

For ATM- or ATR-specific quantitative reverse transcription-PCR
(Q-RT-PCR), RNA was extracted and reverse transcribed using a Maxima
First-Strand cDNA synthesis kit from Fermentas (catalog no. K164125).
cDNA (2.5 ng) was amplified using PCR primer sets obtained from Inte-
grated DNA Technologies (IDT; San Jose, CA) at a final concentration of
300 nM. The ATR primer sequences were as follows: for the reverse
primer, 5=-CCCAGACAAGCATGATCCAG-3=; and for the forward
primer, 5=-GAAGATGATGACCACACTGAGA-3=. The ATM primers
were as follows: for the reverse primer, 5=-CCTCAACACTTCTGACCAT
CT-3=; and for the forward primer, 5=-GTGCCTAAACAAAGCTCTCA
G-3=. PCR conditions included 40 cycles of 95°C for 10 s, 60°C for 10 s,
and 72°C for 10 s.

HPV episome stability assay. HPV-maintaining cells were split into
24-well plates. The following day, inhibitors were added to replicate wells
and cells cultured for 48 h. Total DNA was extracted by the use of DNAzol
reagent (Invitrogen; catalog no. 10503-027), and quantitative PCR (Q-
PCR) was performed using TaqMan probes on an ABI PRISM 7700 Se-
quence Detector (Applied Biosystems, Foster City, CA) as previously de-
scribed (15, 19). The probes (IDT) were labeled with the 5= reporter dye
FAM (6-carboxyfluorescein) and the 3= quencher dye TAMRA (6-car-
boxytetramethylrhodamine). Q-PCR mixtures contained 20 ng total
DNA, a final concentration of 1� JumpStart Taq ReadyMix (Sigma; cat-
alog no. D7440), 200 nM each primer (IDT), and 250 nM probe (IDT) in
a reaction volume of 25 �l. Standard curves were generated using cloned
HPV16, HPV18, and HPV31 DNA. The HPV episome copy number was
calculated from the standard curve, and the effects of inhibitors were
plotted as a percentage of the vehicle-treated control value.

Southern blotting. Total cellular DNA was extracted by lysing the cells
with 20 mM Tris (pH 8), 100 mM EDTA, 150 mM sodium chloride, and
1% sodium dodecyl sulfate (SDS). Proteinase K (Invitrogen; catalog no.
100005393) (50 �g/ml) was added, and lysates were incubated overnight
at 37°C. Samples were extracted with phenol-chloroform-isoamyl alcohol
(25:24:1 [vol/vol]) until the interphase was clear followed by 2 rounds of
chloroform extraction. Total DNA was precipitated with 2 volumes of
ethanol and incubated overnight at �20°C. Pellets were resuspended in
0.5 ml Tris-EDTA (TE) buffer (pH 8.0) and sheared by 10 passages
through an 18-gauge needle, and 50 �g/ml RNase A (Sigma; catalog no.
R4642) was added for 1 h at 37°C. DNA was again phenol-chloroform
extracted and ethanol precipitated. DNA pellets were resuspended in TE
buffer, and 5 �g was digested with BamHI or HindIII (New England
BioLabs). DNA was subjected to electrophoresis at 5 V/cm for 18 h, trans-
ferred onto positively charged nylon membranes (Roche), and probed
with HPV16 genomic DNA that had been gel purified and labeled with
[32P]dCTP using a Random Primed DNA Labeling kit (Roche) according
to the manufacturer’s directions. Membranes were exposed to phosphor
screens and imaged with a Molecular Dynamics Phosphorimager.

Western blotting. Cells were washed with ice-cold phosphate-buff-
ered saline (PBS) and lysed in radioimmunoprecipitation assay (RIPA)
buffer (25 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% NP-40, 2% sodium
deoxycholate, 0.1% SDS) supplemented with 2� Halt Protease & Phos-
phatase Inhibitor Cocktail (ThermoScientific; catalog no. 1861284). Ly-
sates were incubated with 150 U/ml DNase I (ThermoScientific; catalog
no. 89835) for 30 min at room temperature with mixing. Protein concen-
trations were determined by a bicinchoninic acid (BCA) assay (Thermo-
Scientific; catalog no. 23227), and 50 �g of protein was subjected to elec-
trophoresis in Tris-glycine (4% to 20%) gels (NuPAGE). Proteins were
transferred onto polyvinylidene difluoride (PVDF) membranes using an
iBlot system (Invitrogen), and the membranes were blocked with 5%
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nonfat milk–TBST buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl,
0.1% Tween 20) overnight at 4°C. Membranes were then incubated at
room temperature for 2 h with one of the following antibodies: ATR
(Santa Cruz; catalog no. sc-28901), pATR (Santa Cruz; catalog no. sc-
109912), ATM (Abcam; catalog no. ab78), pATM (Abcam; catalog no.
ab81292), Chk1 (Cell Signaling; catalog no. 2G1D5), pChk1 (Cell Signal-
ing; catalog no. 133D3), Chk2 (Cell Signaling; catalog no. 1C12), pChk2
(Cell Signaling; catalog no. C13C1), Rad9 (Santa Cruz; catalog no. sc-
32489), pRad9 (Santa Cruz; catalog no. sc-130213), RPA32 (Abcam;
catalog no. ab2175), or �-actin (Abcam; catalog no. ab6276). Primary
antibodies were detected with goat anti-rabbit or goat anti-mouse poly-
horseradish peroxidase (poly-HRP) (Pierce; catalog no. 32230 and 32260)
(1:25,000) or donkey anti-goat IgG-HRP (Santa Cruz; catalog no. sc-
2033) (1:5,000) secondary antibody.

Fluorescence-activated cell sorter (FACS) analysis. W12E cells were
treated for 24 h with aphidicolin, nocodazole, or hydroxyurea and har-
vested for cell cycle analysis by trypsinization. Cells were washed twice in
4°C phosphate-buffered saline (PBS); 1 ml of modified Videlov’s pro-
pidium iodide staining solution was added, and each sample was sub-
jected to a vigorous vortex procedure. Samples were stained for a mini-
mum of 1 h at 4°C and analyzed using a Becton Dickinson FACSCalibur
4-color flow cytometer (Becton Dickinson). Data analysis was performed
using BD CellQUEST Pro v6.0.1 software.

RESULTS

W12E cells maintaining approximately 300 to 500 HPV16 epi-
some copies per cell and exhibiting no evidence of viral DNA
integration were first studied. Viral DNA in Southern blots was
associated predominantly with episomal bands, and no additional
bands indicative of integration were detected (Fig. 1). Initial ex-
periments queried whether cell cycle progression was required for
the antiviral effect of PA25. Three agents that activate cell cycle
checkpoints were initially tested for their ability to block PA25-
mediated loss of HPV16 episomes. Cell cycle status had no mea-
surable effect upon the antiviral activity of PA25. Aphidicolin,
nocodazole, and hydroxyurea all acted to block cells within the cell
cycle as anticipated (Fig. 2). Arrest of W12E cells in G2/M by
pretreatment of cells with nocodazole (Fig. 3A) or at the G1/S-
phase boundary by treatment with hydroxyurea (Fig. 3B) or
aphidicolin (Fig. 3C) did not prevent the loss of episomes follow-
ing treatment with PA25. Nocodazole by itself had no effect on
episome levels as measured by Q-PCR (Fig. 3A), while hy-
droxyurea treatment caused a small apparent decrease in episome
levels that was not statistically significant (Fig. 3B). In contrast,
aphidicolin alone, at a concentration of 4 �M, elicited a robust
decrease in HPV16 episome levels in W12E cells (Fig. 3C).

These results were surprising because a variety of pharmaceu-
tically active and toxic compounds, including etoposide and
podophyllotoxin (data not shown), in addition to hydroxyurea
and nocodazole (Fig. 3), have little or no significant effect on HPV
episome levels. Furthermore, aphidicolin contributed to HPV ep-
isome loss in an additive manner when it was provided prior to
treatment with multiple, increasing PA25 doses (Fig. 3C). This
observation indicated that aphidicolin and PA25 were causing ep-
isome loss via different cellular pathways.

The effects of aphidicolin on two additional HPV genotypes,
HPV18 and HPV31, were then also tested. Aphidicolin, at a con-
centration of 4 �M, resulted in a statistically significant loss of
approximately 40% of HPV31 episomes and 50% of HPV18 epi-
somes after 48 h (Fig. 3D), showing that the effect was not limited
to a single HPV genotype or cell type.

An aphidicolin dose-response analysis conducted with W12E

cells showed that increasing amounts of the inhibitor to 10 �M
resulted in a greater loss of episomes, with 80% of the viral DNA
eliminated after 48 h at the highest dose (Fig. 4). The loss of epi-
somes appeared to correlate with aphidicolin effects on the cell
cycle (Fig. 2). The lowest doses (0.1 and 0.4 �M), which had
smaller effects on HPV episome copy number, allowed cells to
enter S phase, where they stalled and accumulated. On the other
hand, the higher doses, which caused greater episome loss,
blocked S-phase entry, resulting in congregation of cells at the
G1/S boundary (Fig. 2).

Aphidicolin is known to activate a DDR in the ATR/Chk1
pathway due to stalling of replication forks. It can also activate the
ATM/Chk2 pathway due to collapse of replication forks and gen-
eration of double-stranded DNA (dsDNA) breaks. The presence
of HPV episomes can also cause an elevation of cellular DDR
signaling, and in fact our own experiments found that a variety of
DDR elements were activated in cells that maintain HPV episomes
relative to normal keratinocytes (Fig. 5A). In addition, we found
that aphidicolin activates both the ATM and ATR pathways in
HPV16-positive cells (Fig. 5B). For this reason, we set out to test
the hypothesis that DDR elements contribute to HPV episome
stability in undifferentiated keratinocytes.

We first tested inhibitors acting within the ATR/Chk1 pathway
for their effects on HPV episome stability. Similar to the aphidi-
colin results, the Chk1 kinase inhibitor Chir124 produced a sta-
tistically significant 40% reduction in episome levels (Fig. 6A).
Chir124 also reduced HPV episomes in an additive manner when
coadministered with increasing doses of PA25 (Fig. 6B). This re-
sult suggested that, like aphidicolin (Fig. 3), Chir124 acts to desta-
bilize episomes via a pathway different from that of PA25.
PF477736, a second Chk1 inhibitor chemically distinct from
Chir124, also caused a statistically significant 50% decline in
HPV16 episome numbers (Fig. 6A). Additional inhibitors acting
on other DDR pathway elements were also tested: KU55933, an
ATM-specific kinase inhibitor, Chk2-specific inhibitor II, and the
DNA-PK inhibitor NU7441 all had no effect on episome levels
(Fig. 6A).

There were no available specific chemical ATR inhibitors of
which we were aware, so we employed a siRNA strategy to target
ATR for downregulation. ATR siRNA reduced ATR transcript
levels by 78% relative to nontargeting control levels as measured
by Q-RT-PCR. Q-PCR of the ATR siRNA-treated W12E cells
demonstrated a 40% loss of HPV16 episomal DNA at 48 h
(Fig. 6C). As a control for this experiment, we also tested the
effects of siRNA directed against ATM. ATM siRNA caused a 64%
reduction in ATM mRNA levels after 72 h of treatment. Surpris-
ingly, ATM siRNA also caused a highly reproducible 70% decrease
in HPV16 episome levels. The data shown represent a summary of
three independent experiments, each having multiple replicates
(Fig. 6C). The specificity of both ATR and ATM siRNAs was con-
firmed in a matrix of 22 siRNAs chosen from DDR pathways (data
not shown).

The effects of aphidicolin and Chir124 on viral episome main-
tenance were also investigated by Southern blotting in order to
confirm and extend the Q-PCR results (Fig. 7). Loss of HPV16
DNA following treatment with either inhibitor was time depen-
dent. As expected, the samples digested with either BamHI or
HindIII showed no evidence of viral DNA integration. Samples
digested with BamHI, which linearizes HPV16 episomes, yielded
the expected 7.9-kb HPV16 DNA that was progressively lost over
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48 h in the presence of either aphidicolin or Chir124 (Fig. 7).
Samples that had not been linearized (HindIII) also exhibited
clear evidence of viral DNA loss over time. These samples did not
display any noticeable changes in the ratios or electrophoretic mi-
gration of form I (supercoiled) DNA or form II (open circle)
DNA, indicating that the two forms were lost at similar rates
(Fig. 7).

We next asked if siRNA knockdown of Chk1 or Chk2 would
also affect HPV episome levels. Western blots of W12E cells trans-
fected with siRNAs demonstrated the expected specificities and
effects for the respective siRNAs. Chk1 siRNA reduced Chk1 pro-
tein levels while having no noticeable effect upon the related Chk2
kinase. Conversely, Chk2 siRNA specifically reduced Chk2 pro-
tein levels (Fig. 8A). The levels of HPV episomes in these cells were

FIG 1 Figure demonstrating maintenance of HPV16 as episomes in W12E cells. (A) The HPV16 episome copy number is derived using a standard curve.
Representative Q-PCR amplification curves show the relationship between log increases in HPV16 plasmid DNA level and threshold cycle (Ct) value. The inset
shows a linear regression plot of the cloned HPV16 genome standard. Efficiency of PCR amplification is calculated as E � �1 � 10(�1/slope). Twelve Q-PCRs with
20 ng input DNA from W12E cells are shown. W12E cells are maintained at early passage with HPV16 copy numbers ranging from 300 to 500 copies/cell.
Clustered curves (block arrow) represent unknown W12E cell DNA sample replicates. (B) Southern blot analysis of HPV16 episome-containing W12E cells. A
5-�g mass of total DNA from W12E cells was digested with BamHI or HindIII, and episomes were detected by probing with full-length [32P]dCTP Random
Primed HPV16 DNA. Two exposures of the same Southern blot are shown.
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FIG 2 FACS analysis reveals effects of inhibitors used to activate cell cycle check points. (A) Effects of increasing doses of aphidicolin on arresting cells in the
S-phase and at the G1/S boundary. (B) Nocodazole causes accumulation of cells in the G2/M phase. (C) Hydroxyurea arrests cells at the G1/S boundary.
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then quantified. Chk1 knockdown alone elicited a 60% to 70%
reduction of HPV16. On the other hand, Chk2 knockdown alone
had no significant effect upon HPV16 episomes relative to cells
receiving nontargeting siRNA and untreated controls (Fig. 8B). A
24-h treatment with aphidicolin was also carried out following
siRNA-mediated knockdown of Chk1 and Chk2. In the case of
Chk1 siRNA, aphidicolin treatment caused no further reduction
in episome levels. On the other hand, a 40% reduction in episome
levels was seen following aphidicolin treatment of Chk2 siRNA-
treated cells (Fig. 8B). Since Chk1 siRNA and aphidicolin do not

exhibit an additive or additional effect on HPV episome levels, the
data support the hypothesis that they decrease episome levels by a
shared or closely related mechanisms.

DISCUSSION

A highly reproducible Q-PCR assay makes it possible to examine
inhibitors and siRNAs for their ability to cause instability and loss
of HPV episomes. Numerous studies have contributed to our un-
derstanding of HPV episome maintenance (for recent reviews, see
references 6 and 40), but little work has focused on understanding
conditions affecting short-term stability and loss of HPV epi-
somes. The present studies show the feasibility of such an ap-
proach while outlining a role for DDR elements in HPV episome
stability. These studies also help elucidate two apparently inde-
pendent pathways that control HPV episome stability and loss.
DNA binding compounds represented by PA1 and PA25 trigger
one pathway, and aphidicolin and inhibitors of the ATR/Chk1
axis reveal the other. Both pathways lead to rapid loss of episomes
by a process that we are seeking to understand. The process must
ultimately involve the degradation or export of HPV episome
DNA. If loss is occurring by degradation, the process is rapid since
no evidence of viral DNA degradation intermediates is found by
Southern blotting. In addition, there must be substantial selectiv-
ity, or discrimination of self DNA from non-self DNA, in that viral
genomes are targeted for loss and the host DNA is spared. Under-
standing these features of viral DNA loss has the potential to con-
tribute to our knowledge of such disparate processes as the inter-
feron mechanism of action, and HPV persistence and integration.

FIG 3 Inhibitors of cell cycle progression were tested for effects on the antiviral activity of compound PA25. (A) W12E cells were treated with 250 nM nocodazole
(Noc; Sigma catalog no. M1404) with or without 1 �M PA25 (n � 6). (B) W12E cells were treated for 24 h with 2 mM hydroxyurea (HU) with or without 1 �M
PA25. HU had a small effect on HPV16 episome levels that was not statistically significant. HU did not block PA25 activity. (C) Effects of 4 �M aphidicolin (Aph)
on W12E cell episomes in the presence of increasing amounts of PA25 or 0.1% DMSO control for 48 h. **, aphidicolin versus DMSO control (n � 12 samples
from 3 independent experiments); *, aphidicolin plus PA25 versus PA25 alone (n � 6); P � �0.01. (D) HPV18 and HPV31 genomes are also lost following
aphidicolin treatment. HPV31 or HPV18 episome-maintaining cell lines were treated for 48 h with 4 �M aphidicolin and episomes quantified by real-time PCR
(n � 6; *, P � �0.01).

FIG 4 Aphidicolin decreases HPV16 episome copy numbers in a dose-depen-
dent manner. W12E cells were treated for 48 h with increasing aphidicolin
concentrations (n � 6).
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PA25 is one of a series of synthetic, higher-order distamycin
derivatives initially designed to target the ori of HPV18. The com-
pound causes a dramatic and rapid loss of HPV episomes in vitro,
verifying that the acute instability of HPV episomes can be
achieved under certain conditions (19). Experiments initially
showed that the action of PA25 was not affected by cell cycle
checkpoint arrest enacted by a number of agents. In the process, it
was discovered that aphidicolin alone was able to cause the loss of
HPV episomes. Additionally, when HPV-maintaining cells were
treated with both PA25 and aphidicolin, an additive effect on ep-
isome loss was observed. This interesting observation allowed us
to conclude that aphidicolin and PA25 were acting to destabilize
episomes via different cellular pathways. Two chemically distinct
Chk1 inhibitors were also additive with PA25 in their ability to

trigger HPV episome loss. This observation, and the fact that
aphidicolin does not cause additional episome loss when added
after Chk1 siRNA knockdown, is consistent with aphidicolin
causing episome instability via an ATR/Chk1 pathway. These re-
sults also suggest that the ATR/Chk1 pathway is not playing a role
in PA25-mediated episome loss.

FIG 5 Western blots demonstrating activation of DNA damage repair ele-
ments in cells maintaining HPV episomes and following treatment of cells with
aphidicolin. (A) Western blots showing activation of DNA damage repair el-
ements in W12E cells relative to normal human keratinocytes (Ker4). ATM/
ATR and Chk1/Chk2 are constitutively activated in HPV16 episome-main-
taining cells. Western blots show basal levels of DDR elements recognized with
antibodies directed against phosphorylated epitopes or recognizing full-length
protein. (B) Western blots of extracts of W12E cells treated with aphidicolin
(�) or of vehicle-treated controls (�). All DDR elements show various degrees
of activation following aphidicolin treatment. The arrow indicates the position
of migration of the phosphorylated form of RPA32.

FIG 6 The effects of inhibitors or siRNA acting in the ATR/Chk1 or ATM/
Chk2 pathways on W12E cell HPV episomal DNA. (A) W12E cells treated for
48 h with 10 �M ATM inhibitor (ATM-I; Tocris catalog no. KU55933), 5 �M
Chk2 inhibitor II (Chk2-I; catalog no. Sigma C3742), or 1 �M DNA-PK in-
hibitor (DNA PK-I; Tocris catalog no. NU7441) displayed no changes in epi-
some levels relative to control cells. In contrast, 200 nM Chk1 inhibitor
PF477736 (Axon Medchem; catalog no. 1379) or Chir124 (Axon Medchem;
catalog no. 1636) significantly reduced episome levels compared to vehicle-
treated cell results (n � 6; *P � 0.01). (B) Chk1 inhibitor Chir124 significantly
reduces HPV16 episomes in an additive manner with PA25 as measured by
Q-PCR. W12E cells were treated with 200 nM Chir124 in the presence of
increasing PA25 concentrations or 0.1% DMSO vehicle control for 48 h. Sta-
tistically significant Chir124 effects are indicated by asterisks: **, Chir124 ver-
sus DMSO control; *, aphidicolin plus PA25 versus PA25 alone; n � 6; P �
0.01. (C) siRNA knockdown of ATR or ATM significantly reduces HPV16
episome levels. W12E cells were treated with 100 nM ATR, ATM, or nontar-
geting siRNA (NT) for 72 h and episomes quantified by Q-PCR. Experimental
replicates were analyzed against NT-control siRNA replicates. *, n � 6, P �
�0.01, error bars represent standard deviations; **, n � 3 independent exper-
iments with 3 replicates each, P � �0.01, error bars represent standard errors
of the means.
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It was previously shown using an infectious assay that aphidi-
colin and other agents that block cell cycle progression are able to
effectively block HPV infection (41). Our results present a clear
difference from those results by focusing on episome DNA levels
and not infectivity. We demonstrate that agents activating cell
cycle checkpoints, such as hydroxyurea and nocodazole, have little
or no effect on HPV episome numbers, but that DNA polymerase
inhibition by aphidicolin causes significant episome loss. Aphidi-
colin and hydroxyurea both cause replication stress, but hy-
droxyurea, which acts by depleting cells of deoxynucleoside
triphosphates (dNTPs), had no significant effect on HPV epi-
somes. Therefore, replication stress alone is not sufficient to cause
episome instability.

Aphidicolin is a polymerase inhibitor that causes replication
forks to stall and single-stranded DNA (ssDNA) to accumulate
due to the continued activity of the MCM helicase (42). As such, it
is a potent activator of the ATR/Chk1 pathway (43). It is well
documented that viruses commonly activate host cellular DDR
pathways, and that this activation is important for a number of
viral processes such as establishment of infection, viral persis-
tence, and completion of the viral life cycle. We found that treat-
ment of HPV-maintaining cells with inhibitors or siRNAs di-
rected against ATR or Chk1 resulted in significant loss of HPV
episomal DNA. Hence, our studies suggest an important relation-
ship between cellular signaling through ATR/Chk1 and the stabil-
ity of HPV episomes and indicate that episomes are lost under
conditions that compromise replication fork stability. Like the
MCM helicase in replicating mammalian DNA, the E1 helicase in
the HPV replication fork may remain active and become uncou-
pled from DNA polymerase in the presence of aphidicolin. In this
way, ssDNA may be generated, stimulating activation of the ATR/
Chk1 pathway. Interestingly, transfected papillomavirus E1 alone
or with E2 is sufficient for activation of both ATR and ATM (32,
34). In light of the present results, it is conceivable that aphidicolin
uncouples pol� and E1, resulting in a stalled, unstable replication
fork. However, multiple examples of E1-independent mainte-
nance and replication of HPV episomes have been reported (44–

47), making it possible only to speculate on a role for E1 in the
episome loss reported here. For this reason, we are interested in
examining the status of the viral genome under conditions of in-
stability. However, we have been unsuccessful at colocalizing
markers of stalled replication forks with the unamplified HPV
genome in undifferentiated cells due to a lack of sensitivity of our
in situ hybridization procedure. These efforts are continuing.

It is worthwhile to seek out examples of genomic DNA that
exhibit signs of instability under similar conditions. We find a
notable similarity between the stability of fragile sites and that of
HPV episomes (48) (Table 1). Aphidicolin is widely used as an
agent for inducing the expression of chromosomal fragile sites
(49, 50). Fragile sites are typically visually measured as breakage
points in mitotic chromosomes. Consequently, low levels of
aphidicolin that inhibit DNA synthesis, and yet allow cell cycle
progression into mitosis, are generally the standard used in such
studies. Other notable similarities between the stability of fragile
sites and that of the HPV episome also bear mentioning (Table 1).
Aphidicolin was previously shown to promote the expression of
fragile sites via the ATR/Chk1 pathway, and ATR/Chk1, but not
ATM/Chk2, is required for maintaining the stability of fragile sites
(51–53). ATM has also been shown to play a role in fragile site
stability, but only in the absence of ATR (55).

Using inhibitors and siRNA, we demonstrated additional
parallels between HPV episomal DNA and fragile sites beyond

FIG 8 siRNA knockdown of Chk1, but not Chk2, significantly reduces HPV
episomes in W12E cells, and aphidicolin treatment causes no additional epi-
some loss. (A) Western blot showing specific knockdown of Chk1 and Chk2
(Cell Signaling 2G1D5 and 1C12 antibodies, respectively) following 72 h of
incubation with 100 nM siRNA (Chk1 and Chk2 SMARTpool siRNA; Dhar-
macon). Control cells were treated with 100 nM nontargeting siRNA 2 (NT;
Dharmacon). (B) Q-PCR analysis of HPV episomes following siRNA-medi-
ated knockdown of Chk1 or Chk2. Following siRNA treatment for 72 h, W12E
cells were incubated with 4 �M aphidicolin or 0.1% DMSO for 24 h. Reduc-
tions in HPV16 episome levels were observed following knockdown of Chk1
(Q-PCR, n � 6; *, P � �0.01). Aphidicolin treatment did not result in an
additional decrease in the HPV copy number in cells receiving Chk1 siRNA.

FIG 7 Southern blot of HPV16 DNA from W12E cells treated with 4 �M
aphidicolin (lanes 1 to 8) or 200 nM Chir124 (lanes 1= to 8=). Prior to loading,
the DNA was digested either with BamHI (lanes 1 to 4 and 1= to 4=), which
linearizes the HPV16 episome, or with HindIII (lanes 5 to 8 and 5= to 8=), which
does not cut HPV16. Arrowheads indicate the positions of migration of open
circle, linear, and supercoiled HPV forms (from top to bottom) in the uncut
samples.
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aphidicolin sensitivity. HPV episomes and fragile sites are both
sensitive to Chk1 inhibitors and siRNA, and to ATR siRNA, but
not to ATM, Chk2, or DNA-PK inhibitors (Table 1). ATM
appears to be an interesting, more complicated exception:
while inhibition of ATM kinase activity had no effect on HPV
episomes, in agreement with previous findings (33), ATM
siRNA promoted a large loss of episomes. Previous ATM kinase
inhibitor studies described DNA repair defects in cells that are
not observed in ATM-null cells, suggesting that even the inac-
tivated protein has roles in DNA repair (56, 57). This was sup-
ported by two recent publications showing that the presence of
full-length, kinase-dead ATM results in early embryonic lethal-
ity in mouse models (58, 59). The enzymatically inactive ATM
lacks dominant-negative interfering activity and yet interferes
with homologous recombination to a greater extent than seen
in ATM-null cells. Recent work has suggested a role for homol-
ogous recombination in HPV episome replication based upon
colocalization of pathway members, including pATM, Chk2,
and 53BP1, with HPV genomes in undifferentiated cells (60).
Simian virus 40 (SV40) and Epstein-Barr virus (EBV) also both
utilize homologous recombination for efficient replication (22,
37). Thus, while kinase inhibition of either ATM or Chk2
causes no loss of HPV episomes, the acute loss of episomes
following ATM siRNA knockdown is consistent with an impor-
tant role for homologous recombination in HPV episome sta-
bility in the undifferentiated keratinocyte.

Other parallels between fragile sites and HPV episomes are also
evident (Table 1). Fragile sites are AT-rich islands with the poten-
tial to form stable secondary structures that contribute to instabil-
ity during replication stress. The AT-rich nature of fragile sites
also contributes to the sensitivity of a subset of rare fragile sites
especially prone to damage by the natural product distamycin A, a
drug that binds the minor groove of AT-rich DNA sequences (54).
It is intriguing that HPV genomes are also AT rich, with the
HPV16 genome having approximately 63% AT sequence (61).
Some regions of HPV, especially within the long control region
(LCR), are exceedingly AT rich. It is to these sequences that we
targeted distamycin-like synthetic compounds such as PA25,
which have a remarkable propensity to destabilize and eliminate
HPV genomes (19). While we do not know of any effects that
PA25 and related compounds have on fragile sites, we previously

showed that high concentrations of distamycin A destabilize HPV
episomes (19), demonstrating yet another connection with fragile
sites. Any similarity in stability between fragile sites and HPV ge-
nomes is of potential importance because HPV integration is cen-
tral to current models of HPV-related carcinogenesis (1) and be-
cause a preference for HPV integration at fragile sites is well
established (8, 9). If HPV episomes and fragile sites share similar
traits of instability, then it is likely that a single cellular event
would result in destabilization of both. A simplified path to HPV
integration is therefore more easily envisaged, predicted, and pos-
sibly prevented.

In summary, we report here that HPV episomal DNA is sensi-
tive to aphidicolin, inhibitors of Chk1, and knockdown of ATR,
ATM, and Chk1 by siRNA. We also show that ATR/Chk1 is likely
in the pathway mediating the aphidicolin effect on episomal sta-
bility. Furthermore, we show evidence for at least two pathways
mediating episomal stability since PA25 does not cause episome
instability via the same pathway as aphidicolin, ATR, or Chk1. It is
notable that most of these approaches and pathways have also
been shown to elicit fragile site expression (49). We believe our
results provide a framework for exploring HPV episome stability
that has the potential to provide insights into HPV DNA persis-
tence, integration, and oncogenesis.
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