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ABSTRACT

The life cycle of human papillomaviruses (HPVs) is dependent upon differentiation of the infected host epithelial cell as well as
activation of the ataxia telangiectasia mutated (ATM) DNA repair pathway that in normal cells acts to repair double-strand DNA
breaks. In normal cells, following DNA damage the acetyltransferase Tip60 must acetylate ATM proteins prior to their full acti-
vation by autophosphorylation. E6 proteins have been shown to induce the degradation of Tip60, suggesting that Tip60 action
may not be required for activation of the ATM pathway in HPV-positive cells. We investigated what role, if any, Tip60 plays in
regulating the differentiation-dependent HPV life cycle. Our study indicates that Tip60 levels and activity are increased in cells
that stably maintain complete HPV genomes as episomes, while low levels are seen in cells that express only HPV E6 and E7 pro-
teins. Knockdown of Tip60 with short hairpin RNAs in cells that maintain HPV episomes blocked ATM induction and differen-
tiation-dependent genome amplification, demonstrating the critical role of Tip60 in the viral life cycle. The JAK/STAT transcrip-
tion factor STAT-5 has previously been shown to regulate the phosphorylation of ATM. Our studies demonstrate that STAT-5
regulates Tip60 activation and this occurs in part by targeting glycogen synthase kinase 33 (GSK3). Inhibition of either
STAT-5, Tip60, or GSK3[ blocked differentiation-dependent genome amplification. Taken together, our findings identify Tip60
to be an important regulator of HPV genome amplification whose activity during the viral life cycle is controlled by STAT-5 and
the kinase GSK33.

IMPORTANCE

Human papillomaviruses (HPVs) are the etiological agents of cervical and other anogenital cancers. HPVs regulate their differ-
entiation-dependent life cycle by activation of DNA damage pathways. This study demonstrates that HPVs regulate the ATM
DNA damage pathway through the action of the acetyltransferase Tip60. Furthermore, the innate immune regulator STAT-5 and
the kinase GSK3[3 mediate the activation of Tip60 in HPV-positive cells. This study identifies critical regulators of the HPV life

cycle.

H uman papillomaviruses (HPVs) are double-strand DNA vi-
ruses that are the causative agents of cervical and other ano-
genital cancers (1). The high-risk HPV types, including HPV 16,
HPV18, HPV31, and HPV35, are sexually transmitted and play
critical roles in the development of malignancy. HPVs infect cells
in the basal layer of stratified epithelia and link the production of
progeny virions to epithelial differentiation (2, 3). Upon infection
of basal cells, HPVs establish their genomes as low-copy-number
episomes at about 50 to 100 copies per cell. Following chromo-
somal replication and cell division, one of the daughter cells be-
gins to differentiate as it migrates away from the basal layer. This
leads to the activation of the late viral promoters and enhanced
expression of viral replication proteins E1 and E2 (4-8). HPV
proteins block cell cycle exit upon differentiation as well as acti-
vate the ataxia telangiectasia mutated (ATM) DNA damage to
regulate late events in the viral life cycle.

The HPV genome encodes only a small number of proteins,
and HPV depends on the action of host factors, such as poly-
merases and transcription factors, to mediate viral replication.
Recently, activation of the ATM kinase (9, 10) has been shown to
be necessary for HPV genome amplification (11). The phosphor-
ylation of ATM triggers activation of various downstream targets,
such as p53 and CHK2, along with the NBS1/BRCA1/SMC1 sig-
naling pathway (12). In normal cells, ATM activation requires
acetylation by the Tat interactive protein 60 (Tip60) acetyltrans-
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ferase as well as recruitment to sites of double-strand breaks by the
MRN complex (13, 14). Phospho-ATM (p-ATM) induces CHK2
and p53 phosphorylation, leading ultimately to arrest in S/G,
phase (15). These factors are constitutively activated in HPV-in-
fected cells in the absence of obvious DNA damage, and the mech-
anisms underlying their activation remain unclear. Previous stud-
ies have shown that Tip60 is degraded by high-risk HPV E6
proteins, raising the question of how its function in ATM activa-
tion is circumvented in HPV-positive cells (16).

The histone acetyltransferase Tip60 is critical for activation of
DNA repair but also plays roles in chromatin remodeling and
histone acetylation (14). Tip60 acetylates the e-amino groups of
lysine residues on target proteins, including p53 (17), ATM (18),

Received 1 December 2014 Accepted 4 February 2015
Accepted manuscript posted online 11 February 2015

Citation Hong S, Dutta A, Laimins LA. 2015. The acetyltransferase Tip60 is a critical
regulator of the differentiation-dependent amplification of human
papillomaviruses. J Virol 89:4668 -4675. doi:10.1128/JV1.03455-14.

Editor: M. J. Imperiale

Address correspondence to Laimonis A. Laimins, lHlaimins@northwestern.edu.
Copyright © 2015, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.03455-14

April 2015 Volume 89 Number 8


http://dx.doi.org/10.1128/JVI.03455-14
http://dx.doi.org/10.1128/JVI.03455-14
http://jvi.asm.org

and histone H2A (19, 20). In normal cells, inhibition of Tip60
activity prevents acetylation of ATM, which is necessary for its
autophosphorylation and activation (18). It has previously been
shown that Tip60 acetylates ATM to facilitate its phosphorylation
(21). Tip60 itself is activated by tyrosine phosphorylation through
the action of the kinase glycogen synthase kinase 3 (GSK3p) (22,
23). Recent studies have shown that Epstein-Barr virus (EBV) ac-
tivates Tip60 to promote viral replication (24) and that human
T-cell lymphotropic virus type 1 utilizes Tip60 to enhance c-Myc
transforming activity (25). In EBV infections, a virally encoded
kinase, BGLF-4, rather than GSK3[3 mediates Tip60 activation
(26). In contrast, Tip60 is degraded by human cytomegalovirus
viral protein pUL27 (22) as well as the HPV E6 oncoprotein (16).
These findings suggest that Tip60 function may be circumvented
in HPV-positive cells and that ATM activation in these cells could
be mediated through a mechanism independent of Tip60. In the
present study, we investigated what role, if any, Tip60 has in reg-
ulating HPV replication. Our studies indicate that in cells with
episomal HPV genomes, Tip60 levels are increased over those in
normal cells or cells that express only E6 and E7 and its activity is
necessary for HPV genome amplification. The activation of Tip60
in HPV-positive cells is shown to be mediated by STAT-5, a factor
previously shown to activate the ATM pathway, acting in part
through the kinase GSK3p.

MATERIALS AND METHODS

Cell culture. Human foreskin keratinocytes (HFKs) were isolated from neo-
natal foreskins as previously described (27). To generate cell lines that main-
tain viral episomes, primary keratinocytes were transfected with recircular-
ized viral genomes and selected for HPV-positive cells as previously described
(27).HPV16,HPV18, and HPV31 are cell lines that stably maintain episomal
copies of the corresponding viral genomes. HPV31E5KO is a cell line that
expresses a genome with a knockout (KO) mutation in the E5 open reading
frame (ORF). CIN612 cells are derived from a cervical intraepithelial neopla-
sia grade IT (CIN II) biopsy specimen that stably maintains HPV31 episomes.
E6- or E6E7-expressing cells were generated by infection of HFKs with re-
combinant retroviruses and selection, as previously described (28). All HFKs
and HPV-positive cells were cultured in E medium supplemented with
mouse epidermal growth factor (EGF; 5 ng/ml; Collaborative Biomedical
Products, Bedford, MA) in the presence of mitomycin C-treated NTH 3T3 J2
fibroblast feeders (28). To induce differentiation, cells were cultured in kera-
tinocyte basal medium (KBM) containing 1.5 mM CaCl, but no other sup-
plements for up to 96 h (27).

Antibodies and Western blot analysis. The antibodies used in this
study were as follows: anti-involucrin and anti-GAPDH (anti-glyceralde-
hyde-3-phosphate dehydrogenase) (Santa Cruz, Santa Cruz, CA), anti-p53
and anti-Tip60 (Calbiochem, Gibbstown, NJ); anti-STAT-5, anti-phospho-
STAT-5 (anti-p-STAT-5), anti-CHK2, anti-ATM, anti-phospho-CHK2
(anti-p-CHK2; Thr68), anti-p-ATM (Ser1981), anti-acetyl-p53, anti-phos-
pho-GSK3, anti-GSK3, anti-GSK3« (Cell Signaling, Danvers, MA ), and an-
ti-phospho-Tip60 (anti-p-Tip60) (Abcam, Cambridge, MA).

For Western blot analysis, keratinocytes were first separated from J2
feeders by treatment with phosphate-buffered saline containing 0.5 mM
EDTA for 2 min at room temperature. The cells were then collected and
lysed in radioimmunoprecipitation assay lysis buffer on ice for 30 min.
The lysates were then separated by gel electrophoresis and transferred to a
membrane as previously described (29). The membranes were developed
using ECL prime or ECL reagents (Amersham, Pittsburgh, PA). Chemi-
luminescence signals were detected using Eastman Kodak X-ray films.

Southern/Northern blot analysis. For Southern blot analysis, HPV-
positive cells were isolated as described above and lysed in Southern lysis
buffer (400 mM NaCl, 10 mM Tris-HCI, 10 mM EDTA). The lysates were
then incubated at room temperature with 50 pg/ml RNase A (Sigma-
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Aldrich, St. Louis, MO) for 15 min, followed by addition of 50 pg/ml
proteinase K (Sigma-Aldrich, St. Louis, MO) at 37°C overnight to remove
residual RNA and proteins. Total DNA was then exacted by phenol-chlo-
roform and then digested with XhoI at 37°C for 2 h. The DNA samples
were then processed as previously described (30). For Northern blot anal-
ysis, the cells were lysed in STAT-60 (Tel-Test, Friendswood, TX) accord-
ing to the manufacturer’s protocol. The RNA samples were then pro-
cessed as previously described (30).

Lentiviral virion production and transduction. Mission short hair-
pin RNA (shRNA)-expressing lentiviral vectors were purchased from Sig-
ma-Aldrich, St. Louis, MO. Four Tip60-specific sShRNA constructs in a
TRC1 plasmid backbone (named constructs shTip60-1 to shTip60-4)
were individually transfected into 293T cells to produce lentiviral parti-
cles. The transfection mixture included 5 pg ShRNA plasmid DNA, 1.66
g vesicular stomatitis virus G glycoprotein plasmid DNA, and 3.37 pg
Gag-Pol-Tat-Rev plasmid DNA along with polyethyleneimine (Poly-
sciences, Warrington, PA) (normalized for a 10-cm dish). Culture me-
dium was changed after 24 h, and lentivirus-containing supernatants were
collected after an additional 48 h and filter sterilized using 0.45-pm-pore-
size syringe filters (Pall, Ann Arbor, MI). The filtered particles were con-
centrated by the use of Ultra-15 centrifugal filter units (Millipore, Bil-
lerica, MA). CIN612 cells were incubated with 5 ml fresh medium
including concentrated Tip60 shRNA or scrambled shRNA control lenti-
virus-containing supernatant in the presence of 4 pg/ml hexadimethrine
bromide (Polybrene; Sigma-Aldrich, St. Louis, MO) overnight at 37°C.
The culture medium was changed, and the transduced cells were cultured
in fresh E medium for an additional 48 h before analysis.

RT-PCR. The cells were isolated as described above, and total RNA
was extracted using a Complete miniprep kit (Zymo). Five micrograms of
RNA was then transcribed into ¢cDNA using a SuperScript first-round
synthesis system (Invitrogen, Carlsbad, CA). The reverse transcription
(RT) products were mixed with LightCycler 480 SYBR green I master mix
(Roche, Indianapolis, IN), and PCR was performed using a LightCycler
480 instrument. The primer pairs used in the study were designed to be
specific for the following: Tip60 (forward primer, 5'-AAGGGCCAGTAC
ATCCTCAC-3'; reverse primer, 5'-AGTGCAGACACTTGGAGTCG-
3"), GSK3B (forward primer, 5'-GGAGAACTGGTCGCCATCAAG-3';
reverse primer, 5'-ACATTGGGTTCTCCTCGGACC-3), and GAPDH
(forward primer, 5'-GAGGACAGAGACCCAGCTGCC-3'; reverse primer,
5'-TGGAATTTGCCATGGGTG-3"). The results are normalized to those for
GAPDH, and the figures are representative of observations from 3 indepen-
dent experiments, unless indicated otherwise. Significance was determined
using Student’s ¢ test, and a P value of <0.05 was considered significant.

RESULTS

Tip60 levels are increased in keratinocytes that stably maintain
HPV31 episomes. The differentiation-dependent amplification
of HPV genomes is dependent upon the activation of the ATM
DNA damage pathway, and in normal cells the activation of ATM
requires acetylation by Tip60. Previous studies showed that
HPV16 E6 could induce the rapid turnover of Tip60 proteins (16),
yet at the same time the ATM pathway is constitutively activated in
cells with HPV episomes (11). We therefore investigated if HPV
proteins activate ATM autophosphorylation in a manner that is
independent of Tip60 action. The levels of Tip60 proteins in HPV-
positive keratinocytes that stably maintain either HPV31, HPV 16,
or HPV18 episomes were first examined by Western blotting and
compared to the levels in normal human keratinocytes. We ob-
served that Tip60 levels in keratinocytes that maintain HPV epi-
somes were increased compared to the levels in normal keratino-
cytes (HFKs) (Fig. 1A). Importantly, the levels of the active
phosphorylated form of Tip60 were also increased in HPV-posi-
tive cells compared to normal cells. In contrast, keratinocytes that
expressed HPV31 E6 alone or E6 and E7 exhibited levels of Tip60
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FIG 1 The levels of Tip60 are increased in HPV-positive cells that stably
maintain episomes. (A) Western blot (immunoblot [IB]) analysis of Tip60,
p-Tip60, and GAPDH levels in HFKs (lane HFK) and cells positive for HPV31
(lane 31), HPV18 (lane 18), and HPV16 (lane 16) grown in undifferentiated
monolayer cultures. (B) Western blot analysis of Tip60 and GAPDH levels in
HFKs and cells positive for HPV31 E5 KO (31E5KO), HPV31, HPV31 E6
(31E6),and HPV31 E6E7 (31E6E7) grown in monolayer cultures. (C) Western
blot analysis of Tip60, p-Tip60, and GAPDH levels in HFKs, HPV31-positive
keratinocytes, and HPV31-positive CIN612 cells differentiated in high-cal-
cium medium for the times (in hours) indicated beneath the blots. All results
are representative of observations from 3 independent experiments.

Calcium

reduced from those seen in normal cells (Fig. 1B). This indicates
that the retention of high levels of Tip60 is specific to cells with
complete HPV genomes. We also examined cells that contained
episomes with mutations in the E5 ORF and found similar or
slightly lower levels of Tip60 compared to those in HFKs, suggest-
ing that E5 or a combination of factors, such as E1 or E2, may
contribute to activation. We conclude that while expression of E6
alone can reduce Tip60 levels, other proteins expressed from com-
plete HPV genomes can overcome this activity, resulting in in-
creased levels of Tip60.

To determine how Tip60 levels were changed during the HPV
life cycle, we examined the levels of Tip60 in HPV31-positive as
well as normal keratinocytes upon differentiation in high-calcium
medium. The addition of high-calcium medium to HPV-positive
keratinocytes induces differentiation along with genome amplifi-
cation within 48 to 96 h. As shown in Fig. 1C, the levels of Tip60 in
HPV31-positive cells generated by transfection as well as CIN612
cells derived from an HPV31-positive biopsy specimen were sim-
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ilar to or slightly reduced from those in normal cells at late times of
differentiation. Importantly, the active, phosphorylated forms of
Tip60 were maintained at increased levels in HPV31-positive cells
compared to those in HFKs throughout differentiation.

Tip60 knockdown by shRNAs blocks HPV31 genome ampli-
fication. Since our studies indicate that the levels of p-Tip60 are
maintained at high levels in cells with HPV episomes, it was im-
portant to determine if activated Tip60 played any role in the
differentiation-dependent viral life cycle. To investigate if Tip60
was important for HPV genome amplification, protein levels were
reduced using lentiviruses expressing shRNAs against Tip60. For
this analysis, HPV31-positive CIN612 cells were infected with a
series of recombinant lentiviruses expressing shRNAs against
Tip60. At 72 h postransduction, cell lysates were harvested and
assayed for Tip60 protein levels by Western blotting. Our data
showed that two of the four Tip60-specific shRNAs, shTip60-1
and shTip60-4, significantly reduced the levels of Tip60 in CIN612
cells (Fig. 2A). For the subsequent experiments, lentivirus-con-
taining supernatants from these two specific ShRNAs were pooled
to knock down Tip60 or examined individually. CIN612 cells
transduced with shRNA-expressing lentiviruses were then in-
duced to differentiate in high-calcium medium for an additional
72 h following infection. The cell lysates were assayed for Tip60
protein levels by Western blotting, and DNA was isolated for
Southern blot analysis. The levels of Tip60 were unchanged upon
differentiation in CIN612 cells transduced with nontargeting
scrambled shRNA-expressing lentiviruses, whereas the levels were
greatly reduced in cells transduced with lentiviruses expressing
Tip60-specific shRNAs (Fig. 3). Importantly, Southern blot anal-
ysis showed that the loss of Tip60 impaired HPV31 genome am-
plification upon epithelial cell differentiation. Similar results were
seen with each of two shRNAs when expressed individually (Fig.
2B). Finally, Northern blot analysis of these cells demonstrated a
decrease in the levels of HPV late transcripts encoding E1AE4 and
E5, which are expressed coordinately with amplification (Fig. 2C).

It was next important to examine how Tip60 participates in
HPV genome amplification, and we investigated whether there
was any alteration of the ATM DNA damage response in the
Tip60-knockdown cells. Previous studies have shown that HPV-
positive cells maintain high levels of phospho-ATM and phospho-
CHK2 compared to those in HFKs (11). As shown in Fig. 3, the
levels of phosphorylated ATM, but not the levels of total ATM,
were significantly reduced in the cells expressing Tip60-knock-
down shRNAs. Similar effects were seen with total and phosphor-
ylated CHK2. Another target of Tip60 is p53 (31), and we found
that the levels of acetylated p53 increased upon differentiation of
HPV31-positive cells. p53 is a degradation target for high-risk
HPV E6 proteins, including HPV31 E6; however, significant levels
of p53 are retained in cells that stably maintain HPV31 episomes,
where the level of E6 expression may be low (S. Hong et al., un-
published data) (Fig. 3). Knockdown of Tip60 was found to re-
duce the levels of acetylated p53 in HPV-positive cells upon dif-
ferentiation (Fig. 3). We also confirmed that the levels of the
differentiation marker involucrin increased in Tip60-knockdown
cells, similar to the findings for the controls. These observations
indicate that Tip60 is critical for activation of the DNA damage
response as well as HPV genome amplification.

Tip60 activation is dependent on STAT-5. It was next impor-
tant to identify how HPV regulates Tip60. STAT-5 is a factor pre-
viously identified to be important in the HPV-induced activation
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FIG 2 Suppression of Tip60 by shRNA knockdown blocks HPV genome am-
plification and late gene expression upon keratinocyte differentiation. HPV31-
positive CIN612 cells were infected with lentiviruses expressing TRC1 scram-
bled shRNA or Tip60 shRNA and incubated for 72 h postinfection, followed by
an additional 72 h of differentiation in high-calcium medium. (A) Western
blot analysis of Tip60 and GAPDH proteins in monolayer CIN612 cells trans-
duced with different shRNAs against Tip60. TRC1, TRCI plasmid backbone;
#1 to #4, shTip60-1 to shTip60-4, respectively. (B) Southern blot analysis for
HPV31 episomes in CIN612 cells following infection with shRNA-expressing
lentiviruses and differentiation in high-calcium medium for the times (in
hours) indicated beneath the blots. (C) Northern blot analysis for HPV31 early
and late gene expression in CIN612 cells following infection with shRNA-
expressing lentiviruses and differentiation in high-calcium medium for the
times (in hours) indicated beneath the blot. All results are representative of
observations from 2 or more independent experiments.

of the DNA damage response (30), and we examined if it had any
role in regulating Tip60 levels. For this analysis, we first examined
the effects of the STAT-5 inhibitor pimozide, which specifically
inhibits the phosphorylation of STAT-5 (30), on the levels of
Tip60 in HPV-positive cells. The inhibitor has previously been
shown not to affect keratinocyte differentiation or proliferation at
the concentrations used (30). RT-PCR studies showed that the
presence of pimozide did not change Tip60 mRNA levels, indicat-
ing that STAT-5 did not act to increase Tip60 transcription (Fig.
4A). As shown in Fig. 4B, the addition of pimozide greatly reduced
the levels of phospho-Tip60 but not the total Tip60 levels, dem-
onstrating that STAT-5 targets Tip60 activation.

Our studies demonstrate that the levels of p-Tip60 and
p-STAT-5 are also significantly increased in cells that contain
complete HPV genomes but are reduced in cells that express only
E6 (Fig. 4C). Previous studies indicated that expression of E7
alone increased the levels of p-STAT-5 by approximately 2-fold.
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FIG 3 Knockdown of Tip60 suppresses activation of the ATM DNA damage
response. HPV31-positive CIN612 cells were transduced with lentivirus ex-
pressing shRNAs against Tip60 (shTip60-1) as described in legend to Fig. 2.
The transduced cells were assayed by Western blotting for Tip60, p-ATM,
ATM, p-CHK2, CHK?2, acetyl-p53, p53, and GAPDH protein levels upon dif-
ferentiation in high-calcium medium for the times (in hours) indicated be-
neath the blots. All results are representative of observations from 2 or more
independent experiments.
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Our current analysis confirms that a moderate increase occurs due
to E7 but also indicates that other viral proteins are likely the
major mediators of p-STAT-5 activation. This is consistent with
our observation that cells that maintain complete HPV genomes
with stop codons in E5 exhibit decreased levels of p-STAT-5 (Fig.
4C). Since significantly higher levels of p-STAT-5 are observed in
cells harboring complete viral genomes than cells expressing E6
and E7, it appears that E5, E2, or E1, alone or in combination with
E7, is the major regulator of STAT-5 activation observed in cells
with complete viral genomes.

HPV E5 proteins have been shown to interact with the EGF
receptor (EGFR) and that this contributes to the transformation
of HPV-infected cells (26, 32). We therefore tested whether Tip60
activation could be regulated through EGFR signaling by treating
HPV-positive cells with the EGFR inhibitor erlotinib at two con-
centrations for various times (Fig. 4D). The treated cells were then
lysed and assayed for p-Tip60, Tip60, and GAPDH by Western
blot analysis. Our studies showed that the levels of p-Tip60 were
reduced within 24 h when the cells were treated with 1 wM erlo-
tinib, and this further decreased after 72 h of treatment. This in-
dicates that the EGFR pathway, which is targeted by E5, is impor-
tant for Tip60 phosphorylation.

STAT-5 acts on GSK3p to regulate Tip60 activation. We next
sought to determine what intermediate factors are involved in
STAT-5-dependent Tip60 activation in HPV-positive cells. One
factor that has been suggested to be an upstream regulator of
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FIG 4 Inhibition of STAT-5 suppresses Tip60-dependent activation of the ATM
DNA damage response. (A) RT-PCR analysis of Tip60 mRNA levels in CIN612
cells in the presence or absence of pimozide (10 M) for the times (in hours)
indicated beneath the bars. (B) Western blot analysis of Tip60, p-Tip60, and
GAPDH protein levels of CIN612 cells for the times (in hours) indicated beneath
the blots. (C) Western blot analysis for p-STAT-5, STAT-5, p-Tip60, Tip60, and
GAPDH levels in cells positive for HPV31, HPV31 E5 KO, HPV31 E6,and HPV31
E6E7 grown in monolayer cultures. (D) Western blot analysis for p-Tip60, Tip60,
and GAPDH levels in CIN612 cells treated with erlotinib at different concentra-
tions for the various times (in hours) indicated beneath the blots. All results are
representative of observations from 3 independent experiments.

Tip60 is glycogen synthase kinase 33 (GSK3[) (23, 33). Western
blot analysis of HPV-positive cells demonstrated that the levels of
GSK3 in HPV-positive cells were increased by approximately 2-fold
compared to those in HFKs, and these levels were maintained at ele-
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vated levels throughout differentiation. In contrast, there was no
change in GSK3a levels in HPV-positive cells (Fig. 5A). To determine
whether GSK3[ plays any role in HPV genome amplification, we
used the GSK3 inhibitor CT98014 (34). CT98014 has been shown
to be a specific inhibitor of GSK3 (35, 36). CIN612 cells were treated
with CT98014 or vehicle, and we found that treatment with the
GSK3p inhibitor significantly decreased HPV31 genome amplifica-
tion upon differentiation (Fig. 5C). Importantly, the addition of
CT98014 did not alter the rate of proliferation of treated cells. While
CT98014 treatment reduced the levels of GSK3, it had no effect on
thelevels of total GSK3. In addition, inhibition of GSK33 resulted in
adecrease in the levels of phospho-Tip60 and phospho-ATM but not
the levels of total Tip60 and ATM (Fig. 5D). This indicates that
GSK3p contributes to regulating Tip60 activity in HPV-positive cells.

Finally, we tested whether the levels of GSK3[3 were altered by
STAT-5 inhibition in HPV-positive cells. CIN612 cells were in-
duced to differentiate in high-calcium medium in the presence of
pimozide, and cell extracts were isolated and examined for the
levels of GSK3B and GSK3a. Suppression of STAT-5 activation
resulted in reductions in the levels of GSK3@, but no change in
GSK3a levels was observed (Fig. 6A). The levels of GSK33 mRNAs
were also examined following pimozide treatment and were found
to be decreased, suggesting that STAT-5 targets its expression (Fig.
6B). We conclude that p-STAT-5 acts in part through GSK38 to
regulate p-Tip60 levels and to activate the ATM DNA damage
response.

DISCUSSION

In normal cells, Tip60 must acetylate the ATM kinase before it can
undergo autophosphorylation and activation (14). The ATM
pathway is constitutively activated in cells that stably maintain
HPYV episomes in the absence of external DNA-damaging agents,
and activation of this pathway is necessary for the differentiation-
dependent amplification of viral genomes. Previous studies dem-
onstrated that high-risk HPV E6 proteins induce the rapid turn-
over of Tip60 (16), suggesting that HPV may circumvent the
requirement for Tip60-directed acetylation for activation of the
ATM pathway. Our studies demonstrate that Tip60 levels are in-
creased in cells that stably maintain complete HPV episomes and
that Tip60 activity is required for differentiation-dependent viral
genome amplification. Furthermore, this increase in the levels of
phosphorylated Tip60 is dependent on the action of the innate
immune regulator STAT-5.

The knockdown of Tip60 in HPV-positive cells blocks ATM
activation as well as genome amplification upon differentiation
and alters the activity of many of its downstream targets. While the
levels of phospho-ATM and phospho-CHK2 are dramatically re-
duced in Tip60-knockdown cells, there is no effect on the levels of
total ATM and CHK2. The knockdown of Tip60 also prevents p53
acetylation, which may play a role in the DNA damage response in
HPV-positive cells. In addition, Tip60 controls the acetylation of
histone H2AX, which plays important roles in DNA repair (37)
and has been shown to localize to HPV genomes during amplifi-
cation (38). We conclude that Tip60 is critical for the induction of
HPV genome amplification and it acts through a number of dif-
ferent factors to regulate DNA damage responses. This model is
presented in Fig. 7.

The innate immune regulator STAT-5 is an important regula-
tor of the ATM pathway in HPV-positive cells (30). STAT-5 is
constitutively phosphorylated in HPV-positive cells, and abroga-
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FIG 5 Inhibition of GSK3 activity by CT98014 blocks HPV genome ampli-
fication upon keratinocyte differentiation. (A) Western blot analysis of
GSK3a, GSK3, and GAPDH levels in HFKs, HPV31-positive keratinocytes,
and HPV31-positive CIN612 cells differentiated in high-calcium medium for
the times (in hours) indicated beneath the blots. (B) Relative levels of expres-
sion of target proteins normalized to the levels of GAPDH expression from the
Western analysis whose results are shown in panel A. The statistical analysis
was performed by 2-tailed t test. Data are means * standard errors. *, P < 0.05.
The band intensities were determined by Image]J (64-bit) software. (C) South-
ern blot analysis for HPV31 episomes in CIN612 cells untreated or treated with
CT98014 (2 nM) following differentiation in high-calcium medium for the
times (in hours) indicated beneath the blots. (D) Western blot analysis of the
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FIG 6 Loss of STAT-5 reduces GSK3 activation. (A) Western blot analysis of
the GSK3a, GSK38, and GAPDH proteins of CIN612 cells following differen-
tiation induced in high-calcium medium in the presence or absence of pimo-
zide (10 uM) for the times (in hours) indicated beneath the blots. (B) RT-PCR
analysis of GSK33 mRNA levels in CIN612 cells in the presence or absence of
pimozide (10 pM). The difference in the results between assays performed in
the presence and the absence of pimozide was statistically significant (P <
0.05). All results are representative of observations from 3 independent exper-
iments. DMSO, dimethyl sulfoxide.

tion of its activity through the use of chemical inhibitors blocks
ATM activation and genome amplification. Our studies demon-
strate the importance of STAT-5 in the regulation of Tip60 phos-
phorylation, as inhibition of STAT-5 activation blocked Tip60
activation. While STAT-5 is a transcription factor, it does not
control the levels of Tip60 transcripts, which remained un-
changed. Since the levels of total Tip60 were moderately increased
in HPV-positive cells, we suspect that HPV proteins may alter
Tip60 protein turnover to increase its levels in cells with complete
HPV genomes. Previous studies have indicated that the phosphor-
ylation of STAT-5 can be induced at low levels by E7 (30); how-
ever, our ongoing studies indicate that other viral proteins act
cooperatively to significantly enhance the levels above those seen
with E7 alone. These other proteins include E5 and, possibly, E1,
which has also been shown to activate the ATM DNA damage
response in transient assays (39—41).

Our studies further indicate that the phosphorylation of Tip60
is controlled by the kinase GSK3 (23, 33) and that treatment with
a GSK inhibitor blocks Tip60 activation as well as the phosphor-
ylation of ATM. In addition, treatment with the GSK inhibitor
results in reduced levels of viral episomes and impaired genome
amplification. Importantly, our studies link STAT-5 activation
with control of the levels and activities of GSK3 but not those of
GSK3a. The levels of GSK3B are only moderately increased in

GSK3a, GSK3pB, p-Tip60, Tip60, p-ATM, ATM, and GAPDH proteins of
CING612 cells following differentiation induced in high-calcium medium in the
presence or absence of CT98014 (2 wM) for the times (in hours) indicated
beneath the blots. All results are representative of observations from 3 inde-
pendent experiments.
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FIG 7 Model of how Tip60 activation by HPV could lead to ATM activation
and amplification upon differentiation. HPV proteins work in combination to
suppress E6 expression and/or function, leading to Tip60 activation. Tip60
activation can be suppressed by pimozide treatment, leading to inhibition of
amplification. Activated Tip60 acetylates (Ac) the ATM kinase, resulting in
ATM autophosphorylation. The activated ATM then induces the phosphory-
lation (P) of SMC1, CHK2, and y-H,AX, which contribute to HPV genome
amplification.

HPV-positive cells, indicating that other factors, in addition to
STAT-5, control its basal level of expression.

We further demonstrate that when HPV31 E6 is expressed by
itself or in combination with E7, as in HPV-transformed cells,
Tip60 levels are significantly reduced from the levels seen in nor-
mal cells. In contrast, when E6 is expressed in the context of com-
plete viral genomes during the replicative cycle of the virus, an
increase in the levels of total and phosphorylated Tip60 is ob-
served. Similar effects were seen with genomes from HPV16 or
HPV18. This increase in Tip60 levels may be due in part to the
decreased expression of E6 from complete genomes, where early
expression is repressed by the E2 protein. Upon integration of
HPV genomes, which occurs in many cancers, expression of all
HPV early genes except E6 and E7 is disrupted and degradation of
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Tip60 is prominent. It is also possible that other viral proteins,
suchasE1, E2, or E5, alone or in combination, could interfere with
the E6-mediated degradation of Tip60. These models are sup-
ported by our observation that cells that stably maintain genomes
with premature stop codon mutations in E5 showed reduced lev-
els of Tip60, indicating that E5 contributes to the modulation of
E6-mediated effects on Tip60. The addition of inhibitors of EGFR,
a target of the E5 protein, also reduced Tip60 phosphorylation.
Preliminary studies examining the transient expression of E2, E1,
or E5 alone with retroviral vectors failed to activate Tip60, sug-
gesting that a combination of factors may be responsible, and
investigation of this mechanism will be a focus of future studies.

Overall, our studies indicate that HPV proteins activate
STAT-5, resulting in activation of Tip60 and induction of the
ATM DNA damage pathway. Furthermore, STAT-5 acts through
GSK3p to regulate Tip60 activation. These observations link the
innate immune regulator STAT-5 with the activation of Tip60 and
the ATM DNA damage pathway to facilitate differentiation-de-
pendent genome replication.
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