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Oncoprotein E7 from Beta Human Papillomavirus 38 Induces
Formation of an Inhibitory Complex for a Subset of p53-Regulated
Promoters
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Our previous studies on cutaneous beta human papillomavirus 38 (HPV38) E6 and E7 oncoproteins highlighted a novel activity
of IkB kinase beta (IKK{3) in the nucleus of human keratinocytes, where it phosphorylates and stabilizes ANp73a, an antagonist
of p53/p73 functions. Here, we further characterize the role of the IKK@ nuclear form. We show that IKKf nuclear translocation
and ANp73a accumulation are mediated mainly by HPV38 E7 oncoprotein. Chromatin immunoprecipitation (ChIP)/Re-ChIP
experiments showed that ANp73a and IKK are part, together with two epigenetic enzymes DNA methyltransferase 1 (DNMT1)
and the enhancer of zeste homolog 2 (EZH2), of a transcriptional regulatory complex that inhibits the expression of some p53-
regulated genes, such as PIG3. Recruitment to the PIG3 promoter of EZH2 and DNMT1 resulted in trimethylation of histone 3
on lysine 27 and in DNA methylation, respectively, both events associated with gene expression silencing. Decreases in the intra-
cellular levels of HPV38 E7 or ANp73a strongly affected the recruitment of the inhibitory transcriptional complex to the PIG3

promoter, with consequent restoration of p53-regulated gene expression. Finally, the ANp73a/IKKB/DNMT1/EZH2 complex
appears to bind a subset of p53-regulated promoters. In fact, the complex is efficiently recruited to several promoters of genes
encoding proteins involved in DNA repair and apoptosis, whereas it does not influence the expression of the prosurvival factor
Survivin. In summary, our data show that HPV38 via E7 protein promotes the formation of a multiprotein complex that nega-

tively regulates the expression of several p53-regulated genes.

subgroup of cutaneous human papillomaviruses (HPV) that

belongs to the genus beta of the HPV phylogenetic tree is
suspected to be involved, together with UV radiation, in the de-
velopment of nonmelanoma skin cancer (1, 2). Beta HPV types
were originally isolated in patients suffering from a rare autosomal
recessive cancer-prone genetic disorder, epidermodysplasia ver-
ruciformis (EV) and are consistently detected in nonmelanoma
skin cancers from EV patients and immunocompromised and
normal individuals (2). Many independent studies have demon-
strated that the E6 and E7 proteins of several HPV types display
transforming activities in in vitro and in vivo experimental models
(3-12). We previously showed that E6 and E7 of beta HPV38 are
able to efficiently immortalize primary human keratinocytes (4,
6). In addition, constitutive expression of HPV38 E6 and E7 in the
skin of transgenic mice increases their susceptibility to chemical or
UV-induced skin carcinogenesis (13).

The transforming activity of HPV38 is partly mediated by the
accumulation of ANp73a (3, 6, 14, 15), an antagonist of p53/p73
functions involved in growth suppression and/or apoptosis (16—
18). ANp73a cooperates with the oncogenic Ras"'* in inducing
transformation of primary mouse embryonic fibroblasts (MEFs),
which acquire the property of inducing tumors upon injection
into nude mice (19, 20). In addition, MEFs from ANp730L_/_
mice expressing the adenoviral E1A oncoprotein, together with
Ras"'?, are impaired in their ability to induce tumor formation
when injected into athymic nude mice (21). Elevated ANp73a
levels were found in some human cancers with poor prognosis
(17, 22-24).

Similarly to HPV38, other viruses, such as cytomegalovirus
and Epstein-Barr virus, were shown to be able to induce accumu-
lation of ANp73a by different mechanisms (3, 14, 25, 26). We
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previously showed that expression of HPV38 E6 and E7 in kerati-
nocytes or of Epstein-Barr virus LMP-1 in B cells promotes
ANp73a transcriptional activation (3, 14). In contrast, cytomeg-
alovirus does not alter ANp73a mRNA levels but promotes a
rapid increase in ANp73a protein levels, most likely influencing
its stability (26). We recently showed that HPV38, similarly to
cytomegalovirus, is also able to increase ANp73a protein levels
independent of its effect on gene expression (14). This event is
mediated by the translocation of IkB kinase 3 (IKKB) into the
nucleus, where it binds and phosphorylates ANp73a at serine 422
(S422). Phosphorylation of S422 significantly increases the
ANp73a half-life, resulting in transcriptional inhibition of p53-
regulated genes, such as p21, PIG3, Fas, and Mdm?2. In the present
study, we evaluated the contribution of individual HPV38 onco-
proteins in IKK nuclear translocation and ANp73a stabilization,
and we further characterized the role of IKKf and ANp73a in
transcriptional regulation of p53-regulated genes.

MATERIALS AND METHODS

Plasmid constructs. The genes of interest were expressed in the following
expression vectors: pBabe (27), pLXSN (Clontech, Le Pont Claix, France),
pRetroSuper (Screeninc, Amsterdam, Netherlands), and pcDNA3.1 (In-
vitrogen). The constructs pRetroSuper-HPV38 E6E7, pBabe-puro-Flag-
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DN-IKKB (dominant-negative kinase-dead IKK@), pBabe-puro-AN-
IkBa (lacking the first 36 N-terminal amino acids), pPLXSN-HPV38 E6E7,
pRetroSuper-HPV38 E6E7, pcDNA3-HA-ANp73a, pcDNA3-Flag-
IKK, and pBabe-hygro-CRE were previously described (6, 14). The con-
struct pBabe-puro-HPV38 EGE7-"/%*F s generated by cloning
HPV38 E6E7 open reading frames into the pBabe-LoxP-puro vector.
p53RE-mutated PIG3 promoter was generated with the QuikChange
Lightning site-directed mutagenesis kit (Qiagen) using pGL3-wild-type
PIG3 promoter vector as a template and the following oligonucleotides:
sense, 5'-GCAGCACCCAGATTACCCACCTATACTCAAGATGGGCG
GG-3';and antisense, 5'-CCCGCCCATCTTGAGTATAGGTGGGTAAT
CTGGGTGCTGC-3'.

Cell culture and treatment. Human foreskin keratinocytes (HFK)
were grown together with NIH 3T3 feeder layers in FAD medium con-
taining 3 parts Ham F-12, 1 part Dulbecco modified Eagle medium, 5%
fetal calf serum, insulin (5 pg/ml), epidermal growth factor (10 ng/ml),
cholera toxin (8.4 ng/ml), adenine (24 pg/ml), and hydrocortisone (0.4
pg/ml). Feeder layers were prepared by mitomycin C-induced cell cycle
arrest of NTH 3T3 cells.

HFK stably expressing HPV38 E6 or E7 were generated by retroviral
transduction. Cells transduced with the empty retroviral vector (pLXSN)
were used as negative control. Due to the limited life span of HFK express-
ing HPV38 E6 or E7, the experiments shown in Fig. 4B were performed
with cells expressing human telomerase reverse transcriptase (hTERT),
together with each of the viral proteins. For DNA methylation analysis,
HFK expressing HPV38 E7 and E6 genes (38E6E7 HFK) were treated with
10 pM 5-aza-2'-deoxycytidine (5-Aza; Sigma-Aldrich) or dimethyl sul-
foxide (DMSO) for 4 days, with drug replacement every 24 h. At the end of
the treatment, cells were collected for DNA methylation and reverse tran-
scription-quantitative PCR (RT-qPCR) analysis. For transient transfec-
tion, 38E6E7 HFK (10> cells/well) were seeded in a 24-well plate and
transfected using JetPrime reagent (Polyplus) according to the manufac-
turer’s protocol.

Colony formation assay. For colony formation assays, the different
types of cells were seeded at different dilutions (10%, 10°, and 10%) and
cultured for 7 days. Cells were then stained with crystal violet, and the
average numbers of cells per colony were determined.

Gene expression silencing. Downregulation of ANp73a was achieved
using antisense oligonucleotide (AntiSense [AS]) as previously described
(3,14). EZH2 and DNMT1 silencing was performed using specific stealth
small interfering RNA (siRNA) and scrambled siRNA as a control de-
signed using BLOCK-iT RNAi designer (Invitrogen). The target sequence
for EZH2 is 5'-AGUGGUGCUGAAGCCUCAAUGUUUA-3’, and that
for DNMT1 is 5'-UUGGAGAACGGUGCUCAUGCUUACA-3'. The
cells were transfected with 250 nM siRNA using Oligofectamine transfec-
tion reagent (Invitrogen) according to the manufacturer’s protocol. The
cells were collected 72 h after transfection or stained with crystal violet
after 7 days.

Silencing of HPV38 E6E7 gene expression was obtained using either
(i) the pRetroSuper construct (pRS), expressing small hairpin RNAs
(shRNAs) for the polycistronic HPV38 E6 and E7 mRNA (pRS 38E6/E7)
(3) or (ii) the Cre/LoxP system. For the latter approach, HFK transduced
with pBabe-puro-HPV38 E6E7-*"/L* retroviruses were selected for 5
days with puromycin and cultured for several weeks until immortaliza-
tion. Subsequently, cells were transduced with pBabe-hygro or pBabe-
hygro-CRE retrovirus and cultured in the presence of hygromycin.

RT-PCR and qPCR. Total RNA was extracted using the Absolutely
RNA miniprep kit (Stratagene, La Jolla, CA) and quantified using a Nano-
Drop ND-1000 spectrophotometer (NanoDrop, Wilmington, DE). For
RT-PCR, the obtained RNA was reverse transcribed to cDNA with a Re-
vertAid H Minus M-MuLV reverse transcriptase kit (MBI Fermentas
GmbH, St. Leon-Rot, Germany) according to the manufacturer’s instruc-
tions. Real-time qPCR was performed using the Mesa Green qPCR Mas-
terMix Plus for SYBR assay (Eurogentec, San Diego, CA) with the primers
listed in Table 1.
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TABLE 1 Primers used for RT-qPCR and ChIP-qPCR

Method and primer®
RT-qPCR, cDNA

Orientation Sequence (5'-3")

PIG3 Forward GCTTCAAATGGCAGAAAAGC
Reverse AACCCATCGACCATCAAGAG
HPV38 E6 Forward TCTGGACTCAAGAGGATTTTG
Reverse CACTTTAAACAATACTGACACC
HPV38 E7 Forward CAAGCTACTCTTCGTGATATAGTT
Reverse CAGGTGGGACACAGAAGCCTTAC
GAPDH Forward AAGGTGGTGAAGCAGGCGT
Reverse GAGGAGTGGGTGTCGCTGTT
ChIP-qPCR, gene
promoters
PIG3 (—240/—399) Forward CCCAGGACTGCGTTTTGCCT
Reverse GGTCCATTTTCCAGGCATGG
PIG3 (+322/+517) Forward CAGGAGCTCGGGGCGGA
Reverse ACAGGGCAGGGCAGGGC
Survivin Forward TGGGTGCCCCGACGT
Reverse GAAGGGCCAGTTCTTGAATGTAGA
FasL Forward GATCCCGCTGGGCAGGC
Reverse GTTCTGAAGGCTGCAGGCTC
p21lwafl Forward TCACCATTCCCCTACCCCATGCTGCTC
Reverse AAGTTTGCAACCATGCACTTGAATGTG
CaN19 Forward GGTCCAGGATGCCCAGTC
Reverse GAAGGAGAGCAAGGCAGC
GAPDH Forward CACTGGAGCCTTCATCTCAG
Reverse CTGTTGCTGGCCAGCAACTG

“ The region is indicated in parentheses where applicable.

Immunofluorescence staining. HFK were grown on cover slides and
fixed with 4% paraformaldehyde, followed by permeabilization with 0.1%
Triton X-100 at room temperature. Staining was performed using anti-
IKKB (Millipore; diluted 1:400) primary antibody and Alexa Fluor 488-
coupled secondary antibody. DNA was stained with DAPI (4',6'-di-
amidino-2-phenylindole4’) using VectaShield mounting medium (H-
1200; Vector). Immunofluorescence staining was visualized with a Nikon
Eclipse Ti inverted microscope (with cooled light-emitting diode [LED]
excitation system).

Immunoblotting and antibodies. For the preparation of protein ex-
tracts, cellular pellets were resuspended in lysis buffer (20 mM Tris-HCI
[pH 8.0], 200 mM NaCl, 0.5% Nonidet P-40, 1 mM EDTA, 10 mM NaF,
0.1 mM Na;VO,, 1 mM phenylmethylsulfonyl fluoride, 1 pg of leupeptin/
ml, 1 pg of aprotinin/ml). After quantification (Interchim BC assay),
equal amounts of proteins were separated by SDS-PAGE and then trans-
ferred onto a Polyscreen polyvinylidene difluoride membrane in a Trans-
Blot electrophoretic transfer cell (Bio-Rad) and subjected to immuno-
blotting (IB). IB for histones was performed by the lysis of cellular pellets
for 10 min in ice with radioimmunoprecipitation assay (RIPA) buffer (50
mM Tris, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Tri-
ton X-100) supplemented with protease inhibitor tablet (Roche). The
cellular extracts were sonicated twice for 10 s (30% amplitude) and cen-
trifuged for 10 min at 4°C at 11,000 X g. Then, 40 g of protein lysate was
subjected to Western blotting as described above.

Nuclear extracts were prepared using the Panomics nuclear extraction
kit (catalog no. AY2002) according to the manufacturer’s instructions.
The following antibodies were used for IB: anti-IKK@ (catalog no. 2684;
Cell Signaling), anti-p73 (Ab-1; Calbiochem), anti-EZH2 (AC22; Cell Sig-
naling), anti-histone H3 (catalog no. 9715; Cell Signaling), anti-
H3Lys27m3 (catalog no. 4039; Epigentek), anti-DNMT]1 (clone 60B1220;
Abnova), anti-B-actin (C4; MP Biomedicals), anti-B-tubulin, anti-PARP
(catalog no. 9542; Cell Signaling), anti-Flag (F4042; Sigma-Aldrich), and
anti-HA (3F10; Roche). Images were taken using the ChemiDoc XRS+
imaging system (Bio-Rad).

Chromatin immunoprecipitation. A chromatin immunoprecipita-
tion (ChIP) assay was performed using the Shearing ChIP and OneDay
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ChIP kits (Diagenode, Philadelphia, PA) according to the manufacturer’s
instructions. Briefly, cells were sonicated to obtain DNA fragments of 200
to 500 bp. Sheared chromatin was immunoprecipitated with isotype con-
trol IgG or the following antibodies: anti-p73 (Ab-1; Calbiochem), anti-
IKKB, anti-EZH2 (AC22; Cell Signaling), anti-DNMT1 (clone 60B1220;
Abnova), and anti-H3Lys27m3 (catalog no. 4039; Epigentek). After DNA
recovery, 1% of input chromatin and the precipitated DNA were analyzed
by qPCR with the primers listed in Table 1. The ChIP results are presented
in the histograms as the percentage of binding relative to the input
(100%).

For ChIP/Re-ChIP experiments, bead-bound protein-DNA com-
plexes obtained after the first ChIP were incubated with 50 pl of 10 mM
dithiothreitol (DTT) for 30 min at 37°C with shaking at 300 rpm.
Supernatant was collected after centrifugation at 12,000 X g for 1 min.
Pelleted beads were incubated again with 30 pl of 10 mM DTT for 20
min and centrifuged at 12,000 X g for 1 min. Ten percent of the
combined supernatants was kept as the input for the second ChIP,
which was performed according to the OneDay ChIP kit (Diagenode)
manufacturer’s protocol.

Oligonucleotide pulldown. Cells were lysed and sonicated in HKMG
buffer (10 mM HEPES [pH 7.9], 100 mM KCl, 5 mM MgCl,, 10% glyc-
erol, 1 mM DTT, 0.5% Nonidet P-40) containing protease and phospha-
tase inhibitors. After centrifugation at 12,000 X g for 10 min, protein
extracts was precleared with streptavidin-agarose beads. The PIG3 pro-
moter was used as a template to amplify the p53RE region containing
wild-type or mutated p53RE. PCR amplification was performed using a
biotinylated forward primer (5’'-Btn-CCCAGGACTGCGTTTTGCCT-
3') and a nonbiotinylated reverse primer (5'-GGTCCATTTTCCAGGCA
TGG-3"). Amplicons were extracted from agarose gel by using a MinElute
gel extraction kit (Qiagen) and quantified. Then, 2 mg of prepared protein
extract was incubated with 1 pg of biotin-PIG3 promoter probes and 10
g of poly(dI-dC)-poly(dI-dC) for 16 h at4°C. DNA-bound proteins were
collected with streptavidin-agarose beads for 1 h and washed five times
with HKMG buffer. DNA-bound proteins were then analyzed by IB.

Dual-luciferase reporter assay. 38E6E7 HFK were transfected with
firefly luciferase pGL3-PIG3 promoter (p53REwt or p53REm) vector (0.5
g), and pRL-TK Renilla reporter vector (15 ng) was used as an internal
control. Cells were lysed after 48 h, and the luciferase activity was mea-
sured by using a dual-luciferase reporter assay system (Promega). Light
emission was measured with an Optocompt luminometer (MGM Instru-
ments). The expression of firefly luciferase relative to Renilla luciferase
was compared between p53REwt and p53REm PIG3 promoters and was
expressed in relative luminescence units (RLU).

Pyrosequencing. Genomic DNA from cell lines and primary cells was
prepared by proteinase K treatment, salting-out extraction, and isopro-
panol precipitation. Sodium bisulfite modification was performed on 500
ng of DNA using an EZ DNA Methylation-Gold kit (Zymo Research). The
quality and completeness of DNA modification was assessed using control
primers for modified and nonmodified DNA, respectively (Table 2). To
quantify the percentage of methylated cytosine in individual CpG sites,
bisulfite-converted DNA was sequenced using a pyrosequencing system
(PSQ 96MA; Biotage, Sweden). This method treats each individual CpG
site asa C/T polymorphism and generates quantitative data for the relative
proportion of methylated versus unmethylated allele. Hot-start PCR was
performed with the HotStarTaq Master Mix kit (Qiagen), and pyrose-
quencing was carried out in accordance with the manufacturer’s protocol
(Biotage). The target CpGs were evaluated by converting the resulting
pyrograms into numerical values for peak heights.

Statistical analysis. Variations of sample values are represented by
error bars that show the standard deviations from the mean. The statistical
differences were analyzed using a two-sided Student ¢ test. The P values
were considered significant if P < 0.05 (*); P values below 0.01 were
considered highly significant (**).
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TABLE 2 Primers used for PCR and pyrosequencing

Primer” Sequence (5'-3")

PIG3 pyro (—566/—458)
Forward GGTATGGTTAGGTTTTTGGT
Reverse CCAAAAATACTACTAAACATCCTAC
Seql GGAGAAGGATGTTGG
Seq2 AAGGTTTTTTAATTT
Seq3 TGGATTAGTTAGTT

PIG3 pyro (+97/+103)

Forward GTTGGATGYGGTAGAGTAGGAT
Reverse TTCTACTTAACCCCACCCC
Seql TGGAAGTTTTTAGT
Seq2 TTTTTATGTATTAGG
Seq3 GGTTTTGGTTTTTG

PIG3 pyro (+339/+359)
Forward GAGGGAGTGTGATTTGTTTG
Reverse CAACCCAACCTCAAACTAAC
Seql TTTGATTTTTTT
Seq2 TATTTTATTTTT
Seq3 TAGGTAGGAGTT

@ The region is indicated in parentheses where applicable. Seq, sequencing.

RESULTS

IKK nuclear localization and ANp73a accumulation are me-
diated mainly by HPV38 E7 oncoprotein. Our previous work
showed that IkB kinase 3 (IKKf), known to play a key role in the
cytoplasm as a positive regulator of the NF-«B signaling pathway,
is also localized in the nuclei of human foreskin keratinocytes
(HFK) immortalized by the E6 and E7 oncoproteins of HPV38
(38E6E7 HFK) (14). In these cells, the IKKB nuclear form phos-
phorylated and stabilized ANp73ca, which in turn inhibited the
expression of some p53-regulated genes (14). To corroborate our
findings and demonstrate that IKKB nuclear accumulation was
dependent on the expression of HPV38 E6 and E7, we generated
HPV38 immortalized HFK lines in which we could silence the
expression of viral genes. HFK were transduced by recombinant
retroviruses in which HPV38 E6 and E7 genes are flanked by two
LoxP sites. After immortalization, 38E6E7 HFK were transduced
with a retrovirus expressing the recombinase Cre, which resulted
in the deletion of the viral genes and consequent loss of its expres-
sion. Real-time PCR showed a decrease of ca. 50% in HPV38 E6
and E7 mRNA levels (Fig. 1A), which resulted in a significant
reduction in IKK in the nucleus, as determined by immunoflu-
orescence and cellular fractionation (Fig. 1B and C).

Next, we determined whether IKKP nuclear translocation and
ANp73a accumulation were induced by one or both viral oncopro-
teins and generated HFK expressing HPV38 E6 (38E6 HFK) or
HPV38 E7 (38E7 HFK) (Fig. 1D). Immunofluorescence staining
showed that IKK is localized mainly in the cytoplasm in HFK and
38E6 HFK, whereas it is accumulated in the nucleus of 38E7 HFK
(Fig. 1E). Accordingly, ANp73a protein levels were elevated in 38E7
HFK compared to 38E6 HFK and mock cells (Fig. 1F). In addition, as
expected, inhibition of IKKB by the chemical compound Bay-11-
7082 led to a significant decrease in ANp73a protein levels (data not
shown). Thus, HPV38 E7 is directly involved in IKK nuclear trans-
location and the resulting ANp73« accumulation.

IKKp and ANp73 are part of the same transcriptional reg-
ulatory complex. Previous findings highlighted a nuclear role for
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FIG 1 HPV38 E7 expression promotes IKKB nuclear accumulation. (A, B, and C) HFK were first transduced with the retrovirus pBabe-puro-38E6E7-*"-oxF,
After selection in puromycin, cells were transduced with retrovirus carrying either pBabe-hygro-CRE recombinase or pBabe-hygro as a negative control and
selected for hygromycin resistance. The results were compared to the parental untransduced HFK. (A) Total RNA from indicated control HFK and transduced
HEFK was extracted, and HPV38 E6 and E7 expression levels were measured by RT-qPCR. The data shown are the mean values of three independent experiments.
**, P < 0.01 pB-hygro-CRE versus the respective pBabe-hygro control sample. (B) HFK, pBabe-hygro-CRE and pBabe-hygro 38E6E7 HFK were seeded on cover
slides and stained with anti-IKK@ antibody. Cellular nuclei were counterstained with DAPI. The results are representative of two independent experiments. (C)
Twenty micrograms of nuclei extracts and 20 g of total lysate from HFK, pBabe-hygro-CRE, and pBabe-hygro HFK were analyzed by IB with the indicated
antibodies (left panel). Protein bands were quantified using Bio-Rad Image Lab software (right panel). The histogram represents the levels of IKKf in the total
and nuclear extract after normalization to the levels of 3-tubulin and PARP, respectively. The data shown are the mean values of three independent experiments.
**, P <0.01 pB-hygro-CRE versus the pB-hygro control sample. (D, E, and F) HFK expressing HPV38 E6 (38E6 HFK) or HPV38 E7 (38E7 HFK) were generated
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FIG 2 ANp73a and IKKB co-bind on the PIG3 promoter. (A) HFK and 38E6E7 HFK transduced with pRetroSuper (pRS) or shRNA-HPV38E6E7 (pRS
sh38E6E7) were fixed with formaldehyde and processed for ChIP using anti-IKK, anti-p73a and nonspecific IgG. The eluted DNA was analyzed by qPCR with
primers flanking the p53RE within the PIG3 promoter. Part of the total chromatin fraction (1/10th) was used as input. The histogram shows the amount of
promoter specifically bound by each protein and expressed as a percentage of the amount of the PIG3 promoter in the input (100%). The results shown in the
histogram are the average of three independent experiments performed in duplicate. The differences in the percentage of binding between IKKB or ANp73a ChIP
and the corresponding IgG control are significant (**, P < 0.01) in pRS and pRS sh38E6E7 samples. In addition, the decrease in IKKB or ANp73a binding affinity
to the PIG3 promoter in pRS sh38E6E7 versus pRS is also significant (**, P < 0.01). (B) 38E6E7 HFK were retrovirally transduced with pRS empty vector or pRS
sh38E6E7. After puromycin selection, cells were collected for RNA extraction. The mRNA levels of HPV38 E6 and E7 were determined by RT-qPCR. The
results are the averages of three independent experiments performed in duplicate. **, P < 0.01 for pRS sh38E6E7 versus the corresponding pRS sample.
(C) Total RNA was extracted from HFK, 38E6E7 HFK, and 38E6E7 HFK transduced with pRS and pRS sh38E6E7 and analyzed by RT-qPCR for PIG3
expression levels and normalized to GAPDH levels. The results are the average of three independent experiments performed in duplicate. **, P < 0.01
between the indicated samples. (D) 38E6E7 HFK were processed for ChIP with ANp73a or IKKB antibodies. The eluted DNA was subjected to Re-ChIP
with IKKB or ANp73a antibodies, respectively. IgG antibody was included as negative control. Input and coimmunoprecipitation DNA were analyzed by
qPCR for the p53RE region of the PIG3 promoter. The results are the average of three independent experiments performed in duplicate. **, P < 0.01
versus the corresponding IgG control.

IKKP being directly involved in transcriptional regulation (28). that in 38E6E7 HFK, IKK is able to bind the —240/—400 region
Indeed, in the nuclei of B cells, IKK is recruited together with the  of the PIG3 promoter, which comprises a p53RE (Fig. 2A),
receptor of B-cell activating factor (BAFF) to specific promoters, whereas no binding was observed on the same promoter in pri-
where it phosphorylates histone H3, inducing chromatin remod-  mary keratinocytes. In addition, silencing of viral gene expression
eling and transcription initiation (28). Our previous study showed by shRNA (Fig. 2B) significantly affected the recruitment of IKK3
that IKK induces the recruitment of ANp73a to p53-regulated and ANp73a to the PIG3 promoter (Fig. 2A) and restored PIG3
promoters but did not rule out the possibility that IKKB could be  expression (Fig. 2C) as a consequence of the loss of the negative
part of a transcriptional regulatory complex and bind the DNA.  regulatory complex on the promoter. ChIP/Re-ChIP experiments
Thus, we first determined whether, similarly to ANp73a, IKKB is  confirmed that IKKB and ANp73« are part of the same transcrip-
recruited to p53-regulated promoters. ChIP experiments showed  tional regulatory complex (Fig. 2D). To corroborate these find-

by retroviraltransduction. HFK transduced with the pLXSN empty vector (HFK) were used as a negative control. After transduction, HFK were selected in
neomycin, harvested and processed for the preparation of total RNA and protein extracts. (D) The expression of HPV38 E6, E7, and GAPDH was determined by
RT-PCR. The results are representative of two independent experiments. (E) HFK, 38E6 HFK, and 38E7 HFK were seeded on cover slides and stained with
anti-IKK@ antibody and DAPI (upper panel). In each staining, the percentage of cells with nuclear or cytoplasmic staining was determined by counting 100
cells/field in three different fields. Cells with nuclear or cytoplasmic staining for IKK were represented as the ratio to total cell number (100%). The results shown
in the histogram (lower panel) are the average of two independent experiments. The difference in the percentage of cells with nuclear IKK in 38E7 HFK versus
HEFK is significant (**, P < 0.01). (F) Portions (40 pg) of total protein extracts from HFK, 38E6 HFK, and 38E7 HFK were analyzed by IB with the indicated
antibodies. The results are representative of two independent experiments.
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FIG 3 EZH2 and DNMT], like ANp73a and IKKp, bind to p53RE on the PIG3 promoter. (A and B) 38E6E7 HFK transiently expressing HA-ANp73a and
Flag-IKK were processed for the oligonucleotide pulldown assay. Two milligrams of cell lysate was incubated with biotinylated probes containing the p53RE of
the PIG3 promoter, either wild-type (p53REwt) or mutated (p53REm). DNA-associated proteins were recovered by precipitation with streptavidin beads and
analyzed by IB with the indicated antibodies (left panel). Protein band intensities of three independent IB for each experiment were quantified by Image Lab
(Bio-Rad) and shown in the right panels. The results are the average of three independent experiments. The differences in the binding affinity of IKK@ and
ANp73a to the p53REwt versus p53REm probes are significant (**, P < 0.01). (C) The oligonucleotide pulldown assay was performed using 2 mg of cell lysate
from untransfected 38E6E7 HFK, as explained for panels A and B. The results are the average of two independent experiments. *, P < 0.05 for p53REm versus
the corresponding p53REwt sample. (D) 38E6E7 HFK were transfected with PIG3 promoter-firefly luciferase reporter construct harboring either a wild-type or
mutated p53RE and with a Renilla construct. At 24 h after transfection, cells were processed for the luciferase assay. Relative light units (RLU) values are
represented in the histogram. The data shown are the mean values of three independent experiments performed in triplicate. The differences in the luciferase
activity between mutated and wild-type promoter are significant (**, P < 0.01).

ings, we performed oligonucleotide pulldown experiments using
biotinylated DNA probes that contain a region of the PIG3 pro-
moter encompassing the wild-type or mutated p53RE (the —240/
—400 region). 38E6E7 HFK were transiently transfected with
vectors expressing Flag-IKKB or hemagglutinin (HA)-tagged
ANp73a, and cellular extracts were prepared and used for the
oligonucleotide pulldown experiments. We observed that the
PIG3 promoter fragment containing the wild-type p53RE copre-
cipitated with Flag-IKK@ and HA-ANp73«, whereas mutation of
the p53RE significantly decreased precipitation of the two cellular
proteins (Fig. 3A). Similar results were obtained using cellular
extracts of 38E6E7 HFK expressing endogenous levels of IKKB
and ANp73a (Fig. 3C).

Due to the inhibitory function of IKKB and ANp73« on the
PIG3 promoter, we next determined whether enzymes inducing
epigenetic changes were also present in the complex. Therefore,
we analyzed the precipitated complexes in oligonucleotide pull-
down assays by IB using several antibodies against epigenetic en-
zymes (data not shown). The IKKB/ANp73a complex coprecipi-
tated with the polycomb group (PcG) 2 member EZH2 and DNA
methyltransferase DNMT1 (Fig. 3B). As observed for IKKB and
ANp73a, mutation of the PIG3 p53RE affected precipitation of
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EZH2 and DNMT1 (Fig. 3B). As a control, we also determined the
presence of p65 since the promoter region used in the assay also
includes a putative NF-kB RE. As expected, p65 binding to the
DNA probe was not affected by mutation of the p53RE (Fig. 3B).
Finally, transient transfection experiments in 38E6E7 HFK using
constructs containing the PIG3 promoter cloned in front of the
luciferase reporter gene showed that mutation of the p53RE
strongly increased luciferase activity (Fig. 3D), providing addi-
tional evidence for the transcriptional inhibitory role of the p53RE
in these cells.

To further evaluate the possibility that the four cellular pro-
teins are part of the same complex, we performed ChIP/Re-ChIP
experiments. We first carried out ChIP with DNMT1, EZH2, or
ANp73a antibodies, followed by Re-ChIP using an IKKB anti-
body. The data showed that DNMT1, EZH2, and ANp73« can
associate with IKK@ (Fig. 4A), further confirming the data ob-
tained with the oligonucleotide pulldown assay shown in Fig. 3A
and B. ChIP experiments carried out in cells expressing either
HPV38 E6 or E7 showed that DNMT1, EZH2, ANp73a, and IKK3
bind to the PIG3 promoter in the presence of E7, but not in the
presence of E6 (Fig. 4B), a finding in agreement with previous
results showing that HPV38 E7 induces high levels of ANp73a and
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sonication, the chromatin was subjected to ChIP assay using DNMT1, EZH2, or ANp73a antibodies. The eluted DNA was processed for Re-ChIP with anti-IKK
antibody or nonspecific IgG control. Input and coimmunoprecipitation DNA were analyzed by qPCR for the p53RE region of the PIG3 promoter. The results are
the average of two independent experiments performed in duplicate. * and **, P < 0.05 and P < 0.01, respectively, versus the corresponding IgG control. (B)
HFK, 38E6 HFK, and 38E7 HFK were subjected to ChIP assay using antibodies for the indicated proteins or nonspecific IgG control. Input and eluted DNA were
analyzed by qPCR for the p53RE region of the PIG3 promoter. The results were generated as indicated for Fig. 2A and are the average of two independent
experiments performed in duplicate. * and **, P < 0.05 and P < 0.01, respectively, versus the corresponding IgG control. (C) Sense and ANp73a-AntiSense
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by IB (top right panel). Result is representative of two independent experiments. (D) Protein extracts (40 wg) from HFK and 38E6E7 HFK were analyzed
by IB for protein levels of DNMT1, EZH2, and B-actin (left panel). Band intensities were quantified and normalized to B-actin levels (right panel). The
data shown are the mean values of three independent experiments. ¥, P < 0.05 versus the corresponding HFK sample. (E) HFK and 38E6E7 HFK were lysed
with RIPA buffer and sonicated as explained in Materials and Methods. The protein extracts (40 pg) were analyzed by IB for protein levels of histone
H3Lys27m3, total histone H3, and B-actin (left panel). Band intensities were quantified as explained for Fig. 1C and normalized to B-actin levels (right
panel). The data shown are the mean values of two independent experiments. The difference in the levels of histone H3Lys27m3 between 38E6E7 HFK and
HFK is not statistically significant.

IKKB nuclear accumulation (Fig. 1E and F). In addition, down-
regulation of ANp73a expression in 38E6E7 HFK by transfection
of ANp73a AntiSense oligonucleotide (AS) led to loss of the te-
trameric complex on the PIG3 promoter (Fig. 4C). These results
were consistent with previous findings from our group showing
that ANp73a AS treatment of 38E6E7 HFK led to rescue of the
mRNA levels of different p53-regulated genes, including PIG3 (3).
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We also observed that 38E6E7 HFK displayed increased levels of
EZH2 compared to primary keratinocytes (Fig. 4D). However,
total trimethylation at lysine 27 of histone H3 (H3Lys27m3), an
event induced by EZH2, did not significantly change in the pres-
ence of HPV38 E6 and E7 (Fig. 4E), showing that the events de-
scribed here are not the results of a general effect of HPV38 E6 and
E7 on the enzymatic activity of EZH2, but are specific for a subset
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of gene promoters. Together, these findings demonstrate the ex-
istence in 38E6E7 HFK of a tetrameric complex able to inhibit the
expression of p53-regulated genes, such as PIG3.

The IKK3/ANp73a/DNMT1/EZH?2 tetrameric complex in-
duces epigenetic changes on the PIG3 promoter, inhibiting its
activity. We further characterized the role of the novel IKKB/
ANp73a/DNMTI1/EZH2 tetrameric complex in transcriptional
regulation. ChIP experiments revealed H3Lys27 hypermethyl-
ation in the PIG3 promoter region surrounding the p53RE, as well
as in the PIG3 coding sequence region (+322/+492), which con-
tains a microsatellite region that has been proposed as a p53 bind-
ingsite (29) (Fig. 5A). Interestingly, H3Lys27m3 was not observed
in the promoter of another p53-regulated gene, Survivin (Fig. 5A),
indicating that the IKKB/ANp73a complex does not bind to the
p53RE of all p53-regulated promoters. To further explore this
issue, we performed ChIP for IKKB, ANp73a, DNMT1, and
EZH2 and investigated their ability to bind to different p53-regu-
lated promoters. The complex was found to be associated with
most of the examined p53-regulated promoters, except the Sur-
vivin promoter (Fig. 5B).

Next, we evaluated the role of the DNA methyltransferase
DNMT1 in silencing PIG3 expression. The PIG3 promoter is lo-
cated in a CpG-rich region containing the p53RE 320 bp upstream
of the transcription start site (TSS). This CpG-rich region also
includes a bona fide CpG island overlapping the first exon of the
gene containing the microsatellite region (Fig. 5C). Pyrosequenc-
ing assays were performed in bisulfite-modified DNA obtained
from HFK, as well as 38E6E7 HFK cultured in the presence or
absence of 5-Aza. Our analysis revealed that the CpGs on the PIG3
promoter region around the p53RE are highly methylated in
38E6E7 HFK (close to 100%) and less methylated in mock cells
(HFK) (average, 46%). No methylation was observed at the level
of the microsatellite region and the TSS (Fig. 5C). Intermediate
methylation levels were obtained after 5-Aza treatment of 38E6E7
HFK. In accordance with this observation, exposure of 38E6E7
HFK to DNA 5-Azaled to the rescue of PIG3 expression (Fig. 5D).
The inhibition of DNMT1 intracellular levels in 38E6E7 HFK by
specific siRNA also resulted in increased PIG3 expression (Fig.
5E), confirming the specificity of the results obtained with 5-Aza
treatment. Gene silencing of EZH2 by siRNA also led to a rescue of
PIG3 expression levels (Fig. 5E). In addition, knockdown of either
DNMT1 or EZH2 resulted in the inhibition of 38E6E7 HFK
growth ability (Fig. 5F). In summary, the epigenetic enzymes
EZH2 and DNMT1, via their interaction with the ANp73a/IKK
complex, appear to be directly involved in the repression of p53-
regulated promoters inducing H3Lys27m3 and DNA methyl-
ation, respectively, and play a positive role in cellular prolifera-
tion.

IKKp plays a key role in the proliferation of 38E6E7 HFK
independent of NF-kB signaling. Our data highlighted a novel
role of IKK in the nucleus of 38E6E7 HFK. In addition, we pre-
viously showed that HPV38 E6 and E7 stimulate IKKf3 activity in
the cytoplasm, promoting IkBa phosphorylation and degrada-
tion, leading to activation of NF-kB signaling (14, 30). We there-
fore determined whether IKK could contribute to proliferation
of 38E6E7 HFK, independent of the activation of NF-kB signaling.
We first stably expressed in 38E6E7 HFK a deletion mutant of
IkBa (AN-IkBa) that lacks the first 36 amino acids at the N ter-
minus encompassing the IKKB phosphorylation sites. AN-IkBa is
no longer regulated by IKK{ and is able to constitutively inhibit
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the NF-«kB canonical pathway by sequestering p65 in the cyto-
plasm (14, 30). As shown by colony formation assays and short-
term growth curves, inhibition of the NF-kB canonical pathway
only marginally affected the proliferation of 38E6E7 HFK (Fig. 6A
and B). In contrast, constitutive expression of a dominant-nega-
tive mutant of IKKB (Flag-DN-IKK) in 38E6E7 HFK signifi-
cantly decreased their proliferation (Fig. 6C and D). Similar ex-
periments performed in HFK showed that blocking IKK@, but
also NF-kB, negatively affected their growth ability (data not
shown). Taken together, these data show that IKKf, indepen-
dently of the NF-kB signaling, plays an additional role in promot-
ing proliferation. However, in 38E6E7 HFK the stronger effect of
DN-IKKB on proliferation in comparison to AN-IkBa is partly
explained by the ability of IKKP to promote ANp73a accumula-
tion in the nucleus (14), an event that does not occur in primary
HEFK.

DISCUSSION

Several viruses are able to inactivate p53 functions, probably as
part of their strategies to guarantee the completion of the viral life
cycle. Mucosal high-risk HPV types induce p53 degradation via
the E6 oncoprotein. Although HPV49 has the same mechanism as
the mucosal high-risk human papillomavirus types in inactivating
p53 (31), other beta HPV types target this cellular tumor suppres-
sor by alternative strategies (3, 7, 9, 14). We previously showed
that the expression of HPV38 E6 and E7 oncoproteins in primary
keratinocytes promoted accumulation of the p53 antagonist
ANp73a and cellular immortalization (3, 4, 6, 14). Downregula-
tion of ANp73a expression in 38E6E7 HFK significantly reduced
cellular viability and resulted in activation of p53-dependent
apoptosis (3). Similarly, knocking down ANp73a expression in
HPV38 E6 and E7 transgenic mice partially restored p53 functions
(15). Thus, data obtained in in vitro and in vivo experimental
models highlighted the key role of ANp73a accumulation in cel-
lular proliferation and transformation.

One of the key events in ANp73a accumulation in 38E6E7
HFK is the translocation of IKK into the nucleus, where it phos-
phorylates and stabilizes ANp73a (14). Here, we show that these
events are mediated by HPV38 E7. The underlying mechanism is
still unknown. Several viruses have been demonstrated to interfere
with the NF-kB pathway (32, 33); for instance, HTLV1 is known
to activate the IKK complex by direct binding of its transforming
protein, Tax, to IKK+y (34). Preliminary studies from our group
have shown that, similarly to Tax, HPV38 E7 can bind to IKK (D.
Saidj, unpublished data). Whether this event triggers nuclear ac-
cumulation of IKKJ is still under investigation. Interestingly, in-
dependent studies have described novel IKKB functions in the
nucleus, although none of them were linked to ANp73a (35-37).
For instance, Fu et al. reported that IKKRB forms a positive tran-
scriptional regulatory complex with the receptor of B-cell activat-
ing factor (BAFF) (28). Findings of the current study show that,
similarly to the BAFF complex, IKK( is intrinsically part of the
transcriptional regulatory complex that inhibits the expression of
some p53-regulated genes. Most importantly, our data showed for
the first time that two epigenetic enzymes, EZH2 and DNMT1, are
part of the IKKB/ANp73a complex. EZH2 is a component of the
polycomb complex 2 and induces H3Lys27m3 and consequent
closure of chromatin (38). Accordingly, ChIP experiments per-
formed in 38E6E7 HFK demonstrated the presence of H3Lys27m3
on p53-regulated promoters.
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gene (the p53RE region of the PIG3 promoter and the PIG3 ORF +322/+492 region), as well as primer for Survivin or the GAPDH promoter. The amount of
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and in 38E6E7 HFK versus HFK are statistically significant (P values of 0.02 and 0.003, respectively). No statistically significant differences were observed in other
regions (+97/+103 and + 339/+359). (D) 38E6E7 HFK were treated for 72 h with DNA methylation inhibitor 5-Aza or DMSO alone (Control). PIG3 mRNA
levels were analyzed by RT-qPCR. The data shown are the mean values of three independent experiments. *, P < 0.05 versus the untreated control sample. (E)
38E6E7 HFK were transfected with a control siRNA (Scramble) or stealth siRNAs specific for EZH2 and DNMT1. At 72 h after transfection, the protein levels of
DNMT1, EZH2, and B-actin were analyzed by IB (left panel), and PIG3 mRNA levels were determined by RT-qPCR (right panel). The results are representative
of two independent experiments. * and **¥, P < 0.05 and P < 0.01, respectively, for siRNAs versus the Scramble sample. (F) 38E6E7 HFK were transfected with
a control siRNA (Scramble) or stealth siRNAs specific for EZH2 and DNMT1. The day after transfection, 10* cells were seeded to perform colony formation
assays. Cells were cultured for 7 days and then stained with crystal violet. The results are representative of two independent experiments.
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The presence of DNMT1 in the IKKB/ANp73a complex is
consistent with previous findings that documented its ability to
bind to EZH2 (38) and can account for the high levels of methyl-
ation detected in the region surrounding the p53RE in 38E6E7
HFK. EZH2 and DNMT1 binding to the IKKB/ANp73a complex
could contribute to its ability to block p53-mediated transcrip-
tion. According to the current model, ANp73a exerts its domina-
tive-negative function toward p53 via competition for the same
RE, since the two proteins share a homologous DNA-binding do-
main (39). Due to its lack of a transactivation TA domain, binding
of ANp73a to the promoter of certain genes results in their tran-
scriptional silencing (16, 17). Our previous data confirm this
model; in fact, we showed that in 38E6E7 HFK, ANp73a bound to
the p53RE in the PIG3 promoter and that silencing of ANp73a
expression restored p53 binding to the promoter and reactivated
PIG3 expression (3, 14).

Consistent with the previous findings, in the present study we
observed that the “naked” DNA construct, containing the lucifer-
ase gene driven by the wild-type PIG3 promoter, has low activity if
transfected into 38E6E7 HFK, whereas it can be strongly activated
if ANp73a binding to p53RE is hampered. However, we described
here that ANp73a is able to repress transcription also by facilitat-
ing the recruitment of DNMT1 and EZH2 to specific p53-regu-
lated promoters, which in turn induce epigenetic changes. It is
likely that these two enzymes, together with ANp73a and IKKR,
contribute to prolonged silencing of the expression of some p53-
regulated genes under certain conditions, for instance during cel-
lular transformation. Indeed, EZH2 and DNMTT1, like ANp73a,
are often upregulated in cancer (40—44), where they appear to
target specific genes for methylation (45). In addition, our data
show that silencing the expression of EZH2 and DNMTI1 in
38E6E7 HFK leads to a rescue of PIG3 levels and to a reduction in
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cell growth ability, further confirming the key role of EZH2 and
DNMT1 in HPV38-mediated inhibition of p53-regulated expres-
sion.

The mechanisms by which EZH2 and DNMT1 can be recruited
to specific promoters are still poorly characterized (46). Our find-
ings show that ANp73a is one of these mechanisms. Indeed,
downregulation of ANp73a in 38E6E7 HFK led to disruption of
the complex and release of the two epigenetic enzymes, which are
no longer recruited to the PIG3 promoter.

We previously showed that ANp73a and IKK colocalize in
the nuclei of cancer-derived cells, where they are responsible for
inhibition of p53 proapoptotic pathways (14). Downregulation of
ANp73a or IKKB levels in these cancer cells led to an increase in
their sensitivity to chemotherapeutic agents by restoring p53-me-
diated apoptosis (our unpublished data). Since EZH2 and
DNMT1 both accumulate in cancer cells, it will be of interest to
explore whether, as observed in 38E6E7 HFK, they can form a
multimeric complex with ANp73a and IKK in cancer-derived
celllines in order to constitutively silence p53-regulated transcrip-
tion.

In summary, here we show for the first time that the E7 onco-
protein of HPV38 promotes the formation of a multimeric com-
plex that negatively regulates the expression of some p53 target
gene promoters. Whether this is a specific event exclusively occur-
ring in HPV38-infected cells or a more common mechanism tak-
ing place in human carcinogenesis remains to be further investi-
gated.
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