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ABSTRACT

Innate immunity is the first line of host defense against infections. Many oncogenic viruses can deregulate several immune-re-
lated pathways to guarantee the persistence of the infection. Here, we show that the cutaneous human papillomavirus 38
(HPV38) E6 and E7 oncoproteins suppress the expression of the double-stranded DNA sensor Toll-like receptor 9 (TLR9) in hu-
man foreskin keratinocytes (HFK), a key mediator of the antiviral innate immune host response. In particular, HPV38 E7 in-
duces TLR9 mRNA downregulation by promoting accumulation of ANp73a, an antagonist of p53 and p73. Inhibition of
ANp73a expression by antisense oligonucleotide in HPV38 E6/E7 HFK strongly rescues mRNA levels of TLR9, highlighting a
key role of ANp73a in this event. Chromatin immunoprecipitation experiments showed that ANp73a is part of a negative tran-
scriptional regulatory complex with IkB kinase beta (IKKf3) that binds to a NF-kB responsive element within the TLR9 pro-
moter. In addition, the Polycomb protein enhancer of zeste homolog 2 (EZH2), responsible for gene expression silencing, is also
recruited into the complex, leading to histone 3 trimethylation at lysine 27 (H3K27me3) in the same region of the TLR9 pro-
moter. Ectopic expression of TLR9 in HPV38 E6/E7 cells resulted in an accumulation of the cell cycle inhibitors p21“*" and
p27%"!, decreased CDK2-associated kinase activity, and inhibition of cellular proliferation. In summary, our data show that
HPYV38, similarly to other viruses with well-known oncogenic activity, can downregulate TLR9 expression. In addition, they
highlight a new role for TLR9 in cell cycle regulation.

IMPORTANCE

The mucosal high-risk HPV types have been clearly associated with human carcinogenesis. Emerging lines of evidence suggest
the involvement of certain cutaneous HPV types in development of skin squamous cell carcinoma, although this association is
still under debate. Oncogenic viruses have evolved different strategies to hijack the host immune system in order to guarantee
the persistence of the infection. Their capability to evade the immune system is as important as their ability to promote cellular
transformation. Therefore, understanding the viral mechanisms involved in viral persistence is a valid tool to evaluate their po-
tential role in human carcinogenesis. Here, we show that E6 and E7 oncoproteins from the cutaneous HPV38 downregulate the
expression of the double-stranded DNA sensor TLR9 of innate immunity. We also present evidence that the HPV38-mediated
downregulation of TLR9 expression, in addition to its potential impact on the innate immune response, is linked to cell cycle de-
regulation.

In addition to the well-characterized mucosal high-risk human
papillomaviruses (HPV), a subgroup of cutaneous HPV types
belonging to the genus beta of the HPV phylogenetic tree ap-
pears to be associated with human carcinogenesis (1-3). These
HPV types are suspected to be involved together with UV ra-
diation in the development of nonmelanoma skin cancer (4, 5).
Beta HPV types were originally isolated in patients suffering
from a rare autosomal recessive cancer-prone genetic disorder,
epidermodysplasia verruciformis (EV), and are consistently
detected in nonmelanoma skin cancer from EV patients and
immunocompromised and healthy individuals (1). More than 40
different beta HPV types have been identified so far, but only a few
have been studied for the characterization of their biological prop-
erties (6). In particular, several studies have demonstrated that E6
and E7 oncoproteins from beta HPV 38 (HPV38) display trans-
forming activities in in vitro and in vivo experimental models (7—
12). The transforming activity of HPV38 is explained partly by the
ability of E7 to induce the accumulation of ANp73a, which antag-
onizes p53 functions in activating the transcription of genes en-
coding cell cycle inhibitors or proapoptotic regulators (9, 10).
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HPV38 E7 induces the accumulation of Ik B kinase beta (IKKB) in
the nucleus, where it, in turn, binds and phosphorylates the
ANp73a protein at serine 422 (S422), resulting in a large increase
in the half-life of ANp73a (10). The IKKB/ANp73a complex
binds p53 responsive elements together with two epigenetic en-
zymes, DNA methyltransferase 1 (DNMT1) and enhancer of zeste
homolog 2 (EZH2), and inhibits the expression of some p53-reg-
ulated genes, such as the PIG3 gene (13).
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TABLE 1 Sequences of different siRNAs used for gene silencing

Target siRNA sequence or description (source)
Scrambled (negative  5'-GGUGGAAGAGGUGGUGAGC-3’
control)
IKKB 5'-CGUACGCGGAAUACUUCGA-3'
EZH2 5'-AGUGGUGCUGAAGCCUCAAUGUUUA-3’
p65 siGenome SMART pool M-003533-02-0005, human

RELA, NM_021975 (Thermo Scientific)
Silencer Select predesigned siRNA, catalog no.

4392420, ID“ s3587 (Life Technologies)
5'-accgACGTACAGcatg-3'"
5'-ccatGCTGTACGtcggT-3""

p38 (MAPK14)

S ANp73a

AS ANp73«a

“ 1D, identification number.
b For the ANp73a sense (S) and antisense (AS) oligonucleotides, the capital letters
indicate phosphorothioate nucleotides.

Studies with transgenic mice expressing HPV38 E6 and E7 in
the basal layer of the epidermis further highlighted its transform-
ing properties. In fact, these transgenic animals, upon chronic UV
irradiation, developed actinic keratosis-like lesions, which are
considered precursors of squamous cell carcinomas (SCC) in hu-
mans, and subsequently SCC. In contrast, wild-type animals sub-
jected to identical treatments did not develop any type of skin
lesions (12).

However, despite the well-characterized oncogenic properties
of HPV38 in in vivo and in vitro experimental models, its role in
human carcinogenesis remains to be proven.

In addition to their ability to promote cellular transformation,
human cancer-associated viruses deregulate pathways linked to
the host immune response, thus favoring the persistence of the
infection, which is an essential condition for cancer development
(14-16). Mucosal high-risk HPV16, Epstein-Barr virus (EBV),
Merkel cell polyomavirus, and hepatitis B virus alter the expres-
sion of Toll-like receptors (TLRs), which are fundamental players
in the innate immune response, acting as pattern recognition re-
ceptors (PRRs) (17, 18). In particular, all four of these oncogenic
viruses, using distinct mechanisms, downregulate the transcrip-
tion of TLRY, which resides in the endosomal compartments of
the cell and senses viral double-stranded DNA (16, 19-24). To
gain further insights into the possible role of HPV38 in human
carcinogenesis, in this study, we investigated whether HPV38 E6
and E7 have the ability to deregulate TLR9 expression. Our data
show that HPV38, similarly to the well-established oncogenic vi-
ruses, efficiently downregulated the expression of TLRY.

MATERIALS AND METHODS

Plasmid constructs. The genes of interest were expressed in the following
expression vectors: pcDNA3 (Invitrogen), pLXSN (Clontech, Le Pont-de-
Claix, France), and pBabe (25). The pLXSN-HPV38 E6/E7, pLXSN-
HPV16 E6/E7, pcDNA3 HA-ANp73a, and pBabe-puro-AN-IkBa (lack-
ing the first 36 N-terminal amino acids) constructs and the TLR9
promoter luciferase construct, full-length (—3227/—1) or with deletions
(—1017/—1 and —290/—1), have been previously described (7, 10, 16,
24). The pBabe-puro-TLR9 construct was generated during this study
using standard molecular biology techniques.

Cell culture, retroviral infection, and treatment. Cell culture, antibi-
otic selection, and generation of high-titer retroviral supernatants were
carried out as previously described (7). For treatment, cells were incu-
bated in medium containing SB203580 (Sigma) with a final concentration
of 5 wM for 3 h. For fluorescence-activated cell sorter (FACS) staining,
cells were collected, washed twice in PBS, and then stained with pro-
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TABLE 2 Sequences of primers used for RT-PCR analyses, ChIP, and
oligonucleotide pulldown

Promoter or gene Primer sequence®

TLRY promoter F: 5"-TGGGTCTGTACCTGTGTGTGCA-3’
NEF-kB site A R: 5'-TTCATTCCCTCCATCCACCTC-3'
TLR9 promoter F: 5'-AGGAGCTCAGGAGTGCCAG-3’
NEF-kB site B R: 5'-TGGGATGTGCTGTTCCCTC-3’
TLR9Y promoter F: 5'-GAGAGCACTCAGGGGAACAG-3’
NF-kB site C R: 5'-GGTCACATTCAGCCCCTAGA-3’
TLRY promoter F: 5'-AGGCCCTGCAGAACTTGGAG-3'
NF-kB site D R: 5'-TCAGGCAGAGAGCAGGGAGA-3’
GAPDH F: 5'-AAGGTGGTGAAGCAGGCGT-3’
R: 5'-GAGGAGTGGGTGTCGCTGTT-3’
TLRY F: 5'-CGTCTTGAAGGCCTGGTGTTGA-3’
R: 5'-CTGGAAGGCCTTGGTTTTAGTGA-3'
IKKB F: 5'-GCTGCAACTGATGCTGATGT-3’
R: 5'-TGTCACAGGGTAGGTGTGGA-3'
pé5 F: 5'-GTCACCGGATTGAGGAGAAA-3’
R: 5'-GCTCAGGGATGACGTAAAGG-3'
EZH2 F: 5'-ACGTCAGATGGTGCCAGCAATA-3'
R: 5'-CCCTGACCTCTGTCTTACTTGTGGA-3’
Probes for F: 5'-Btn-GAGAGCACTCAGGGGAACAG-3’
oligonucleotide R: 5'-GGTCACATTCAGCCCCTAGA-3’

pulldown assay

“F, forward; R, reverse.

pidium iodide (PI) at a final concentration of 5 pg/ml. Subsequently, cells
were analyzed by FACS CANTO (Becton Dickinson).

Gene silencing. Downregulation of ANp73a was achieved by trans-
fecting the antisense (AS) oligonucleotide as previously described (9).
Silencing of HPV38 E6E7 gene expression was obtained using the pRetro-
Super construct (pRS), expressing small hairpin RNAs (shRNAs) for
the polycistronic HPV38 E6 and E7 mRNA (pRS 38E6/E7) as previously
described (9, 13). Gene silencing of p65 and IKKB was achieved using
synthetic small interfering RNA (siRNA) (Table 1). siRNA or scrambled
RNA at a concentration of 50 nM was transfected using Lipofectamine
2000 according to the standard protocol (Invitrogen). EZH2 and p38
silencing was performed using specific stealth siRNA as previously de-
scribed (13).

ELISA. To measure secreted cytokines, HPV16 E6/E7 or HPV38 E6/E7
human foreskin keratinocytes (HFK) were seeded at 4 X 10* cells/96 wells
in 200 pl of growth medium. The next day, cells were washed with PBS,
and Gpc or CpG 2006 was added. Twenty-four hours later, supernatants
were collected for analysis of interleukin 8 (IL-8) and MIP3a secretion
using Quantikine enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems) as previously described (22).

Luciferase assay. Transient transfections were conducted using X-
tremeGene 9 (Roche) according to the manufacturer’s protocol. RPMI
8226 cells were cotransfected with firefly luciferase TLR9 promoter vector
(0.5 pg) and the vector of interest. pRL-TK Renilla reporter vector (15 ng)
was used as an internal control. After 48 h, cells were lysed and luciferase
activity was measured using a dual-luciferase reporter assay system (Pro-
mega). The expression of firefly luciferase relative to that of Renilla lucif-
erase was expressed in relative luminescence units (RLU).

Reverse transcription-PCR (RT-PCR) and qPCR. Total RNA was ex-
tracted using the Absolutely RNA Miniprep kit (Stratagene). The ob-
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FIG 1 HPV38 E6 and E7 downregulate TLR9 expression. (A) RPMI 8226 cells were cotransfected with the TLR9 promoter construct (—3227/—1) fused with the
luciferase reporter gene and with pLXSN empty vector (pLXSN), pLXSN HPV16 E6/E7 (HPV16), or HPV38 E6/E7 (HPV38). After 48 h, cells were harvested and
luciferase activity was measured. Data are the means from three independent experiments performed in triplicate. **, P < 0.01. (B) Total RNA and total proteins
from HFK and HPV38 E6/E7 HFK were extracted, and TLR9 expression levels were measured by RT-qPCR and normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) levels (left); in addition, TLR9 protein levels were determined by immunoblotting (right). Error bars on the left side represent standard
deviations from three biological replicates. **, P < 0.01. (C) Total RNA from control HFK or the indicated transduced HFK was extracted. TLR9 expression levels
were measured by RT-qPCR. Error bars represent standard deviations from three biological replicates. (D) HFK transduced with pLXSN, HPV38 E6/E7, or
HPV16 E6/E7 were treated with GpC or CpG 2006. After 24 h, the supernatants were collected to measure IL-8 or MIP3« secretion. Data are the means from three

independent experiments performed in triplicate. **, P < 0.01.

tained RNA was reverse transcribed to cDNA with the RevertAid H Minus
Moloney murine leukemia virus (M-MuLV) reverse transcriptase kit
(Fermentas) according to the manufacturer’s instructions. Quantita-
tive PCR (qPCR) was performed using the MesaGreen qPCR MasterMix
Plus for SYBR Assay (Eurogentec) with the primers listed in Table 2.

IB. Total protein extraction, sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE), and immunoblotting (IB) were con-
ducted as described previously (9). Antibodies to the following antibodies
were used: B-actin (C4; MP Biomedicals), TLR9 (2254; Cell Signaling),
p73 (OP108; Calbiochem), hemagglutinin (HA; 3F10; Roche), IKKRB
(2684; Cell Signaling), NF-kB p65 (3034; Cell Signaling), pZIWA”Cipl
(2946; Cell Signaling), p27<'! (2552; Cell Signaling), p38 mitogen-acti-
vated protein kinase (MAPK; 9212; Cell Signaling), and phospho-p38
MAPK Thr180/Tyr182 (9211; Cell Signaling). Images were taken using
the ChemiDoc XRS imaging system (Bio-Rad).

ChIP. Chromatin immunoprecipitation (ChIP) was performed with
Shearing ChIP and OneDay ChIP kits (Diagenode) according to the man-
ufacturer’s protocols. Briefly, cells were sonicated to obtain DNA frag-
ments of 200 to 500 bp. Sheared chromatin was immunoprecipitated with
isotype control IgG or antibodies to the following: EZH2 (AC22; Cell
Signaling), p73 (OP108; Calbiochem), IKK( (2684; Cell Signaling),
DNMT1 (60B1220; Abnova), H3Lys27me3 (4039; Epigentek), and

11398 jviasm.org

Journal of Virology

NF-kB p65 (3034; Cell Signaling). The eluted DNA was used as a template
for qPCR. Primers for qPCR are listed in Table 2.

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 dithiothreitol [DTT], and 0.5% Nonidet P-40) containing
protease and phosphatase inhibitors. After centrifugation at 12,000 X g
for 10 min, protein extracts were precleared with streptavidin-agarose
beads. The TLRY promoter was used as a template to amplify the NF-kB
RE region containing wild-type or mutated NF-kB RE. PCR amplification
was performed using a biotinylated forward primer and a nonbiotinylated
reverse primer (listed in Table 2). Amplicons were extracted from an
agarose gel by using the MinElute gel extraction kit (Qiagen) and quanti-
fied. Then, 2 mg of prepared protein extract was incubated with 1 pg of
biotin-TLR9 promoter probes and 10 pg of poly(dI-dC)-poly(dI-dC) for
16 h at 4°C. DNA-bound proteins were collected with streptavidin-aga-
rose beads for 1 h and washed five times with HKMG buffer. DNA-bound
proteins were then analyzed by IB.

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.
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Time course. As cells were split for selection, 10° cells were seeded in
6-well plates and allowed to grow for 4 days. The growth was monitored
daily by cell trypsinization and counting with trypan blue. Double deter-
minations were performed in each independent experiment.

Kinase assay. CDK2 kinase assays were performed using 1 mg of ke-
ratinocyte lysate. CDK2 complexes were immunoprecipitated using an
anti-CDK2 antibody (sc-748; Santa Cruz). Immunopellets were washed
three times in lysis buffer and twice in kinase buffer (50 mM Tris [pH 7.5],
10 mM MgCl,, 1 mM DTT, and 100 uM ATP). Samples were then resus-
pended in 10 ul of kinase buffer containing 10 wCi of [y->>P]JATP
(PerkinElmer) and incubated for 15 min at room temperature in the
presence of 2 ng of histone H1 (Millipore). Samples were subsequently
analyzed by SDS-PAGE (12%), transferred to nitrocellulose, and visual-
ized on X-ray films.

Statistical analysis. Statistical significance was determined by the Stu-
dent t test. Statistically significant P values (P < 0.05 [*] and P < 0.01 [**])
for each experiment are indicated in the corresponding figure legends.
Error bars in the graphs represent the standard deviations.

RESULTS

Beta HPV38 E6 and E7 downregulate TLR9 expression. We
aimed to test our hypothesis that, as previously shown for many
other viral oncoproteins, beta HPV38 E6 and E7 have the ability to
inhibit TLR9 promoter activity in RPMI 8226 human myeloma
cells. These cells express high levels of TLR9 and have previously
been used to demonstrate the ability of E6 and E7 from mucosal
HPV16 to inhibit TLR9 promoter activity (22). We found that
HPV38 E6 and E7 inhibited TLR9 promoter activity in transiently
transfected RPMI 8226 cells with an efficiency similar to that of
human papillomavirus 16 (HPV16) E6 and E7 (Fig. 1A). Next, we
analyzed TLR9 mRNA and protein levels in human keratinocytes,
the natural host of the virus. Primary human foreskin keratino-
cytes (HFK) were transduced with a recombinant retrovirus
expressing HPV38 E6 and E7 oncoproteins or empty retrovirus
(pLXSN), and TLR9 mRNA or protein levels were determined by
quantitative RT-PCR or immunoblotting, respectively. TLR ex-
pression was decreased in HPV38 E6/E7 HFK compared with
pLXSN HFK (Fig. 1B). When expressed alone, both oncoproteins
were able to inhibit TLR9 expression, although E7 appeared to be
more efficient than E6 (Fig. 1C). Finally, we checked whether the
viral proteins could inhibit TLR9 functionality. pLXSN and
HPV38 E6/E7 HFK were exposed to a TLR9 synthetic ligand (CpG
oligodeoxynucleotide 2006) for 24 h, and the concentrations of
secreted cytokines, IL-8 and MIP3a, were determined by ELISA.
The secretion of both cytokines was significantly inhibited in
HPV38 E6/E7 HFK compared with control cells (Fig. 1D). These
data show that, similar to the case with several oncogenic vi-
ruses, HPV38 E6 and E7 block TLRY function by inhibiting its
transcription.

ANp73« is directly involved in TLR9 downregulation.
HPV38 E7 oncoprotein promotes the accumulation of the p53
antagonist ANp73a, repressing the transcription of p53-regulated
genes (9, 10). Recent studies have demonstrated that TLR9 expres-
sion can be positively regulated by the p53 transcription factor
(26, 27). Therefore, we next determined whether ANp73a can
modulate TLRY transcription. ANp73a expression inhibited TLR9
promoter activity in transient-transfection experiments performed
with RPMI 8226 cells (Fig. 2A). In addition, downregulation of
ANp73a expression in HPV38 E6/E7 HFK using an antisense (AS)
oligonucleotide led to an increase of both mRNA and protein
levels of TLRY (Fig. 2B and C). Finally, downregulation of viral
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FIG 2 ANp73a negatively regulates TLR9 expression. (A) RPMI 8226 cells
were cotransfected with the TLR9 promoter construct (—3227/—1) cloned in
front of the luciferase reporter gene with pcDNA3 empty vector or expressing
ANp73a. After 48 h, cells were harvested and luciferase activity was measured.
Data are the means from three independent experiments performed in tripli-
cate. (B and C) HPV38 E6/E7 HFK were transfected with ANp73a sense (S)
and antisense (AS) oligonucleotides. (B) Expression of TLR9 and GAPDH was
determined by RT-qPCR. Results are representative of those from three inde-
pendent experiments. ¥, P < 0.05. (C) Protein extracts (40 pg) were analyzed
by immunoblotting (IB) with indicated antibodies (left side). Band intensities
were quantified and normalized to B-actin levels (right side). Data are the
means from three independent experiments. (D) HFK and HPV38 E6/E7 HFK
transduced with pRetroSuper (pRS) or shRNA-HPV38E6E7 (pRS sh38E6E7)
were processed for RNA extraction. The mRNA levels of TLR9 were deter-
mined by RT-qPCR.

oncoproteins by shRNA resulted in an increase of TLR9 mRNA
levels (Fig. 2D).

Previous studies have shown that ANp73a also has the ability
to modulate the activity of NF-«kB (28), a key transcription factor
involved in the regulation of TLR9 expression (16, 22, 29). We
therefore determined by chromatin immunoprecipitation (ChIP)
experiments whether ANp73a is recruited to or near to the four
characterized NF-kB responsive elements (RE), termed A, B, C,
and D (16, 22, 29). We found that ANp73a binds mainly the
promoter region near NF-kB RE C (Fig. 3A). To corroborate
these findings, we performed oligonucleotide pulldown exper-
iments using biotinylated DNA fragments of the TLR9 pro-
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FIG 3 ANp73a binds to TLR9 promoter on NF-kB site C. (A) ChIP was performed in HPV38 E6/E7 HFK using anti-ANp73a antibody. Simultaneously, part
of the total chromatin fraction (1/10) was used as input. QPCR was performed using specific primers flanking the NF-kB RE within the TLR9 promoter. The
histogram shows the relative amount of the promoter bound by ANp73a after subtraction of the background of nonspecific IgG control expressed as a percentage
of the input. Data are the means from three independent experiments. **, P < 0.01. (B) HPV38 E6/E7 HFK transiently expressing HA-ANp73a was processed
for the oligonucleotide pulldown assay. Cell lysate was incubated with biotinylated (btn) probes containing the NF-«kB RE of the TLR9 promoter, either wild type
(pTLR9wt) or mutated (pTLR9mut). DNA-associated proteins were recovered by precipitation with streptavidin beads and analyzed by IB (left side). The
intensity of the protein bands in three independent experiments was quantified (right side). *, P < 0.05; **, P < 0.01. (C) Scheme of the TLR9 promoter luciferase
constructs: the full-length (—3227/—1) construct containing the 4 NF-«kB RE (sites A, B, C, and D) and the deletion (—1017/—1 and —290/—1) constructs. (D)
RPMI 8226 cells were cotransfected with TLR9 promoter constructs (—3227/—1, —1017/—1, and —290/—1) cloned in front of the luciferase reporter gene with
pcDNA3 empty vector or expressing ANp73a. After 48 h, cells were harvested and luciferase activity was measured. Data are the means from three independent
experiments performed in triplicate. **, P < 0.01. (E) RPMI 8226 cells were cotransfected with TLR9 promoter constructs wild-type (—3227/—1) or NF-«kB point
mutated in site C (mutC) cloned in front of the luciferase reporter gene with pcDNA3 empty vector or expressing ANp73a. After 48 h, cells were harvested and
luciferase activity was measured. Data are the means from three independent experiments performed in triplicate. **, P < 0.01. (F) RPMI 8226 cells were
cotransfected with TLR9 promoter constructs (—3227/—1 or —1017/—1) cloned in front of the luciferase reporter gene with pLXSN empty vector or pLXSN
HPV38E7 construct and ANp73a sense (S) or AS oligonucleotides. After 48 h, cells were harvested and luciferase activity was measured. Data are the means from
three experiments. **, P < 0.01.

moter (—1150/—1024) that encompass wild-type or mutated
NF-kB RE C. The two biotinylated DNA probes were incubated
with cellular extracts of HPV38 E6/E7 HFK overexpressing
hemagglutinin (HA)-tagged ANp73a. The TLR9 promoter
fragment containing the wild-type NF-kB RE C coprecipitated
with ANp73a and IKKR as well as EZH, which was previously
shown to be part of the ANp73a repressive transcriptional
complex (Fig. 3B) (13). In contrast, mutation of NF-kB RE C
significantly decreased the binding of the ANp73a/IKKR/
EZH2 complex to the DNA fragment, indicating that the DNA
binding region of ANp73a coincides with or partially overlaps
with NF-kB RE C. Transient-transfection experiments using
two mutants of the TLR9 promoter cloned in front of the lu-
ciferase reporter gene showed that deletion of the region that
includes NF-kB RE C abolished the inhibitory function of

11400 jviasm.org

Journal of Virology

ANp73a (Fig. 3C and D). Point mutations of RE C had the
same effect (Fig. 3E). Finally, downregulation of ANp73a by
antisense oligonucleotide and/or deletion of promoter region
containing RE C resulted in the loss of HPV38 E7-mediated
inhibition of TLRY promoter activity (Fig. 3F). Together, these
findings highlight the crucial role of ANp73« in the HPV38-
induced downregulation of TLR9 transcription.

ANp73a and NF-kB p65 inversely regulate TLR9 expression.
We recently showed that ANp73a forms a complex with the Poly-
comb group (PcG) 2 member EZH2 and DNA methyltransferase
DNMT1 to repress the transcription of p53-regulated genes (13).
Therefore, we performed ChIP experiments to determine which
cellular proteins were recruited to the TLR9 promoter region near
NEF-kB RE C. We observed that in addition to ANp73« and IKKR,
the subunit of NF-kB transcription complex p65 as well as
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DMNT1 and EZH2 was associated with the TLR9 promoter in the
NE-kB RE C region (Fig. 4A). Consistent with the recruitment of
EZH2, histone 3 was found to be trimethylated at lysine 27
(H3K27me3) in the same region of the TLRY promoter (Fig. 4A).
Downregulation of ANp73a by AS oligonucleotide experiments
resulted in a significant decrease in the amount of IKKB and EZH2
recruited to the TLR9 promoter as well as of H3K27 (Fig. 4B). The
recruitment of DMNT1 appeared to be less affected by the de-
crease in ANp73a levels, suggesting that it may also be associated
with another, as-yet-unidentified complex. Similarly to the down-
regulation of ANp73a, silencing the expression of EZH2 increased
TLR9 mRNA levels (Fig. 4C). All these findings show that
ANp73a plays a key role in the inhibition of TLRY expression by
promoting the formation of a repressive transcriptional complex.

We also observed that higher levels of p65 were associated with
the NF-«kB RE C region when ANp73a was downregulated, indi-
cating that ANp73a and p65 compete in binding the same or a
partially overlapping DNA region within the TLR9 promoter (Fig.
4B). Consistent with these conclusions, downregulation of p65 by
siRNA increased the recruitment of ANp73« in the same pro-
moter region (Fig. 4D). Experiments with HPV38 E6/E7 HFK in
which the ANp73a levels were downregulated provided evidence
for the positive role of p65 in TLR9 transcriptional regulation. In
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fact, although the decrease in ANp73a protein levels is associ-
ated with reactivation of TLRY expression, the simultaneous
silencing of p65 expression repressed TLR9 transcription (Fig.
5A). Consistent with these findings, inhibition of NF-kB sig-
naling in HPV38 E6/E7 HFK by overexpressing a nondegrad-
able deletion mutant of IkBa (AN-IkBa) that lacks the first 36
amino acids at the N terminus containing the IKK-phosphor-
ylated amino acid further decreased TLR9 mRNA levels (Fig.
5B). Similar results were obtained with cells expressing p65 or
IKKp siRNA (Fig. 5C).

In summary, these findings showed that p65 and ANp73a
compete for binding to the TLR9 promoter, leading to an inverse
regulation of its activity.

TLRY ectopic expression affects cellular proliferation in
HPV38 E6/E7 HFK. To gain more insights on the biological sig-
nificance of HPV38-mediated downregulation of TLR9 transcrip-
tion, we reexpressed TLR9 in HPV38 E6/E7 HFK using a retrovi-
rus expression system. As expected, TLR9 mRNA and protein
were detected only in cells transduced with TLR9 recombinant
retrovirus (Fig. 6A). No changes in viral gene expression were
observed in mock-treated cells or TLR9 HPV38 E6/E7 HFK (Fig.
6A). We first determined whether TLR9 expression affected the
proliferation of HPV38 E6/E7 HFK by performing a colony for-
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mation assay. Although we detected approximately the same
numbers of colonies in TLR9-expressing and control cells, the
colony size was significantly decreased in the presence of TLR9
expression (Fig. 6B). The negative impact of TLR9 overexpression
on the proliferation of HPV38 E6/E7 HFK was also observed in a
short-term growth curve (Fig. 6C). Analysis of cell cycle profile by
flow cytometry of HPV38 E6/E7 HFK overexpressing TLRO re-
vealed a significant decrease of cells in S and G,/M phase com-
pared to the value for the mock-treated cells (Fig. 6D). Immuno-
blotting for many cell cycle regulators showed that the cell cycle
inhibitors p21WAF! and p27%'P! are strongly accumulated in
TLR9-expressing HPV38 E6/E7 HFK (Fig. 6E).

Consistent with p2 1WAF! Jevels, lower CDK2-associated kinase
activity was detected in these cells than in mock-treated cells (Fig.
7A). However, TLR9 expression did not lead to significant
changes in p21"VA"! or p275P" mRNA levels (Fig. 7B). Based on
these data, we investigated whether posttranslational mechanisms
are implicated in the TLR9-induced accumulation of p21"4* and
p27"P! Interestingly, it is known that p38 MAPK is activated by
TLRY signaling and positively regulate the p21"**! protein levels
by posttranslational mechanisms (30). Accordingly, we observed
that the phosphorylated form (Thr180/Tyr182) of p38 MAPK was
strongly accumulated in TLR9-expressing HPV38 E6/E7 HFK
(Fig. 7C). Moreover, both p21"A™ and p27%®! levels were re-
duced in these cells treated with a chemical inhibitor of p38
MAPK, SB203580 (Fig. 7D), or with a specific siRNA against p38
(Fig. 7E). Taken together, these findings highlight a novel function
of TLR in inhibiting cellular proliferation via accumulation of
the cell cycle inhibitors p21"WA™ and p275F!,
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DISCUSSION

Previous studies demonstrated that several oncogenic viruses use
different mechanisms to inhibit the expression of TLR9 (16, 19—
24). Here, we describe a novel mechanism of beta HPV38 in re-
pressing TLRY expression that is mediated by ANp73a, a well-
characterized antagonist of p53. Thus, beta HPV38, in addition to
its ability to promote cellular transformation, also shares with
oncogenic viruses the property of repressing the TLR9 signaling
pathway. The high conservation of this property among human
oncogenic viruses underlines the importance of downregulation
of TLRY expression in virus-mediated carcinogenesis. It is likely
that loss of the functionality of TLR9 signaling has a positive im-
pact on completion of the viral life cycle and/or evasion of the host
immune response. However, the fact that the inhibition of TLR9
gene transcription occurs after the translocation of viral DNA into
the nucleus and is dependent on the expression of the viral onco-
proteins does not fully support an exclusive role of the event in the
evasion of the innate immune response to viral infection. In fact,
at an early stage of infection and before viral gene expression,
TLRO is functional and is activated by nonmethylated CpG islands
present in the viral genome (16, 22). A possible explanation is that
by inhibiting TLR9 expression, oncogenic viruses prevent its fur-
ther activation by the microflora present at specific anatomical
sites, which may have a negative impact on viral infection. In
agreement with this hypothesis, it has been reported that com-
mensal bacterial subspecies could be protective against HPV in-
fection (31). In addition, it is plausible that inactivation of TLR9
by oncogenic viruses may play an additional role in infected cells.
Previous findings from our group showed that EBV infection of
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primary B cells resulted in a rapid decrease of TLR9 mRNA levels,
which became more pronounced upon immortalization, suggest-
ing that the decrease in TLRY expression may be linked to cellular
transformation (19).

In this study, we provided evidence for a novel function
of TLRY in controlling cellular proliferation. Reexpression of
TLRY in HPV38 E6/E7 HFK resulted in a strong accumulation
of the cell cycle inhibitors p21"WA™ and p27%"*' and a clear
decrease in cellular proliferation. It is likely that the inhibitory
role of TLR9 on cellular proliferation is a response to the cel-
lular stress induced by the expression of the viral oncogenes.
The precise mechanism of this novel TLR9 function is still
unknown. Ongoing studies by our group are focused on deter-
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mining whether the TLR9-induced p21“**! accumulation re-
quires TLRY engagement with endogenous ligands, for exam-
ple, damage-associated molecular patterns (DAMP) generated
during virus-induced stress. In support of the hypothesis that
TLR9 promotes antiproliferative events in response to cellular
stresses, it has recently been shown that TLRY expression is
strongly activated via p53 in primary human blood lympho-
cytes and alveolar macrophages upon exposure to different
types of DNA-damaging insults (27). Based on these findings, it
is likely that UV irradiation, the main risk factor for the devel-
opment of skin squamous cell carcinoma, can induce TLR9
upregulation via p53 activation in keratinocytes. The fact that
HPV38 E7 induces ANp73a accumulation may prevent activa-
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