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Constitutive activation of NF-�B signaling is a key event in virus- and non-virus-induced carcinogenesis. We
have previously reported that cutaneous human papillomavirus type 38 (HPV38) displays transforming
properties in in vitro and in vivo experimental models. However, the involvement of NF-�B signaling in
HPV38-induced cell growth transformation remains to be determined. In this study, we showed that HPV38 E6
and E7 activate NF-�B and that inhibition of the pathway with the I�B� superrepressor sensitizes
HPV38E6E7-immortalized human keratinocytes to tumor necrosis factor alpha (TNF-�)- and UVB radiation-
mediated apoptosis. Accordingly, inhibition of NF-�B signaling resulted in the downregulation of NF-�B-
regulated antiapoptotic genes, including cIAP1, cIAP2, and xIAP genes. These findings demonstrate a critical
role of NF-�B activity in the survival of HPV38E6E7-immortalized human keratinocytes exposed to cytokine or
UV radiation. Our data provide additional evidence for cooperation between beta HPV infection and UV
irradiation in skin carcinogenesis.

Human papillomaviruses (HPVs) are small double-stranded
DNA viruses that infect epithelial cells of different anatomical
regions (16). More than 100 HPV types have been isolated so
far, and they can be classified as mucosal or cutaneous types
according to their abilities to infect the mucosa of the genital
and upper respiratory tracts or the skin, respectively. A sub-
group of mucosal HPVs, referred to as high-risk (HR) HPV
types, are the causal agents for the development of cervical
cancer and other anogenital malignancies (16, 43). A vast num-
ber of studies on the HR HPV type 16 (HPV16) and others
have clearly shown that the products of two early genes, E6 and
E7, play a critical role in HPV-mediated carcinogenesis by
altering the regulation of key cellular events, such as the cell
cycle, DNA repair, apoptosis, and senescence (41). HPV16 E6
and E7 exert their transforming activities by targeting the
products of tumor suppressor genes. E6 promotes the degra-
dation of p53, affecting DNA repair and apoptosis, while E7
inactivates retinoblastoma protein (pRb) and its related pro-
teins p107 and p130, leading to cell cycle deregulation (37, 42).

In addition to the mucosal HR HPV types, the cutaneous

HPV types belonging to the genus beta of the HPV phyloge-
netic tree are also suspected to play a role in the development
of human cancer (16). The beta HPV types were initially iso-
lated from nonmelanoma skin cancers (NMSCs) of patients
affected by a cancer-prone genetic disease called epidermodys-
plasia verruciformis (EV) (47). However, it is now clear that
these HPV types can also be found in NMSCs of non-EV
patients, in particular in immunosuppressed individuals (6).
Similar to the HR mucosal HPV types, E6 and E7 from certain
beta HPV types target p53- and pRb-regulated pathways and
display transforming activities in in vitro and in vivo experimen-
tal models (1, 10, 17, 21, 38, 40, 48, 51). In particular, E6 and
E7 from the beta HPV38 are able to immortalize the human
keratinocytes that are the natural hosts of the virus (1, 10, 21).

NF-�� is composed of a homo- or heterodimer of proteins
that belong to the NF-��/REL family of transcription factors
(27), and NF-�B can be activated in two distinct pathways,
referred to as the canonical and noncanonical NF-�� path-
ways. In the canonical pathway, the prototypical NF-��, with a
p65 (RELA)/p50 heterodimer, is kept inactive in the cytoplasm
of quiescent cells by its inhibitor, I�B� (27). Stimulation by
proinflammatory cytokines or many other NF-�B-inducing
agents leads to the activation of the I�B kinase (IKK) complex,
consisting of kinase subunits IKK� and IKK� and the regula-
tory subunit IKK�, or NEMO, which then phosphorylates
I�B� at two N-terminal serine residues to promote its poly-
ubiquitination and degradation. Free NF-�B then accumulates
in the nucleus to activate target genes that play an important
role in cell survival, cell proliferation, and the immune system
(27). The noncanonical pathway is triggered by specific ligands,
such as CD40 ligand/lymphotoxin � or BAFF, and is mediated
through NIK-induced activation of IKK�, phosphorylation and
processing of p100 to p52, and nuclear translocation of the
p52/RelB complex for gene activation (12, 13, 14). In certain
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cell types, activation of NF-�B by UV radiation can also occur
via an IKK-independent pathway that involves casein kinase 2
(CK2)-mediated phosphorylation of I�B� at its C terminus,
followed by its degradation to liberate NF-�B for nuclear entry
and transcriptional gene activation (30).

Several oncogenic viruses, including Epstein-Barr virus
(EBV), human herpesvirus 8 (HHV-8), and human T-cell leu-
kemia virus 1 (HTLV-1), as well as HR mucosal HPV types,
are able to activate NF-�B, which in turn promotes cellular
proliferation, immortalization, and transformation via upregu-
lation of NF-�B-responsive genes (5, 9, 20, 23, 25, 26, 31, 44).

In contrast to the mucosal HR HPV types, it is not known
whether beta HPV types have the ability to target NF-�B
pathways or whether this event plays a role in beta HPV-
mediated cellular immortalization and transformation.

In the present study, we show that E6 and E7 of HPV38 are
potent activators of NF-�B. Most importantly, this event ap-
pears to be important for protecting HPV38-immortalized
keratinocytes against apoptosis induced by tumor necrosis
factor alpha (TNF-�) and/or UV.

MATERIALS AND METHODS

Plasmid constructs. The retroviral expression of pLXSN-HPV38E6E7,
pLXSN-HPV38E6, and pLXSN-HPV38E7 has been described previously (1, 10).
pLXSN-HPV10E6, pLXSN-HPV10E7, pLXSN-HPV20E6, and pLXSN-
HPV20E7 were generated by molecular cloning. The expression plasmid
pcDNA3-CYLD was obtained from G. Mosialos (School of Biology, Aristotle
University of Thessaloniki, Thessaloniki, Greece). pcDNA3-myc-p100 was ob-
tained from S. Ley (NIMR, London, United Kingdom). p-EGFP-C1 was ob-
tained from BD Clontech (Palo Alto, CA). pcDNA3-LMP1 and anti-LMP1
antibody were obtained from E. Kieff (Harvard Medical School, Boston, MA).
The expression retrovirus vector containing the NF-�B superrepressor �N-I�B�,
which lacks the sequence that codes for the first 36 N-terminal amino acids
(pBabe-puro-�N-I�B�), was generated by introduction of the PCR-amplified
DNA fragment from pcDNA3-Flag-I�B� (obtained from T. Gilmore, Boston
University, Boston, MA, and E. Kieff, Harvard Medical School, Boston, MA)
into BamHI and EcoRI sites of pBabe-puro. The construct was verified by
sequencing. Bay-11 was purchased from Calbiochem, San Diego, CA.

Cell culture and transfection. Human embryonic kidney 293 (HEK293) cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (45). Primary human foreskin keratinocytes
(HFKs) or human foreskin keratinocytes immortalized by HPV38 E6 and E7
oncogenes (HFK 38 E6E7) were cultured as previously described (1, 10). Cell
transfection was performed using the Fugene transfection kit (Roche, Indianap-
olis, IN) according to the manufacturer’s instructions. In all cases, total DNA
levels were normalized with empty vector. Small interfering RNA (siRNA) for
p65 (siGenome Smart pool M-003533-02-0005), human RELA (NM_021975;
Dharmacon, Lafayette, CO), or scrambled RNA used as a control (Ambion,
Austin, TX) was transfected using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol.

Retroviral infection. The generation of high-titer retroviral stocks (�5.0 � 106

IU/ml) by transfection of Phoenix cells, the infection of human keratinocytes,
and the establishment of immortalized human keratinocytes were performed as
previously described (1).

Cell proliferation assay. To assess cell proliferation, HFK 38 E6E7 and HFK
38 E6E7-�NI�B� cells were seeded at a density of 2 � 103/cm2 in 6-cm dishes.
After 24 h, the cells were incubated with or without TNF-� (10 ng/ml) in
combination or not with Bay11-7082 (1 	M). The media were then changed
every 48 h, and the cells were counted at regular intervals as indicated.

Luciferase reporter assay. Cells in six-well plates were transfected with NF-
�B-dependent firefly luciferase reporter construct (500 ng) together with a Re-
nilla luciferase construct (50 ng). Forty-eight hours posttransfection, the cells
were incubated with or without TNF-� (10 ng/ml) for 6 h. Whole-cell extracts
were prepared, and the firefly, as well as the Renilla, luciferase activities were
measured according to the protocol for the dual-luciferase system (Promega,
Madison, WI).

TNF-� stimulation, UV light irradiation, and FACS analysis. Cells were
incubated with TNF-� (10 ng/ml), and the stimulation was terminated by replac-

ing the medium with cold phosphate-buffered saline (PBS). UV irradiation was
performed with UV-Bio-Spectra (Vilber Lourmat, Marne-La-Vallée, France).
For irradiation, the medium was removed and replaced with PBS. The cells were
irradiated with 80 mJ/cm2 of UV radiation at 312 nm. After irradiation, fresh
medium was added to the cells. To assess survival by fluorescence-activated cell
sorting (FACS), cells were seeded in 6-cm dishes. After 24 h, they were irradiated
with or without UV (312 nm; 80 mJ/cm2) or not irradiated and incubated with or
without TNF-� (10 ng/ml). Cells were then collected, washed twice with PBS, and
fixed with 70% ethanol on ice for 30 min. Approximately 106 cells were washed
with PBS and resuspended in 500 	l of PBS containing RNase A (0.1 mg/ml) and
propidium iodide (5 	g/ml). After incubation for 30 min on ice, the percentage
of apoptotic cells was analyzed with a Becton Dickinson FACSort to determine
the percentage of sub-G0 cell population using the Cell Quest analysis software
package.

Cell fractionation. Cytoplasmic and nuclear extracts were prepared using the
Panomics nuclear extraction kit (Panomics, Inc., Fremont, CA) according to the
manufacturer’s instructions. Proteins in different cellular fractions were analyzed
by immunoblotting.

Antibodies, immunoblotting, and immunofluorescence. Immunoblotting was
performed as previously described (45). Briefly, cells were lysed in cell lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 3%
glycerol, 1 mM phenylmethylsulfonyl fluoride, 5 	g/ml leupeptin, 2 	g/ml apro-
tinin, 1 mM sodium fluoride, 1 mM sodium orthovanadate) for 30 min on ice.
Insoluble material was removed by centrifugation at 14,000 � g for 15 min.
Whole-cell extracts were analyzed by immunoblotting. The antibodies used were
as follows: p65, phospho-p65, phospho-I�B�, p100, p52, PARP (Cell Signaling),
�-tubulin, anti-Flag (Sigma), and actin (MP Biomedicals, Inc.). TNF-� was
obtained from R&D Systems (Minneapolis, MN). For immunofluorescence,
HFK 38 E6E7 and HFK 38 E6E7-�NI�B� cells were seeded on sterilized
coverslips in 12-well plates at 1 � 105 cells per well. After exposure to TNF-� for
the indicated periods, the cells were fixed with 4% paraformaldehyde for 10 min.
The fixed cells were permeabilized with 0.1% Triton X-100 for 5 min and then
blocked with 5% nonfat milk in 0.05% Tris-buffered saline–Tween at room
temperature for 1 h, followed by incubation with the indicated primary antibod-
ies and fluorescein isothiocyanate/tetramethyl rhodamine isothiocyanate-conju-
gated secondary antibodies (Interchim) as described previously. The cellular
localization of p65 was visualized using a fluorescence microscope, and random
fields were photographed.

Reverse transcription (RT)-PCR and quantitative RT-PCR (qRT-PCR) anal-
yses. Total RNA was extracted from cells with TRIzol reagent (Invitrogen),
followed by DNase I treatment to prevent cellular DNA contamination in the
PCR. cDNA was synthesized with the First Strand cDNA synthesis kit (MBI
Fermentas, Heidelberg, Germany) with a random hexamer primer and Moloney
murine leukemia virus reverse transcriptase. The primers used for detection of
HPV38 E6 and E7, xIAP, cIAP1, cIAP2, and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) have been described previously (10, 24). Real-time PCR
was performed using the MesaGreen qPCR MasterMix Plus for SYBR Assay
(Eurogentec, San Diego, CA). The following primers were used: xIAP, Fw
(5
-TGGGGTTCAGTTTCAAGGAC-3
) and Rev (5
-CGCCTTAGCTGCTCT
TCAGT-3
); cIAP1, Fw (5
-CTGGGAACCAAAGGATGATG-3
) and Rev (5
-
ATTCGAGCTGCATGTGTCTG-3
); cIAP2, Fw (5
-CCAAGTGGTTTCCAA
GGTGT-3
) and Rev (5
-TGGGCTGTCTGATGTGGATA-3
); HPV38 E6, Fw
(5
-TCTGGACTCAAGAGGATTTTG-3
) and Rev (5
-CACTTTAAACAATA
CTGACACC-3
); HPV38 E7, Fw (5
-CAAGCTACTCTTCGTGATATAGTT
C-3
) and Rev (5
-CAGGTGGGACACAGAAGCCTTAC-3
); and GAPDH,
Fw (5
-GCCAAAAGGGTCATCATC-3
) and Rev (5
-TGCCAGTGAGCTTC
CCGTTC-3
). GAPDH was used for normalization. Relative expression was
calculated using the comparative threshold cycle (CT) method (2���CT) (34).

EMSA. Cells were collected and washed twice with PBS, and nuclear extracts
were prepared as described previously (55). Briefly, cell pellets were resuspended
in cold buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.5 mM
dithiothreitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 2 	g/ml
aprotinin, and 5% glycerol) and incubated on ice for 30 min with occasional
mixing. Triton X-100 was then added to a final concentration of 0.2%, and the
cell lysates were centrifuged at 5,000 rpm for 5 min to obtain nuclear pellets. The
supernatants were collected as cytoplasmic fractions. The nuclear pellets were
washed with buffer A, resuspended in buffer B (20 mM HEPES, pH 7.9, 450 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 1 	g/ml
aprotinin, and 25% glycerol), and incubated on ice for 30 min with occasional
mixing to extract nuclear proteins. Nuclear lysates were centrifuged at 14,000
rpm for 10 min, and the supernatants were collected as nuclear fractions. Protein
was quantified using the Bradford assay. An electrophoretic mobility shift assay
(EMSA) was performed using the EMSA Gel Shift kit (Panomics, Inc., Fremont,
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CA) according to the manufacturer’s instructions. Briefly, 5 	g of total nuclear
proteins was incubated at room temperature with biotin-labeled NF-�B binding
oligonucleotide, poly(dI-dC), and binding buffer. Complexes were resolved on a
5% nondenaturing acrylamide gel, followed by blotting on a nylon membrane
and visualization by using avidin-labeled horseradish peroxidase (HRP) conju-
gate.

Colony formation assay. HFK 38 E6E7 and HFK 38 E6E7-�NI�B� cells were
seeded at a density of 1 � 103/6-cm dish. After 24 h, the cells were incubated with
or without TNF-� (10 ng/ml). The medium was changed every 48 h, and the
cells were grown for 8 to 10 days. After this period, the cells were washed with
PBS, and colonies were fixed and stained on the plates with crystal violet in
20% methanol. The number of colonies was quantified in each plate by direct
counting.

RESULTS

HPV38 E6 and E7 activate NF-�B signaling. To determine
whether HPV38 activates NF-�B, HEK293 cells were trans-
fected with HPV38 E6 or E7 expression constructs, together
with a luciferase reporter with four upstream NF-�B sites (49).
As shown in Fig. 1A, both viral proteins, alone or in combina-
tion, induced �B site reporter gene activity by about 5- and
7-fold, respectively, compared to the empty-vector control. To
evaluate whether cutaneous HPVs, such as HPV10 and
HPV20, which are not able to immortalize keratinocytes (10)
are impaired in NF-�B activation, HEK293 cells were trans-
fected with HPV10 and HPV20 E6 and E7 expression plas-
mids, together with an NF-�B–luciferase reporter. As shown in
Fig. 1B and in agreement with previous observations, induction
of NF-�B was detected with HPV38 E6 and E7, but not with
HPV10 and HPV20 oncoproteins. Thus, the capacity for
HPV38 E6 and E7 to immortalize human primary keratino-
cytes correlates with their ability to activate NF-�B.

Next, we assessed the effect of HPV38 E6 and E7 on acti-
vation of NF-�B in human keratinocytes, which are the natural
hosts of the virus. Primary HFKs were infected with empty
retrovirus (pLXSN) or immortalized by transduction with a
recombinant HPV38E6E7 retrovirus. RT-PCR analysis dem-
onstrated the presence of mRNAs for both viral genes (Fig.
1C). A relative increase of phosphorylated I�B� was also de-
tected in HPV38E6E7-immortalized cells in comparison to
primary cells transduced with an empty vector (Fig. 1D, with
quantification on the right). This difference was more evident
in HPV38E6E7 HFKs following treatment with TNF-� than in
the control cells (Fig. 1D). To corroborate the initial data, the
experiments were repeated with an additional cell line of
HPV38E6E7 HFKs that was obtained using primary keratino-
cytes from another donor (Fig. 1E, with quantification on the
right). In these immortalized keratinocytes, the constitutive
levels of phosphorylated I�B� were even higher than in the
previously analyzed HPV38E6E7 HFKs (Fig. 1D and E). The
effect of the oncoproteins on NF-�B was further corroborated
in an NF-�B promoter reporter assay, which showed that an
increase of NF-�B activation occurred upon TNF-� treatment
(Fig. 1F). The HPV38 E6- and E7-mediated activation of
NF-�B signaling was also confirmed in a third HPV38E6E7
HFK line that was obtained using primary cells from an addi-
tional donor (data not shown).

Since the phosphorylation and degradation of I�B� depend
on the canonical pathway of NF-�B, we asked whether the
noncanonical pathway can also be activated by HPV38 E6 and
E7. To this end, we examined the effects of HPV38 E6 and E7

on the processing of p100/NF-�B2 to p52, a hallmark of non-
canonical NF-�B activation (13, 14). Ectopic expression of
EBV LMP1, a known inducer of both canonical and nonca-
nonical NF-�B (36), increased the processing of p100/NF-�B2
to p52 (Fig. 1G). However, neither HPV38 E6 nor HPV38 E7
induced a significantly increased level of p52 (Fig. 1G). Thus,
HPV38 E6 and E7 mainly induce the canonical pathway of
NF-�B activation.

To gain further insight into the mechanisms by which
HPV38 E6 and E7 activate NF-�B, we examined whether, like
HPV16 E6 (3), HPV38 E6 and/or E7 can induce the degrada-
tion of the tumor suppressor CYLD, a deubiquitinating en-
zyme that inhibits NF-�B activation (50). We found that nei-
ther HPV38 E6 nor E7 downregulates the levels of CYLD
(Fig. 1H).

Taken together, these results show that HPV38 oncopro-
teins E6 and E7 activate the canonical pathway of NF-�B and
cooperate with TNF-� in NF-�B activation through phosphor-
ylation of I�B� and p65.

Inhibition of NF-�B signaling affects cellular proliferation
and cell survival of HPV38E6E7 keratinocytes upon TNF-�
treatment. Due to the importance of NF-�B activity in cell
survival, proliferation, and transformation, we next determined
the effects of inhibition of NF-�B signaling on these events in
HPV38E6E7 HFKs. To inhibit the NF-�B pathways, we used a
deletion mutant of I�B� (�N-I�B�) that lacks the first N-ter-
minal 36 amino acids (Fig. 2A) (7, 8). �N-I�B� cannot be
phosphorylated and degraded and thus blocks the activation of
NF-�B by retaining p65 in the cytoplasm (7). HPV38E6E7
HFKs were transduced with the empty retrovirus pBabe as a
control or with the retrovirus expressing the superrepressor
�N-I�B�. As shown in Fig. 2B (left), �N-I�B� was efficiently
expressed in transduced cells, whereas no �N-I�B� protein
band was detected in the vector control-transduced cells. �N-
I�B� expression did not significantly alter the mRNA levels of
HPV38 E6 and E7 (Fig. 2B, right, and C).

Exposure of cells to TNF-� did not affect the phosphoryla-
tion and protein levels of �N-I�B�, in contrast to the endog-
enous wild-type I�B� (Fig. 2D). Consistent with the data pre-
sented in Fig. 1A on I�B� phosphorylation, partial localization
of p65 in the nucleus was observed in unstimulated parental
control HPV38E6E7-immortalized keratinocytes (Fig. 2E).
This p65 nuclear accumulation gradually increased upon
TNF-� treatment (Fig. 2E, left). In contrast, p65 was retained
in the cytoplasm in HPV38E6E7 keratinocytes expressing �N-
I�B� following treatment with TNF-� (Fig. 2E, right). Similar
results were obtained by cellular fractionation followed by p65
immunoblotting (Fig. 2F). To more directly determine the
effect of expression of �N-I�B� in keratinocytes on nuclear
NF-�B activity, electromobility shift and luciferase reporter
assays were performed. As shown in Fig. 2G, TNF-�-induced
nuclear �B site binding activity was greatly decreased in �N-
I�B� HPV38E6E7 HFKs compared to control cells. Consis-
tent with these results, �N-���� significantly inhibited NF-�B
reporter gene activity in HPV38E6E7 keratinocytes (Fig. 2H).

We next examined whether inhibition of NF-�B activity by
�N-���� affects the proliferation of HPV38E6E7 HFKs. Un-
der normal growth conditions, �N-���� expression did not
significantly affect the proliferation rate of HPV38E6E7 HFKs
in comparison to the control cells (Fig. 3A). Exposure to
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FIG. 1. HPV38 E6 and E7 activate NF-�B and sensitize HFKs to TNF-�-mediated NF-�B activation. (A) HEK293 cells were transiently
transfected with an NF-�B-dependent firefly luciferase reporter construct (500 ng), together with a Renilla luciferase construct (50 ng), with or
without the different expression vectors for HPV38 E6 and HPV38 E7 oncogenes. The cells were harvested 48 h posttransfection, whole-cell
extracts were prepared, and the firefly and Renilla luciferase activities were measured. The fold induction of NF-�B activity was determined. The
experiment was performed at least three times independently in duplicate. The error bars indicate standard deviations. (B) HEK293 cells were
transiently transfected with an NF-�B-dependent luciferase reporter construct, together with a Renilla luciferase construct with or without the
different pLXSN expression vectors for HPV10 E6, HPV10 E7, HPV20 E6, HPV20 E7, HPV38 E6, and HPV38 E7 oncogenes. The Renilla
luciferase activity was measured, and the fold induction of NF-�B activity was determined. The data are representative of at least three
independent experiments performed in duplicate. (C) Total RNA was isolated from HFKs transduced with the empty vector pBabe (HFK) and
immortalized HFKs expressing HPV38E6E7 (HFK 38 E6E7) using TRIzol reagent, and cDNA was prepared by RT-PCR. The cDNA obtained
was used as a template for determination of the expression of HPV38 E6 and E7 genes with GAPDH expression as a control. (D) HFKs and HFKs
immortalized by HPV38E6E7 were incubated with or without TNF-� (10 ng/ml) for the indicated periods, and whole-cell extracts were analyzed
by immunoblotting with actin as a loading control. Quantification of the level of phosphorylated I�B� (P-I�B�) relative to time zero is presented
(right). (E) HFKs containing empty vector and immortalized HFK 38 E6E7 established from keratinocytes from a different donor than in panel
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TNF-� resulted in significant inhibition of proliferation of both
control cells and cells expressing the ���� superrepressor.
However, the proliferation of HPV38E6E7-immortalized
keratinocytes with impaired NF-�B was substantially more inhib-
ited than that of the control cells (Fig. 3A). Additional exper-

iments showed that cells expressing the I�B� superrepressor
formed 4 to 10 times fewer colonies than the parental
HPV38E6E7-immortalized keratinocytes following exposure
to TNF-� (Fig. 3B and C). Next, we determined whether in-
hibition of the NF-�B complex by an alternative method could

D were analyzed by immunoblotting for the expression of P-I�B�, with actin as a loading control. On the right is shown the quantification of the
relative levels of P-I�B�. (F) HFKs and HPV38E6E7 HFKs (HFK38 E6E7) were transiently transfected with a NF-�B-dependent firefly luciferase
reporter construct, and the luciferase activity and NF-�B fold induction were determined as in panel A. The experiment was performed at least
three times independently in duplicate. (G) HEK293 cells were transiently transfected with a constant amount of myc-p100 expression plasmid with
increased concentrations of expression vectors for HPV38 E6, HPV38 E7, or EBV LMP1. The expression of p100, p52, and LMP1 was monitored
by immunoblotting. The expression levels of HPV38 E6 and HPV38 E7 were determined by qRT-PCR (bottom). (H) HEK293 cells were
transiently transfected with a constant amount of F-CYLD expression plasmid with increased concentrations of expression vectors for HPV38 E6,
HPV38 E7, or both together. F-CYLD protein was revealed by immunoblotting using anti-Flag antibodies. The expression levels of HPV38 E6
and HPV38 E7 were determined by qRT-PCR as in panel F (bottom). Green fluorescent protein (GFP) was used as an internal control for
transfection and loading.

FIG. 2. Nuclear translocation and activity of NF-�B (p65) induced by TNF-� is abrogated in HFK 38 E6E7 expressing the I�B� superrepressor
�NI�B�. (A) Schematic representation of the generation of �N-I�B� by PCR. (B) Whole-cell extracts were prepared from HFK 38 E6E7-
containing vector and HFK 38 E6E7 expressing �N-I�B� (HFK38E6E7-�NI�B�) and analyzed by immunoblotting for I�B� with actin as a
loading control (left). Total RNA was isolated from HFKs, HFK 38 E6E7, and HFK 38 E6E7-�NI�B� using TRIzol reagent, and cDNA was
prepared by RT-PCR. The cDNA obtained was used as a template for determination of the expression of HPV38 E6 and E7 genes with GAPDH
expression as a control (right). (C) The expression levels of HPV38 E6 and E7 in HFK 38 E6E7-vector and in HFK 38 E6E7-�NI�B� were
determined by qRT-PCR. The error bars indicate standard deviations. (D) HFK 38 E6E7 and HFK 38 E6E7-�N-I�B� were incubated with or
without TNF-� (10 ng/ml) for the indicated periods, and whole-cell extracts were analyzed by immunoblotting for I�B� with actin as a loading
control. (E) HFK 38 E6E7 and HFK 38 E6E7-�N-I�B� were incubated with or without TNF-� (10 ng/ml) for the indicated periods and stained
for NF-�B (p65) and nucleus (DAPI [4
,6-diamidino-2-phenylindole]). (F) HFK 38 E6E7-vector and HFK 38 E6E7-�NI�B� were treated or not
with TNF-� (10 ng/ml) for 20 min. Cellular cytoplasmic and nuclear fractions, as well as total lysate, were then prepared and analyzed by
immunoblotting. �-Tubulin and PARP were used as controls for the cellular fractionation (left). Quantification of the relative nuclear p65 fraction
is also shown (right). (G) HFK 38 E6E7 and HFK 38 E6E7-�N-I�B� were incubated with TNF-� (10 ng/ml) for the indicated periods, and nuclear
proteins were extracted and incubated with labeled or unlabeled (CCP) NF-�B-binding oligonucleotides. The DNA-protein complexes were
separated on a polyacrylamide gel, followed by blotting and detection with an EMSA Gel shift kit (Panominc Inc.). (H) HFK 38 E6E7 and HFK
38 E6E7-�N-I�B� were transiently transfected with an NF-�B-dependent firefly luciferase reporter construct, together with a Renilla luciferase
construct. Forty-eight hours posttransfection, the cells were incubated with or without TNF-� (10 ng/ml) for 6 h. The firefly and Renilla luciferase
activities and the NF-�B fold induction were then determined. The experiments were performed at least three times independently in duplicate.
** and *, P  0.01 and P  0.05, respectively.
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result in the same phenomenon. Indeed, p65 gene silencing by
siRNAp65 in HPV38E6E7-immortalized keratinocytes led to a
significant decrease in colony formation upon TNF-� exposure
(Fig. 3D and E). To further corroborate these data, cells were
exposed to the chemical NF-�B signaling pathway inhibitor
Bay-11, which blocks the activation of IKK complex. Bay-11
significantly reduced the proliferation of HPV38E6E7-immor-
talized-keratinocytes in comparison to the control untreated
cells (Fig. 3F) as a result of NF-�B inhibition. As observed for
�N-����, the inhibition of proliferation is enhanced in Bay-
11-treated cells exposed to TNF-� (Fig. 3F). The inhibition of
proliferation observed in cells treated with Bay-11 in the ab-
sence of TNF-� contrasts with what was observed in cells
where NF-�B was compromised with �N-���� (Fig. 1A). This
difference may be due to the key role of IKK� in promoting
accumulation of the p53 antagonist �Np73�, a function that is
independent of NF-�B activation (2). However, the fact that
Bay-11 treatment strongly enhanced the inhibition of cellular
proliferation induced by TNF-� fully confirmed our initial data
obtained in �N-����-expressing cells. Thus, HPV38 E6 and
E7 attenuate the TNF-�-induced inhibition of cellular prolif-
eration via activation of NF-�B signaling.

HPV38 E6 and E7 inhibit TNF-�-induced apoptosis by in-
creasing the expression of NF-�B-regulated survival factor
genes. We next sought to determine whether the inhibition of
NF-�B signaling in HPV38E6E7 HFKs influences the apopto-

sis induced by TNF-� and/or UV irradiation. The latter treat-
ment was included in our experiments because it is known to
be a strong inducer of TNF-� production and a key risk factor
in skin carcinogenesis.

To evaluate the apoptotic response induced by TNF-� or
UV irradiation in HPV38E6E7 HFKs, we first analyzed the
cleavage of the caspase substrate PARP, which is an event closely
associated with apoptosis. As observed previously in a different
study on HPV16 (4), TNF-� treatment of HPV38E6E7 HFKs
induced a low level of apoptosis with cleavage of a small pro-
portion of PARP, while this event was strongly enhanced in
cells expressing �N-I�B� (Fig. 4A, left). Similarly, PARP
cleavage induced by UV irradiation alone or in combination
with TNF-� was more evident in �N-I�B� HPV38E6E7 than
in control cells (Fig. 4A, center and left). Quantification of the
data clearly shows that more cleaved PARP was observed in
cells with compromised NF-�B signaling than in control cells
(Fig. 4A, bottom). In agreement with the PARP cleavage data,
FACS analysis showed that upon TNF-� or UV exposure, the
percentage of apoptotic cells with a sub-G0 content was
higher in HPV38E6E7 HFKs with inhibited NF-�B signaling
(Fig. 4B).

NF-�B activity protects cells against apoptosis by inducing
the expression of a variety of cell survival genes (29, 54).
Therefore, we sought to determine whether the increased
apoptosis observed upon TNF-� or UV exposure is due to

FIG. 3. NF-�B contributes to the proliferation and survival of HFK 38 E6E7. (A) HFK 38 E6E7 and HFK 38 E6E7-�N-I�B� were exposed
or not exposed to TNF-� (10 ng/ml), and the cells were counted at regular intervals as indicated. The experiments were performed at least three
times independently in duplicate. The error bars indicate standard deviations. (B) HFK 38 E6E7 and HFK 38 E6E7-�N-I�B� were exposed or
not to TNF-� as indicated, followed by a colony formation assay. (C) Quantification of the colony formation assay presented in panel B. ** and
***, P  0.01 and P  0.001, respectively. (D) HFK 38 E6E7 transfected with siRNA control or siRNA for p65 was exposed or not to TNF-�,
followed by a colony formation assay (top). The expression level of p65 is shown below. (E) Quantification of the colony formation assay in panel
D. *, P  0.05. (F) Cells were treated with the chemical inhibitor of NF-�B, Bay-11, with or without TNF-� and processed as in panel A.
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altered expression of three survival factors, cIAP, cIAP2,
and xIAP, which are encoded by NF-�B-regulated genes
(22). While TNF-� exposure, as expected, did increase the
level of mRNA expression of cIAP1, cIAP2, and xIAP in the
control cells, a substantial reduction of the expression of
cIAP2 and xIAP was observed in �N-���� HPV38E6E7
HFKs and to a lesser extent for cIAP1 (Fig. 5). Interestingly,

inhibition of the expression of HPV38 E6 and E7 by using
siRNA resulted in apoptosis (Accardi et al., unpublished),
likely a result of inhibition of the expression of survival
factors.

Altogether, these results show that HPV38-induced NF-�B
signaling activation is important for immortalization and that
this event plays a key role in favoring the survival of keratino-

FIG. 4. NF-�B inhibition induces apoptosis in immortalized HFK 38 E6E7. (A) (Top) HFK 38 E6E7 and HFK 38 E6E7-�N-I�B� were
incubated with TNF-� (10 ng/ml) or irradiated with UVB (312 nm; 80 mJ/cm2) or both for the indicated periods, and the whole-cell extracts were
analyzed by immunoblotting for PARP with actin as a loading control. (Bottom) Quantification of relative cleaved PARP product obtained as
shown above. (B) HFK 38 E6E7 and HFK 38 E6E7-�N-I�B� were incubated with TNF-� (10 ng/ml) or irradiated with UVB (312 nm; 80 mJ/cm2)
for the indicated periods. Subsequently, the cells were fixed and stained with propidium iodide, and the percentage of sub-G0 cell population was
detected by FACS. The experiments were performed at least three times independently in duplicate. An asterisk indicates that a statistical
difference exists between HFK 38 E6E7-�N-I�B� and HFK 38 E6E7-vector at that time point with a P value of 0.05. The error bars indicate
standard deviations.
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cytes upon TNF-� or UV exposure via expression of NF-�B-
regulated survival factor genes.

DISCUSSION

We have previously shown that E6 and E7 from beta cuta-
neous HPV38 displayed transforming activities in in vitro and
in vivo experimental models (1, 17). Here, we report that
HPV38 E6 and E7, similar to HPV16 E6 (28) and to the
oncoprotein LMP1 of EBV (8, 49), are able to induce activa-
tion of NF-�B in human keratinocytes. Both HPV38 E6 and
E7 can independently activate NF-�B (Fig. 1A). However, no
significant increase in NF-�B activation was observed when the
two oncoproteins were expressed together (Fig. 1A), probably
as a result of a saturation effect. In addition, NF-�B activation
upon TNF-� exposure was strongly increased in HPV38E6E7-
immortalized keratinocytes in comparison to primary cells
(Fig. 1D). Most importantly, we show that inhibition of NF-�B
signaling by different means sensitizes HPV38E6E7-immortal-
ized keratinocytes to TNF-�- and UV-induced apoptosis. This
event is associated with downregulation of the expression of
survival factors regulated by NF-�B. Interestingly, E6 and E7
from cutaneous HPVs that cannot promote keratinocyte im-
mortalization are impaired in inducing NF-�B activation (Fig.
1B), indicating a link between NF-�B activation and E6- and
E7-mediated cell immortalization.

It was previously shown that HPV16E6E7 keratinocytes are
protected from apoptosis through NF-�B activation (11, 28, 32,
44). Interestingly, cIAP-2, the main survival factor of human
keratinocytes that is induced by HPV16 E6 through NF-�B
activation (28, 56), is also significantly upregulated in
HPV38E6E7-immortalized keratinocytes in an NF-�B-depen-
dent manner. Thus, the two HPV types show some similarity in
their molecular mechanisms. However, the ability to activate
NF-�B appeared not to be shared with E6 and E7 from cuta-
neous HPV types that display weak in vitro transforming ac-
tivities (Fig. 1B), suggesting that this function may be linked to
cellular transformation.

The mechanisms by which HPV38 E6 and E7 activate
NF-�B remain unclear. However, it is likely that E6 and E7
from HPV38 act at different levels of the NF-�B signaling

pathway. It has been demonstrated that the PDZ binding motif
present in HPV16 E6 is important for HPV16 E6-induced
NF-�B activation (28). Activation of NF-�B by HPV16 E6 is
also associated with the degradation of the deubiquitinating
enzyme CYLD, an inhibitor of NF-�B signaling (3). The ab-
sence of a PDZ binding motif in HPV38 E6 and in the E6s of
other cutaneous HPVs and the inability of HPV38 E6 and E7
to induce CYLD degradation (Fig. 1H) suggest that HPV38 E6
and E7 activate NF-�B by mechanisms different from those of
HPV16 E6. Our data also reveal that, in contrast to another
viral oncoprotein, LMP1 (36), the canonical pathway appears
to be the major pathway used by HPV38 E6 and E7 to activate
NF-�B.

NF-�B has been found to be an important modulator of the
expression of various genes contributing to the malignant phe-
notype in human squamous cell carcinoma (SCC) (35). In
addition, NF-�B is constitutively active in murine and human
SCC (18, 19, 53), and inhibition of NF-�B in these cancer cells
abrogates cell survival and tumor growth (19, 39). However,
several studies have reported that transgenic mice expressing a
nondegradable form of I�B� show increased susceptibility to
developing squamous cell carcinoma following increased apop-
tosis (52). Inactivation of IKK� increases skin tumor formation
(15, 46, 57). In addition, decreased expression of IKK� was
also observed in human skin and lung SCC (33, 46, 53). This
discrepancy can result in differences in the cell system envi-
ronment and the nature of targeted cells (54). In virus-induced
carcinogenesis, NF-�B might be required at the earliest stage
of carcinogenesis of skin keratinocytes. However, inhibiting
NF-�B in keratinocytes immortalized by HPV38E6E7 did not
significantly affect the growth of cells in comparison to con-
trol cells (Fig. 3). It is possible that in this particular context,
the lack of a requirement for NF-�B for cell growth may
result from additional cellular events, such as activation of
hTERT and chromosome rearrangements (21). Alterna-
tively, HPV38E6E7 may activate a parallel cellular signaling
pathway, such as AP-1, that has a partial protective effect, as
demonstrated for HPV16E6E7 (32). This situation contrasts
with the case, for example, of immortalization of primary B
cells by EBV, which requires NF-�B activation. Here, block-

FIG. 5. NF-�B-regulated anti-apoptotic genes are important for the survival of HFK 38 E6E7. HFK 38 E6E7 and HFK 38 E6E7-�N-I�B� were
incubated with TNF-� (10 ng/ml) for the indicated periods, and the total RNA extracted was analyzed by qRT-PCR for expression of cIAP1,
cIAP2, and xIAP. The data are representative of three independent experiments with a P value of 0.05. The error bars indicate standard
deviations.
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ing NF-�B spontaneously induced apoptosis in the EBV-
immortalized lymphoblastoid cell lines (9).

In conclusion, our data show that NF-�B activation in
HPV38 E6 and E7 keratinocytes strongly alleviates the anti-
proliferative response of UV and/or the proinflammatory cy-
tokine TNF-� and that a correlation exits between NF-�B
activation and the ability of cutaneous HPV oncoproteins to
promote keratinocyte immortalization. Since UV irradiation is
considered a key risk factor in skin carcinogenesis, our findings
provide evidence for cooperation between UV and beta HPV
infection in promoting skin cancer.
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