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We sought to determine the role of human papillomavirus (HPV) E6 and E7 oncogenes in nuclear β-catenin
accumulation, a hallmark of activated canonical Wnt signaling pathway. We used HPV16-positive oropharyn-
geal cancer cell lines 147Tand 090, HPV-negative cell line 040T, and cervical cell lines SiHa (bearing integrated
HPV16) and HeLa (bearing integrated HPV18) to measure the cytoplasmic and nuclear β-catenin levels and the
β-catenin/Tcf transcriptional activity before and after E6/E7 gene silencing. Repression of HPV E6 and E7
genes induced a substantial reduction in nuclear β-catenin levels. Luciferase assay showed that transcriptional
activation of Tcf promoter by β-catenin was lower after silencing. The protein levels of β-catenin are tightly
regulated by the ubiquitin/proteasome system. We therefore performed expression analysis of regulators of
β-catenin degradation and nuclear transport and showed that seven in absentia homologue (Siah-1) mRNA
and protein levels were substantially upregulated after E6/E7 repression. Siah-1 protein promotes the degrada-
tion of β-catenin through the ubiquitin/proteasome system. To determine whether Siah-1 is important for the
proteasomal degradation of β-catenin in HPV16-positive oropharyngeal cancer cells, we introduced a Siah-1
expression vector into 147T and 090 cells and found substantial reduction of endogenous β-catenin in
these cells. Thus, E6 and E7 are involved in β-catenin nuclear accumulation and activation of Wnt signaling
in HPV-induced cancers. In addition, we show the significance of the endogenous Siah-1–dependent ubiquitin/
proteasome pathway for β-catenin degradation and its regulation by E6/E7 viral oncoproteins in HPV16-
positive oropharyngeal cancer cells. Mol Cancer Res; 8(3); 433–43. ©2010 AACR.
Introduction

The high-risk human papillomavirus types 16 (HPV-16)
and 18 (HPV-18) have been etiologically implicated in the
majority of cervical carcinomas (1). In addition, high-risk
HPVs, especially type 16, have been associated with a
subset of oropharyngeal cancers in individuals without a
history of alcohol use or tobacco exposure (2-4). There
is substantial epidemiologic and molecular pathology
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evidence to support the causal association between HPV16
and a subset of oropharyngeal cancers. HPV-associated oro-
pharyngeal cancers carry a better prognosis compared with
stage-matched HPV-negative counterparts and may need
lessaggressive treatment. Identificationofbiomarkers thatdis-
tinguish HPV-positive versus HPV-negative oropharyngeal
cancers will shed light to the pathogenesis of HPV-induced
head and neck cancers andmay help identify potential targets
for early detection and therapy.
The molecular events in HPV-induced carcinogenesis

have been extensively studied in cervical cancer, the most
widely acknowledged HPV-associated malignancy. Accord-
ing to the molecular progression model of cervical cancer,
integration of the viral DNA into the infected host cell
genome often disrupts the expression of the gene that en-
codes for the E2 protein, a transcriptional repressor of E6
and E7 oncogene expression (5, 6). The disruption of
E2 expression results in the unconstrained expression of
E6 and E7 viral oncogenes. The E6 and E7 oncogenes of
the high-risk HPVs encode oncoproteins that bind and de-
grade p53 and retinoblastoma (Rb) tumor suppressor pro-
teins, respectively (7, 8). p105Rb and the Rb family
members p107 and p130 regulate the activity of E2F tran-
scription factors, and complexes consisting of E2F and
433
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hypophosphorylated p105Rb repress the transcription of
genes such as cyclin A that are required for cell cycle pro-
gression (9). Most cervical carcinomas contain wild-type
p53 and Rb tumor suppressor genes. Thus, the tumor sup-
pressor pathways are intact but dormant in these cells due
to the continuous expression of E6 and E7 oncogenes. We
have recently shown that the retrovirus-mediated delivery
of short hairpin RNAs (shRNA) targeting HPV16 E6/E7
oncogenes in HPV16-positive oropharyngeal cancer cell
lines results in apoptosis and restoration of p53 and pRb
tumor suppressor pathways (10).
We used automated quantitative protein analysis on an

oropharyngeal cancer tissue microarray to identify biomar-
kers that distinguish HPV16-positive versus HPV-negative
cancers. The HPV16 DNA status was determined using
quantitative real-time PCR for HPV16. We found that
β-catenin protein levels were upregulated in HPV16-
positive oropharyngeal cancers compared with their HPV-
negative counterparts (11).
β-Catenin plays a dual role in carcinogenesis. It binds

to the cytoplasmic domain of type I cadherins and func-
tions as a component of cadherin-catenin adhesion system
(12-14). β-Catenin is also the nuclear effector of Wnt
signaling pathway (15). Wnt signaling determines the
abundance of nuclear β-catenin. In the absence of Wnt sig-
naling, GSK-3β is active and phosphorylates β-catenin, re-
sulting in its degradation. Activation of Wnt pathway
inhibits GSK-3β and induces cytoplasmic accumulation
of cytoplasmic β-catenin. The accumulation of cytoplasmic
(signaling) β-catenin leads to its nuclear localization in
which it binds to the T-cell factor/lymphoid enhancer
factor (TCF/LEF) family of transcription factors and
induces expression of target genes. In mammalian cells,
β-catenin-TCF/LEF complexes regulate the expression of
several proto-oncogenes, including c-myc and cyclin D1,
as well as genes important for growth and tumor progres-
sion, such as MMP7, PPARδ, gastrin, connexin 43, and
WISP proteins (16). Moreover, an additional GSK3-
independent pathway of β-catenin ubiquitination and
proteasomal degradation has been described. This pathway
involves a distinct ubiquitin-ligase complex, seven in
absentia homologue 1 (Siah-1)-Siah-interacting protein-
Skp1-Ebi, which promotes the degradation of β-catenin
through a mechanism independent of GSK3β-mediated
phosphorylation (17-19). Siah proteins are members of
an evolutionarily highly conserved family of E3 ubiquitin
ligases that target other proteins for ubiquitination and
proteasomal degradation (20). Siah proteins are involved
in apoptosis and tumor suppression. Some studies have
also indicated that Siah-1 functions as a downstream effec-
tor of p53 (21).
In the present study, we sought to determine whether

the activation of Wnt signaling is involved in HPV-
induced malignant conversion. We found that β-catenin
is accumulated in the nucleus of HPV16-positive oropha-
ryngeal cancer cells and HeLa cervical cancer cells. Fur-
thermore, we show that at least a proportion of the
accumulated nuclear β-catenin in HPV-positive oropha-
Mol Cancer Res; 8(3) March 2010
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ryngeal cancer cell lines is transcriptionally active. This
nuclear β-catenin accumulation seems to be a direct con-
sequence of E6 and E7 HPV oncogene expression in
HPV16-positive oropharyngeal cancer cell lines. Nuclear
accumulation of β-catenin in these cancer cell lines is
not associated with constitutively activated Akt pathway.
Finally, we show the significance of the endogenous Siah-
1–dependent ubiquitin/proteasome pathway for β-catenin
degradation in HPV16-positive oropharyngeal cancer cells
and its regulation by E6 and E7 viral oncoproteins.

Materials and Methods

Cell Lines, Siah-1–Expressing Plasmids, and Transient
Transfection
The human cervical carcinoma cell lines HeLa (HPV18

positive) and SiHa (HPV16 positive) and human embry-
onic kidney 293T cells were obtained from the American
Type Culture Collection. The human oropharyngeal
squamous cell cancer cell lines 147T and 40T were kind
gifts of Dr. Renske Steenbergen (VU University Medical
Center, Amersterday, the Netherlands; ref. 22) and the hu-
man oropharyngeal squamous 090 cell line was a kind gift
of Dr. Susanne Gollin (University of Pittsburgh, Pitts-
burgh, PA; ref. 23). The 147T cells stably express the
HPV16 E6/E7 transcript and contain one to two integrat-
ed copies of HPV16 DNA per cell genome (22). The oro-
pharyngeal cancer cell line 090 contains several integrated
copies of HPV16 DNA and HPV is transcriptionally active
(23). Oropharyngeal cancer cell line 040T is devoid of
HPV DNA. HeLa/16E6, HeLa/16E7, and HeLa/
16E6E7 cell lines were generated as previously described
(24). The Siah-1–expressing plasmid was obtained from
Qiagen and encodes the full-length Siah-1 sequence down-
stream of the T7 promoter in pQE-TriSystem-6 vector
backbone. For transient expression experiments, 2 × 105

cells per 60-mm-diameter plate were transfected with
0.5 μg Siah-1–expressing plasmid or empty vector (pQE-
TriSystem-6 vector as control) using the Fugene 6 transfec-
tion kit (Roche) following the manufacturer's instructions.

Semiquantitative Reverse Transcription-PCR
Total RNA was isolated by using an RNeasy kit and

RNase-free DNase (both from Qiagen) according to the
manufacturer's instructions. Single-stranded complementa-
ry DNA (cDNA) was synthesized from 1 μg of total RNA
by using an iScript cDNA synthesis kit (Bio-Rad). The
cDNA samples were serially diluted (1:5 and 1:20) and
subjected to PCR amplification with forward and reverse
primers with Taq Platinum polymerase (Invitrogen). Am-
plified products were separated on a 1.5% agarose gel
containing ethidium bromide and observed with a UV
transilluminator (wavelength, 300 nm). Primers and an-
nealing temperature are shown in Supplementary Table S1.

Immunofluorescence
Slides were deparaffinized and stained as previously

described (11). A mouse monoclonal primary antibody
Molecular Cancer Research
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specific for β-catenin (clone 14, BD Transduction Labo-
ratories; 1:500 dilution) was used.

shRNA Oligonucleotides and Retrovirus Production
The shRNA oligo (shRNAHN4) for silencing both

HPV16 E6 and E7 gene expression contained 21 nucleo-
tide of the target sequence (5′-GGACAGAGCCCATTA-
CAATAT-3′). Complementary oligonucleotides encoding
shRNAHN4 were annealed and cloned into the pSIREN-
RetroQ retroviral expression vector (BD Biosciences) at a
site 3 to the human U6 promoter resulting in retroviral
plasmids RV-shRNAHN4. The negative control vector
(RV− control shRNA) expressed a scrambled sequence that
did not form a hairpin. The plasmids were purified using
the HiSpeed Plasmid Maxi kit (Qiagen) according to the
manufacturer's instructions and the presence of the correct
inserts was confirmed by DNA sequencing. Retroviral pro-
duction and titration were as previously described (25).

Quantitative Real-time Reverse Transcription-PCR
HPV type 16–positive oropharyngeal cancer cell lines

(147T and 090) were infected with concentrated RV-
shRNAHN4 retroviral stock as described above and then
cultured for 48 h. DNA-free total RNA was then extracted
from the infected cells with the use of an RNeasy mini kit
and RNase-Free DNase (Qiagen) according to the manu-
facturer's instructions. Total RNA (1 μg) was converted to
cDNA by using the iScript cDNA synthesis kit (Bio-Rad)
according to the manufacturer's instructions. Quantitative
real-time reverse transcription-PCR (RT-PCR) was done
in separate 20-μL reaction volumes to evaluate the ex-
pression of the cyclin-dependent kinase inhibitor 1A, p21
(CDKN1A), Drosophila SIAH1, HPV16 E7, and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) genes. Quantita-
tive PCRs were done in triplicate with 40 ng of cDNA as
template, the gene-specific forward and reverse primers
(0.3 μmol/L each), hot-start iTaq DNA polymerase (Bio-
Rad), and the iQ SYBR Green supermix (Bio-Rad) in a
single color icycler iQ Real-time PCR detection system
(Bio-Rad). The amplification program for all primers sets
was 95°C for 3 min, followed by 40 cycles of 95°C for 10 s
and 60°C for 90 s. Real-time PCR amplification data were
analyzed and threshold cycle (Ct) numbers were automat-
ically determined by iQ software (Bio-Rad). The relative
expression of each mRNA was calculated by the compa-
rative δCt method (26). Endogenous glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA levels were
used for the normalization of RNA expression. Primer
sequences are available on request from the author.

Subcellular Fractionation, Western Blotting, and
Immunoprecipitation
Cells were grown in 75-cm2 tissue culture flasks. For the

preparation of whole-cell protein lycates, cells were har-
vested by centrifugation and washed with ice-cold PBS
(SIGMA). Then, cells were lysed in 200 μL of radioimmu-
noprecipitation assay buffer [10 mmol/L Tris-HCl (pH
8.0), 140 mmol/L NaCl, 1% Triton X-100, and 0.1%
www.aacrjournals.org
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SDS], 1% deoxycholic acid, and protease and phosphatase
inhibitors (SIGMA). For the preparation of cytosolic and
nuclear-soluble and nuclear-insoluble protein fraction, the
Qproteome Nuclear Protein kit (QIAGEN) was used
according to the manufacturer's instructions.
For Western blot analysis, ∼25 μg of protein were sepa-

rated by 12% SDS-PAGE and transferred to a polyvin-
ylidene difluoride membrane (BIO RAD, Immun-Blot
PVDF membrane). Monoclonal antibody DO-7 (clone
DO-7, DAKO) was used to detect human p53 protein;
anti-pRb (clone 1F8, LAB VISION) and anti-GAPDH
(clone FL-335, Santa Cruz Biotechnology) were used to
detect pRb and GAPDH proteins, respectively. The mem-
branes were also probed with monoclonal antibodies spe-
cific for the following proteins: β-catenin (clone 14, BD
Transduction Laboratories), p21 (187, Santa Cruz Bio-
technology), E-cadherin (clone 34, BD Transduction
Laboratories), and GSK-3β (clone 7, BD Transduction
Laboratories). The polyclonal antibodies anti–Siah-1 (P-
18, Santa Cruz Biotechnology), anti–phospho-GSK-3β
(Ser9; Cell Signaling Technology), anti-Akt (Cell Signaling
Technology), anti–phospho-Akt (Thr308; Cell Signaling
Technology), anti–phospho-Akt (Ser473; Cell Signaling
Technology), anti–phospho- β-catenin (Ser33/37/Thr41;
Cell Signaling Technology), anti-Histone H3 (Cell Signal-
ing Technology), anti–β-actin (Cell Signaling Technology),
and anti-grp78 (Novus Biologicals) were also used. Visual-
ization of bound antibodies was enchanced by chemilumi-
nescence (Amersham Biosciences). Immunoprecipitation
assay was done as previously described (27).

Luciferase Reporter Assay
For luciferase reporter assay, uninfected, control shRNA–

infected and RVshRNAHN4-infected 147T and 090 cells
were plated at a subconfluent density in six-well tissue
culture plates, 48 h after retrovirus infection, and grown
for 24 h. Cells were then transiently cotransfected
with 0.15 μg of Tcf reporter plasmid TOPFLASH or
FOPFLASH (Upstate Biotechnology) and 0.05 μg of con-
trol reporter plasmid pRL-TK (Promega Corp.) as an inter-
nal control for transfection efficiency. Transfections were
done using Fugene 6 Transfection Reagent (Roche Applied
Science) at 0.2 μg/1 μL DNA. After 48 h, cells were lysed
in passive lysis buffer and the reporter activity was measured
using the Dual-Luciferase Assay System (Promega Corp.)
as described by the manufacturer. All experiments were
repeated thrice and all samples were done in triplicate.

Results

β-Catenin Protein Levels in HPV-Positive
Oropharyngeal Cell Lines
We detected increased β-catenin protein levels, as deter-

mined by automated quantitative protein analysis, in
HPV16-positive–associated oropharyngeal squamous cell
cancers compared with their tobacco-associated counter-
parts (11, 28). As seen in Fig. 1A, in HPV16-negative oro-
pharyngeal squamous carcinomas, β-catenin is mainly
Mol Cancer Res; 8(3) March 2010 435
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localized at the cell membrane. However, in HPV16-
positive oropharyngeal squamous carcinomas, β-catenin is
also detected in the cytoplasm and nucleus.
To determine whether there is any correlation between

HPV infection and increase in β-catenin protein levels,
we compared the endogenous β-catenin protein levels in
different HPV-positive and HPV-negative cell lines. In
our analysis, we included HPV16-positive oropharyngeal
(090 and 147T) and cervical (SiHa) cell lines. Two
HPV-negative cell lines, one oropharyngeal (040T) cell
line, and the human embryonic kidney cell line 293Twere
also included as controls. Western blot analysis revealed
an increase in total β-catenin protein levels in all HPV-
positive cells, whereas the control cell lines 040T and
293T had low or intermediate levels (Fig. 1B). To indi-
vidually assess the levels of cytoplasmic versus nuclear β-
catenin, all cell lines were fractionated into cytoplasmic,
nuclear-soluble, and nuclear-insoluble fractions and β-
catenin levels were subsequently determined in each
fraction by Western blotting. Interestingly, protein ex-
pression analysis showed accumulation of β-catenin in cy-
tosolic and nuclear-insoluble fraction of HPV-positive cells
(Fig. 1D). To the contrary, the total nuclear protein levels
of β-catenin in HPV-negative cell lines (040T, 293T) were
substantially lower compared with the HPV-positive ones.
Incubation of the nuclear-insoluble fraction of HPV-
positive cells with DNase I resulted in the solubilization
of a substantial amount of β-catenin, suggesting its associ-
ation with chromatin. These data provide evidence that
HPV infection is associated with a strong nuclear accumu-
lation of β-catenin in HPV16-positive oropharyngeal and
cervical cell lines.

Repression of E6 and E7 Oncogene Expression Leads to
Downregulation of Nuclear β-Catenin
To determine whether E6 and E7 oncogenes are re-

sponsible for the increased β-catenin protein levels, the
status of β-catenin in HPV16-positive oropharyngeal can-
cer cell lines (147T and 090) after E6/E7 repression was
investigated. E6/E7 repression in HPV16-positive oropha-
ryngeal cancer cell lines was achieved by the retrovirus-
mediated expression of a shRNA oligo (shRNAHN4)
specific for the silencing of both HPV16 E6 and E7 gene
expression. As shown in Fig. 2A, immunoblotting with an
antibody specific for β-catenin revealed a marked decrease
in the level of β-catenin protein in whole protein lysates of
147T and 090 cell lines infected by retrovirus expressing
shRNAHN4 (RVshRNAHN4). To the contrary, the β-
catenin levels in the HPV-negative cell line (040T) re-
mained unaffected by retrovirus infection. To determine
whether the E6 and E7 viral oncogenes upregulate β-
catenin by increasing the transcription of β-catenin gene,
the β-catenin mRNA levels were analyzed by RT-PCR
before and after E6/E7 repression in 147T and 090 cells.
As levels of β-catenin transcript were barely affected in
RVshRNAHN4-infected 147T and 090 cells compared
with uninfected or control-infected (RVcontrol shRNA)
cells (data not shown), it is unlikely that E6 and E7 onco-
Mol Cancer Res; 8(3) March 2010
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genes upregulate β-catenin expression at the transcriptional
level. Our next step was to determine whether the levels of
nuclear signaling β-catenin are affected by E6/E7 expres-
sion. HPV16-positive oropharyngeal 147T cancer cells, in-
fected with RVshRNAHN4, were lysed and fractionated
into soluble cytoplasmic and nuclear fraction and subjected
to immunoblotting with antibodies recognizing β-catenin,
β-actin, histone H3, and GRP78, 48 hours after retrovirus
infection. Actin levels were evaluated to determine equiv-
alent loading, whereas the detection of histone H3, a
nuclear protein, and GRP78, an endoplasmic reticulum
protein, were used to indicate nuclear purity. As seen in
Fig. 2B, both cytoplasmic and nuclear β-catenin levels in
147T cells were substantially decreased after infection with
retrovirus expressing shRNAHN4. Western blot analysis of
total lysates for E-cadherin in whole protein lysates of
shRNAHN4-treated 147T and 090 cell lines 48 hours af-
ter infection did not reveal any alteration in E-cadherin
protein levels after E6/E7 repression (data not shown).
Several studies have described β-catenin relocalization from
the cell membrane to the nucleus (29, 30). To investigate a
possible dissociation of the cadherin-catenin complex in
our HPV-positive squamous carcinoma cell lines, we com-
pared the β-catenin and E-cadherin protein levels of the
immunoprecipitated catenin-cadherin protein complexes
and the levels of free cytoplasmic E-cadherin in the
supernatants before and after E6/E7 repression in 090
and 147 cell lines. β-Catenin immunoprecipitations
revealed that the amount of coimmunoprecipitated E-
cadherin and β-catenin was stable between nontreated
and shRNA-treated cells (Supplementary Fig. S1A
and C). In parallel, the fraction of free cytoplasmic E-
cadherin in supernatants remained unchanged after
E6/E7 repression (Supplementary Fig. S1B and D). These
findings suggest that the accumulated cytoplasmic and
nuclear β-catenin in HPV-positive squamous carcinoma
cell lines 090 and 147T does not derive from β-catenin
relocalization. Taken together, these results indicate that
E6/E7 viral oncogene expression is associated with the
accumulation of cytoplasmic and nuclear β-catenin in
HPV16-positive oropharyngeal cancer cell lines and this
accumulation is not a consequence of β-catenin relocaliza-
tion from cell membrane to the nucleus.

E6/E7 Expression Enhances Activation of a TCF-
Sensitive Reporter by β-Catenin
In the cell nucleus, β-catenin interacts with members of

the TCF/LEF transcription factor family to activate expres-
sion of target genes such as c-myc and cyclin D1 (16). To
determine whether the elevated nuclear β-catenin in
HPV16-positive oropharyngeal cancer cell lines is tran-
scriptionally active, a reporter plasmid that contains four
TCF4-responsive sites upstream of the luciferase gene
(TOPFLASH) and a reporter plasmid that contains mutat-
ed TCF/LEF sites (FOPFLASH) were used for measuring
β-catenin reporter activation by luciferase assays in 147T
and 090 cell lines. Uninfected, control shRNA–infected,
and RVshRNAHN4-infected 147T and 090 cells were
Molecular Cancer Research
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transfected with TOPFLASH reporter plasmid, 2 days
after retroviral infection. To control for transfection effi-
ciency, the reporter plasmid pRL-TK, which contains a
herpes simplex virus thymidine kinase promoter driving
a Renilla luciferase gene, was also cotransfected. The
β-catenin-TCF/LEF–mediated transcription was deter-
mined by luciferase activity. Reporter activities were nor-
malized to the internal control Renilla luciferase activity.
As shown in Fig. 2C and D, TOPFLASH luciferase activity
in RVshRNAHN4-infected 147T and 090 cells was sub-
stantially decreased compared with the activity in unin-
fected or control-infected (control shRNA) 147T and
090 cells. Because there no specific effects of the shRNA
silencing on FOPFLASH activity, these data suggest that
upregulation of nuclear β-catenin levels by E6 and E7 viral
oncogene expression lead to an enhanced activation of
TCF-mediated transcription.

Both E6 and E7 Contribute to Nuclear β-Catenin
Accumulation
To determine the consequences of individually repres-

sing the HPV oncogenes E6 and E7 on β-catenin protein
levels, we used a system to separately extinguish the ex-
pression of the E6 or the E7 protein in HeLa cells. In this
system, recombinant retroviruses were used to introduce
constitutively expressed copies of the high-risk HPV16
E6 or HPV16 E7 gene in HeLa cells (24). Briefly, retro-
viruses composed of the empty vector (LXSN) and a vector
containing the HPV16 E6 or E7 gene were used to infect a
cloned strain of HeLa cells, and individual G418-resistant
colonies were expanded to generate HeLa/LXSN, HeLa/
www.aacrjournals.org
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16E6, and HeLa/16E7 cell lines, respectively. We then
used a recombinant SV40-based viral vector to introduce
the BPV E2 gene into these cells. The E2 protein specifi-
cally represses transcription of the endogenous HPV18 E6
and E7 genes in HeLa cells, whereas the retroviral long
terminal repeat driving expression of the HPV16 E6 or
E7 gene is not affected by the E2 protein. This approach
efficiently delivers the E2 gene so that the acute biochem-
ical and physiologic response of the entire population of
cells can be determined. Thus, following E2 expression,
the HPV16 E6 protein is the only HPV protein expressed
in HeLa/E6 cells and the HPV16 E7 protein is the only
HPV protein expressed in the HeLa/16E7 cells. In our
analysis, we also used a cell line (HeLa/16E6-18E7) in
which both E6 and E7 were constitutively expressed. To
generate this cell line, HeLa/16E6 cells were infected with
a retrovirus carrying the hygromycin resistance gene and
the HPV18 E7 gene. HeLa/16E6-18E7 cells were estab-
lished from colonies resistant to both G418 and hygromy-
cin. The E2 protein repressed the expression of the
endogenous HPV18 E6 and E7 genes in these cells, but
expression of the exogenous E6 and E7 genes persisted.
We used the latter cell line to confirm that the observed
effects are due to E6/E7 repression and not to some E2
function unrelated to E6/E7 repression. Protein extracts
were prepared from E2-uninfected and E2-infected
HeLa/LXSN, HeLa/16E6, HeLa/16E7, and HeLa/16E6-
18E7 cell lines 2 d after infection and were analyzed by
Western blotting to determine the status of β-catenin ex-
pression. As shown in Fig. 3, β-catenin levels were mark-
edly decreased in HeLa/LXSN cells after E2 infection in
FIGURE 1. Detection of β-catenin expression in
head and neck squamous cell carcinomas.
A, false-color immunofluoresence images of
β-catenin expression in HPV-negative (HPV−)
or HPV-positive (HPV+) head and neck
squamous cell carcinomas. Green, antibody to
pan-cytokeratin; red, antibody to β-catenin;
blue, 4′,6-diamidino-2-phenylindole (DAPI)
nuclear counterstain. Arrows, nuclear staining
of endogenous β-catenin. B, 2.0 × 106 cells
from 293T, 040T, 147T, 090, and SiHa cancer
cell lines were used for protein fractionation and
immunodetection of β-catenin on cytosolic,
nuclear-soluble, and nuclear-insoluble fractions
(C, NS, and NI, respectively).
Mol Cancer Res; 8(3) March 2010 437
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which both E6 and E7 were repressed. Decrease in β-catenin
levels to a lesser degree was observed in HeLa/16E6 and
in HeLa/16E7 cells following E2 infection, whereas E2-
uninfected and E2-infected HeLa/16E6-18E7 cells dis-
played β-catenin expression levels similar to E2-uninfected
HeLa/LXSN cells. Taken together, these results indicate
that both E6 and E7 viral oncogenes contribute to the up-
regulation of β-catenin protein levels.

β-Catenin Accumulation Occurs through an
AKT-Independent Pathway in HPV16-Positive
Oropharyngeal Squamous Cancer Cell Lines
147T and 090
It is well known that activated (phosphorylated) Akt

targets GSK3β for phosphorylation, which leads to GSK3β
inactivation and β-catenin stabilization and nuclear trans-
Mol Cancer Res; 8(3) March 2010
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location. Therefore, it was of interest to determine whether
nuclear accumulation of β-catenin is associated with con-
stitutively activated Akt pathway in HPV-positive oropha-
ryngeal cancer cell lines 147Tand 090. To investigate if the
activation status of Akt or GSK-3β changes after E6/E7
repression, HPV-positive oropharyngeal (090 and 147T)
cells were grown to 90% to 95% confluency and then in-
fected with retrovirus expressing either shRNAHN4 or
control shRNA (147T, 090). Western blot analysis using
a phosphospecific antibody against Ser473 was done to de-
tect the activated form of Akt. Another phospho-specific
antibody was also used to detect the inactive form of
GSK-3β, phosphorylated at Ser9. In this protein expression
analysis, phosphorylated Akt and GSK-3β were not
detected in the HPV-positive cell lines analyzed, regardless
of E6/E7 expression status (Supplementary Fig. S2). In
FIGURE 2. Downregulation of β-catenin in 147T and 090 cell lines after repression of HPV16 E6 and E7 genes. A, E6/E7 repression decreases the total
β-catenin protein levels in HPV-positive 147T and 090 cell lines. The oropharyngeal cancer cell lines 040T, 147T, and 090 were infected with retrovirus
expressing control shRNA (lanes 1 and 3) or shRNAHN4, which is specific for silencing of both HPV16 E6 and E7 gene expression (lanes 2 and 4). Total
protein lysates from infected cell lines were separated by SDS-PAGE and immunoblotted with antibodies specific for β-catenin and β-actin. B, E6/E7
repression decreases the β-catenin protein levels in cytosolic and nuclear-insoluble fraction in 147 T-cell line. 147T cells, infected with retrovirus expressing
control shRNA (−) or shRNAHN4 (+) were fractionated into cytoplasmic (lanes 1 and 2) and nuclear (lanes 3 and 4) fraction 48 h after retrovirus
infection. Fractions were separated by SDS-PAGE and immunoblotted with antibodies specific for β-catenin, β-actin, histone H3, and grp78. C, luciferase
activity of lysates of 090 cells. Uninfected and infected with retrovirus expressing shRNAHN4 (RVshRNAHN4) or control shRNA (RVcontrol shRNA) 090
cells were cotransfected with a reporter construct (TOPFLASH or FOPFLASH) and a pRL-TK reporter plasmid as internal control. D, luciferase activity of
lysates of 147T cells. Uninfected and infected with retrovirus expressing shRNAHN4 (RVshRNAHN4) or control shRNA (RVcontrol shRNA) 147T cells
were cotransfected with a β-catenin/TCF responsive reporter construct (TOPFLASH) or a reporter plasmid that contains mutated TCF/LEF sites
(FOPFLASH) and a pRL-TK reporter plasmid as internal control. Black columns, relative TOPFLASH activities. Gray columns, relative FOPFLASH activities.
For the relative luciferase values, luciferase/Renilla ratios were calculated. The relative luciferase value of uninfected cells is set at 1 on the vertical axis.
Data represent results from triplicate dishes in two separate experiments.
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addition, in all HPV-positive cell lines analyzed the protein
levels of nonphosphorylated forms of AKT and GSK-3β
did not change after E6/E7 repression. These results imply
that nuclear accumulation of β-catenin occurs through an
AKT-independent pathway in the HPV-positive cervical
and oropharyngeal squamous cancer cell lines.

E6 and E7 Viral Oncogenes Downregulate the Siah-1
Protein
Because nuclear accumulation of β-catenin in the HPV-

positive oropharyngeal squamous cancer cell lines 090 and
147Toccurs through an AKT-independent pathway, it was
of interest to determine whether reduced Siah-1 level is al-
tered following E6/E7 repression. In this direction, we per-
formed real-time PCR and Western blot analysis,
respectively, to measure Siah-1 mRNA and protein levels
at baseline and 48 hours after E6/E7 repression in 090
and 147T cancer cell lines. Previous studies have provided
evidence that Siah-1 is a direct transcriptional target of p53
(21). Because repression of E6/E7 expression in HPV16-
positive oropharyngeal cell lines is associated with a rapid
restoration of p53 and pRb protein levels (10), it is possi-
ble that upregulation of p53 increases Siah-1 transcription.
To investigate whether repression of E6/E7 expression can
lead to a p53-driven transcriptional activation, in our real-
time PCR, we included p21 as a direct p53 transcriptional
www.aacrjournals.org
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target gene. As shown in Fig. 4B and C), Siah-1 protein
levels in 147T and 090 cells were substantially upregulated
after E6/E7 gene repression. Real-time PCR analysis
showed only a slight induction (1.3-fold) of Siah-1 expres-
sion after E6/E7 repression in both cell lines. Notably,
p21 mRNA levels were induced ∼2-fold in 090 cells and
1.6-fold in 147T cells, 48 hours after E6/E7 repression
(Fig. 4A). These results show that E6/E7 expression is as-
sociated with the downregulation in Siah-1 protein levels
but it is still inconclusive whether this upregulation occurs
at transcriptional or posttranscriptional level. Therefore,
restoration of p53 function after E6 repression may ac-
count for the upregulation of Siah-1 levels and subsequent
degradation of β-catenin.

Siah-1 Promotes the Proteasomal Degradation of
β-Catenin in HPV16-Positive Oropharyngeal
Cell Lines 147T and 090
We next examined whether the degradation of β-catenin

through Siah-1 ubiquitin ligase is functional in HPV16-
positive oropharyngeal cell lines 147T and 090. In this
direction, we introduced a Siah-1 expression vector into
the HPV16-positive 147T and 090 cells. Consequently,
we observed that overexpression of exogenous Siah-1 in
147T and 090 markedly reduced the amounts of endoge-
nous β-catenin in these cells (Fig. 5A). Moreover, reduction
FIGURE 3. Effects of specific repression of HPV E6 and E7 genes on β-catenin levels in HeLa cells. A, protein was extracted from HeLa/LXSN, HeLa/16E6,
HeLa/16E7, and HeLa/16E-18E7 cell lines 2 d after infection with the E2 virus (+) or mock infection (−). A 15 μg amount of each sample was resolved
by gel electrophoresis, transferred to a membrane, and probed with antibodies specific for β-catenin and GAPDH. B, relative quantitation of β-catenin
protein levels through Western blot analysis, was done using the ImageJ software (http://rsb.info.nih.gov/ij/). The value for the band intensity corresponding
to HeLa/LXSN after mock infection (−) was set as 1 and other conditions were recalculated correspondingly to allow ratio comparisons.
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in endogenous β-catenin protein levels through the expres-
sion of exogenous Siah-1 in 147Tand 090 cell lines was not
due to a decrease in β-catenin mRNA levels as determined
by semiquantitative RT-PCR analysis (Fig. 5C), indicating
that the downregulation of β-catenin in these cells was
caused through the activation of its Siah-1–mediated pro-
teasomal degradation. The decline of endogenous β-catenin
protein levels through the overexpression of exogenous
Siah-1 in 147T and 090 cells was suppressed by the addi-
tion of proteasome inhibitor MG132 (Fig. 5B), providing
further evidence of the regulation of β-catenin levels
through Siah-1–mediated proteasomal degradation.

Discussion

In the present article, we show that the Wnt signaling
pathway is active in HPV-positive oropharyngeal cancer cell
lines. Moreover, nuclear β-catenin accumulation seems to
be a direct consequence of E6 and E7 oncoprotein expres-
sion. Furthermore, we show that at least a proportion of the
accumulated nuclear β-catenin in HPV-positive oropharyn-
geal cancer cell lines is transcriptionally active. Finally, we
show the significance of the endogenous Siah-1–dependent
ubiquitin/proteasome pathway for β-catenin degradation in
HPV16-positive oropharyngeal cancer cell lines and its reg-
ulation by the E6 and E7 viral oncoproteins.
Deregulated Wnt signaling is associated with several hu-

man cancers. Aberrant Wnt signaling was first described in
Mol Cancer Res; 8(3) March 2010
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colon cancer in which mutations in adenomatous polyposis
coli, mutations in the GSK-3β phosphorylation sites of
β-catenin, and mutations in axin 2 are prevalent (31).
Activation of Wnt signaling pathway by viral oncoproteins
has been previously reported for Epstein Barr virus (EBV)
and Kaposi's sarcoma–associated herpesvirus (32). In the
case of Kaposi's sarcoma–associated herpesvirus, it is
the encoded latency-associated nuclear antigen protein
that regulates the nuclear accumulation of GSK-3β (33).
Depletion of cytoplasmic GSK-3β leads to consequent
stabilization and accumulation of β-catenin, which sub-
sequently enters the nucleus and activates responsive cellular
genes. In EBV-associated malignancies, activation of Wnt
signaling pathway seems to occur through different mechan-
isms, depending on the cancer type. In EBV-associated na-
sopharyngeal carcinoma, nuclear accumulation of β-catenin
has been proposed to occur through the activation of the
phosphoinositide 3-kinase/AKT pathway by LMP1 and
LMP2A EBV proteins. In these EBV-infected cancer cells,
activated (phosphorylated) Akt targets GSK3β for phos-
phorylation and inactivation, which leads to the nuclear
accumulation of β-catenin (34). In EBV-infected B lympho-
cytes, increased Ser9-phosphorylated GSK-3β, the inactive
form of the enzyme, was detected, but β-catenin deregula-
tion in these cells did not derive from phosphoinositide 3-
kinase activation (35). In the case of EBV-infected B cells,
LMP1 was found to downregulate transcription of the hu-
man homologue of Drosophila Siah-1 (17). Siah-1 is an E3
FIGURE 4. Transcriptional and protein expression analysis of Siah-1 in 090 and 147 T-cell lines after repression of HPV16 E6 and E7 genes. A, gene
expression of p21, Siah-1, and E7 was examined with qRT-PCR analysis of RNA harvested 3 d after RV-shRNAHN4 infection of 147T (black) and 090 (gray)
cells compared with control (RV-control shRNA infection) and normalized to glyceraldehydes-3-phosphate dehydrogenase (GAPDH) expression.
B, repression of HPV16 E6/E7 expression by shRNA silencing upregulates the levels of Siah-1 in 090 cell line. Total protein lysates were made from
uninfected (U), infected with retrovirus expressing shRNAHN4 (+), or control shRNA (−) 090 and 040 T-cell lines. Twenty-five micrograms of extracted
protein of each sample were subjected to electrophoresis and immunoblotted with an antibody specific for Siah-1 as indicated. GAPDH expression
was used as loading control. C, repression of HPV16 E6/E7 expression by shRNA silencing upregulates the levels of Siah-1 in 147 T-cell line. Total
protein lysates were extracted from infected with retrovirus expressing shRNAHN4 (+) or control shRNA (−) 147T cells and was subjected to Western blot
analysis as described in B.
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ubiquitin ligase that acts in a complex with Skp1, Eb1, Siah-
interacting protein, and adenomatous polyposis coli protein
to facilitate, in a p53-dependent manner, the degradation of
β-catenin (19). In the present article, the HPV-positive oro-
pharyngeal cancer cell lines investigated lack the phosphor-
ylation of AKT and GSK3β, indicating that the AKT/
GSK3b pathway is not activated and therefore does not
seem to play an important role in β-catenin accumulation.
The data reported here provide evidence that E6/E7 repres-
sion in HPV-positive oropharyngeal cell lines leads to the
upregulation of Siah-1 mRNA and protein levels. In addi-
tion, we show that E6/E7 expression inhibits the Siah-1–
mediated degradation of β-catenin. It seems that HPV type
16 viral oncoproteins E6 and E7 inhibit Siah-1 in a way sim-
ilar to LMP1 in EBV-infected B cells.
www.aacrjournals.org
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Uren et al. (36) generated an in vitro experimental cer-
vical carcinoma model using primary human keratinocytes
immortalized by HPV and transformed by SV40 small-t
(smt) antigen. They hypothesized that in a multistep car-
cinogenesis model, HPV provides the initial hit and acti-
vation of canonical Wnt pathway may serve as the second
hit. The authors found that smt-transformed cells had high
cytoplasmic β-catenin levels, a hallmark of activated canon-
ical Wnt pathway, and that activation of this pathway by
smt was mediated through its interaction with protein
phosphatase-2A. Protein phosphatase-2A is involved in
the degradation complex of β-catenin. It inhibits Wnt
signaling through its direct interactions with adenomatous
polyposis coli and axin. Therefore, in this experimental
cervical carcinoma model, the activation of Wnt pathway
FIGURE 5. Downregulation of β-catenin through Siah-1 ubiquitin ligase overexpression in HPV16-positive oropharyngeal cancer cell lines 147T and 090.
A, 147T and 090 cells were transfected with Siah-1–expressing plasmid or empty vector as control. At indicated times (24, 48, or 72 h posttransfection),
cell extracts from transfected and untransfected cells were collected and the protein levels of β-catenin and Siah-1 were compared by Western blot analysis
using monoclonal antibodies specific for β-catenin or Siah-1. Endogenous actin was used as loading control. B, 147T and 090 cells were transiently
transfected with Siah-1–expressing plasmid and either mock treated or treated with 10 μmol/L MG132 during the last 4 h of culture. Whole-cell lysates
were prepared, normalized for protein concentration (40 μg per lane), and analyzed by Western blotting using antibodies specific for β-catenin or Siah-1.
Endogenous actin was used as loading control. C, endogenous expression of β-catenin at the transcriptional level. 147T and 090 cells were transiently
transfected with a Siah-1–expressing plasmid. After 72 h, total RNA was extracted from transfected and untransfected 147T and 090 cells and reverse
transcribed to generate cDNA, which was diluted 1:5 and 1:20 and subjected to PCR amplification of β-catenin. Expression of β-actin was used as
internal control.
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is linked with the expression of SV40 smt antigen. The
authors also detected increased cytoplasmic and nuclear
staining of β-catenin in invasive cervical carcinoma samples
from 48 patients and weak cytoplasmic or no nuclear stain-
ing of β-catenin in 18 cases of cervical dysplasia. In our
study, we show that viral E6 and E7 gene expression acti-
vates the canonical Wnt pathway and therefore high-risk
HPV infection is per se sufficient to promote carcinogen-
esis. Our findings contradict the results of Uren et al. (36)
because the activation of Wnt signaling seems not to be a
second hit in cervical carcinogenesis but rather a direct
consequence of viral E6/E7 expression.
To our knowledge, the present report is the first to show

that the E6 and E7 oncoproteins of HPVs type 16 and 18
upregulate nuclear β-catenin, the effector of Wnt signaling
pathway. In addition, this is the first analysis of β-catenin
signaling in HPV16-positive oropharyngeal squamous can-
cer cells. Thus, high-risk HPV types 16 and 18 represent
another example of a virus that can activate the Wnt sig-
naling pathway with its viral oncoproteins. The fact that
individual repression of E6 and E7 oncogenes leads to a
substantial downregulation of β-catenin seems to imply
that nuclear accumulation of β-catenin can be achieved
through different cellular pathways. In addition, the repro-
ducibility of this finding in both oropharyngeal and cervi-
cal cancer cell lines implicates a common mechanism of
regulation of β-catenin levels by E6 and E7 oncoproteins
in these two HPV-associated malignancies.
It is worth to note that repression of E6 gene is also asso-

ciated with a rapid restoration of p53 tumor suppressor
pathway. Interplay between β-catenin and p53 has been de-
scribed in the past. β-Catenin induces an ADP ribosylation
factor–dependent accumulation of p53 (37). In addition,
the proteasomal degradation of β-catenin by p53 is either
mediated by GSK-3β (38) or by a GSK-3β–independent
mechanism that involves Siah-1 (18, 19). Siah-1 is a
p53 target gene. Thus, upregulation of p53 leads to a di-
rect upregulation of Siah-1 mRNA levels. However, we ob-
served that both E6 and E7 contribute to nuclear β-catenin
accumulation. Therefore, there is possibly a second mecha-
nism of β-catenin accumulation, one that is related to E7
function.
Wilding et al. (39) generated an immortalized keratino-

cyte cell line by cotransfection with HPV-16 E6 and E7,
which displayed decreased membrane E-cadherin expres-
sion and redistribution of α-, β-, and γ-catenin from the
undercoat membrane to the cytoplasm. The authors sub-
sequently selected an immortalized keratinocyte cell line
with resistance to differentiation and generated a more
transformed cell line with an invasive phenotype, downre-
gulated E-cadherin and α-catenin, and upregulated epider-
mal growth factor receptor. Subsequent transfection of an
E-cadherin expression construct into the differentiation-
resistant cell line induced restoration of membrane-bound
E-cadherin and catenin expression, induced downregulation
of epidermal growth factor receptor, and reversed the inva-
sive phenotype. The authors showed that overexpression of
the epidermal growth factor receptor correlates with per-
Mol Cancer Res; 8(3) March 2010
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turbation of the E-cadherin/catenin complex seen in the
HPV-16 E6- and E7-transfected keratinocytes, which
may indicate a functional interaction between growth reg-
ulatory factors and adhesion molecules. The authors did
not study potential activation of Wnt signaling by E6
and E7. Our study shows that HPV-positive oropharyngeal
squamous carcinomas display increased cytoplasmic and
nuclear β-catenin levels. However, we found no dissociation
of β-catenin from E-cadherin by coimmunoprecipitation
studies and no change in E-cadherin protein levels. Because
E-cadherin/β-catenin dissociation results in E-cadherin in-
ternalization and degradation (40), our data suggest that
the cytoplasmic and nuclear accumulation of β-catenin is
not a consequence of β-catenin relocalization from mem-
brane to the nucleus.
Al Moustafa et al. (41) developed normal HN epithelial

cells of oral origin expressing ErbB-2 and/or E6/E7. The
authors found that overexpression of ErbB-2 receptor or
expression of E6/E7 of HPV alone does not affect the ex-
pression patterns of E-cadherin/catenin or induce malig-
nant transformation of normal HN epithelial cells. To
the contrary, both processes are deregulated by E6/E7
and ErbB-2 in normal epithelial cells of the HN. However,
this in vitro model does not seem to mimic HPV-induced
malignant transformation in oropharynx. There is lack of
strong evidence supporting the contribution of ErbB-2 ac-
tivation in head and neck carcinogenesis.
In summary, in the present study, we show nuclear ac-

cumulation of transcriptionally active β-catenin in HPV-
positive cervical and oropharyngeal cancer cell lines that
seems to be a direct consequence of E6/E7 oncogene ex-
pression. This β-catenin nuclear accumulation may serve
as a screening tool in HPV-positive populations to detect
malignant progression. Nuclear β-catenin protein detec-
tion may serve as a biomarker to either distinguish indivi-
duals infected with HPV who are at high risk of developing
cancer or diagnose early stages of cancer in infected indivi-
duals. HPV16-positive oral lesions are common and bio-
markers that determine the malignant potential of cells
are needed. Early detection will eventually reduce mortality
in HPV-associated cancers.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank Kristin Yates and Daniel DiMaio for advice and assistance.

Grant Support

Yale School of Medicine Institutional startup funds (A. Psyrri), the Doris Duke
Charitable Foundation (P. Weinberger), and the Virginia Alden Wright Fund
(C. Sasaki).

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received 08/02/2009; revised 02/05/2010; accepted 02/05/2010; published
OnlineFirst 03/09/2010.
Molecular Cancer Research

© 2010 American Association for Cancer Research. 

http://mcr.aacrjournals.org/


Wnt Signaling in HPV-Positive Head and Neck Cancers

Published OnlineFirst March 9, 2010; DOI: 10.1158/1541-7786.MCR-09-0345 
References

1. Walboomers JM, Jacobs MV, Manos MM, et al. Human papillom-

avirus is a necessary cause of invasive cervical cancer worldwide.
J Pathol 1999;189:12–9.

2. D'Souza G, Kreimer AR, Viscidi R, et al. Case-control study of human
papillomavirus and oropharyngeal cancer. N Engl J Med 2007;356:
1944–56.

3. Gillison ML, Koch WM, Capone RB, et al. Evidence for a causal as-
sociation between human papillomavirus and a subset of head and
neck cancers. J Natl Cancer Inst 2000;92:709–20.

4. Weinberger PM, Yu Z, Haffty BG, et al. Molecular classification iden-
tifies a subset of human papillomavirus-associated oropharyngeal
cancers with favorable prognosis. J Clin Oncol 2006;24:736–47.

5. Alani RM, Munger K. Human papillomaviruses and associated malig-
nancies. J Clin Oncol 1998;16:330–7.

6. Psyrri A, DeFilippis RA, Edwards AP, Yates KE, Manuelidis L,
DiMaio D. Role of the retinoblastoma pathway in senescence
triggered by repression of the human papillomavirus E7 protein in
cervical carcinoma cells. Cancer Res 2004;64:3079–86.

7. Munger K, Basile JR, Duensing S, et al. Biological activities and
molecular targets of the human papillomavirus E7 oncoprotein.
Oncogene 2001;20:7888–98.

8. Werness BA, Levine AJ, Howley PM. Association of human papillo-
mavirus types 16 and 18 E6 proteins with p53. Science (New York,
NY) 1990;248:76–9.

9. Serrano M, Hannon GJ, Beach D. A new regulatory motif in cell-cycle
control causing specific inhibition of cyclin D/CDK4. Nature 1993;
366:704–7.

10. Rampias T, Sasaki C, Weinberger P, Psyrri A. E6 and e7 gene silenc-
ing and transformed phenotype of human papillomavirus 16-positive
oropharyngeal cancer cells. J Natl Cancer Inst 2009;101:412–23.

11. Weinberger PM, Yu Z, Kountourakis P, et al. Defining molecular
phenotypes of human papillomavirus associated oropharyngeal
squamous cell carcinoma: validation of three-class hypothesis.
Otolaryngol Head Neck Surg 2009;141:382–9.

12. Conacci-Sorrell M, Zhurinsky J, Ben-Ze'ev A. The cadherin-catenin
adhesion system in signaling and cancer. J Clin Invest 2002;109:
987–91.

13. Jamora C, Fuchs E. Intercellular adhesion, signalling and the cyto-
skeleton. Nat Cell Biol 2002;4:E101–8.

14. Nagafuchi A. Molecular architecture of adherens junctions. Curr Opin
Cell Biol 2001;13:600–3.

15. Polakis P. Wnt signaling and cancer. Genes Dev 2000;14:1837–51.
16. Cadigan KM, Nusse R. Wnt signaling: a common theme in animal

development. Genes Dev 1997;11:3286–305.
17. Jang KL, Shackelford J, Seo SY, Pagano JS. Up-regulation of

β-catenin by a viral oncogene correlates with inhibition of the seven in
absentia homolog 1 in B lymphoma cells. Proc Natl Acad Sci U S A
2005;102:18431–6.

18. Liu J, Stevens J, Rote CA, et al. Siah-1 mediates a novel β-catenin
degradation pathway linking p53 to the adenomatous polyposis coli
protein. Mol Cell 2001;7:927–36.

19. Matsuzawa SI, Reed JC. Siah-1, SIP, Ebi collaborate in a novel
pathway for β-catenin degradation linked to p53 responses. Mol Cell
2001;7:915–26.

20. Filipek A, Jastrzebska B, Nowotny M, Kuznicki J. CacyBP/SIP, a
calcyclin and Siah-1-interacting protein, binds EF-hand proteins of
the S100 family. J Biol Chem 2002;277:28848–52.

21. Fiucci G, Beaucourt S, Duflaut D, et al. Siah-1b is a direct transcrip-
tional target of p53: identification of the functional p53 responsive
element in the siah-1b promoter. Proc Natl Acad Sci U S A 2004;
101:3510–5.

22. Steenbergen RD, Hermsen MA, Walboomers JM, et al. Integrated
human papillomavirus type 16 and loss of heterozygosity at 11q22
www.aacrjournals.org

on May 13, 2021. mcr.aacrjournals.org Downloaded from 
and 18q21 in an oral carcinoma and its derivative cell line. Cancer
Res 1995;55:5465–71.

23. Ferris RL, Martinez I, Sirianni N, et al. Human papillomavirus-16
associated squamous cell carcinoma of the head and neck
(SCCHN): a natural disease model provides insights into viral carci-
nogenesis. Eur J Cancer 2005;41:807–15.

24. DeFilippis RA, Goodwin EC, Wu L, DiMaio D. Endogenous human
papillomavirus E6 and E7 proteins differentially regulate proliferation,
senescence, and apoptosis in HeLa cervical carcinoma cells. J Virol
2003;77:1551–63.

25. Naviaux RK, Costanzi E, Haas M, Verma IM. The pCL vector system:
rapid production of helper-free, high-titer, recombinant retroviruses.
J Virol 1996;70:5701–5.

26. Livak KJ, Schmittgen TD. Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Δ Δ C(T)) Method.
Methods (San Diego, Calif) 2001;25:402–8.

27. Chitaev NA, Troyanovsky SM. Adhesive but not lateral E-cadherin
complexes require calcium and catenins for their formation. J Cell
Biol 1998;142:837–46.

28. Camp RL, Chung GG, Rimm DL. Automated subcellular localization
and quantification of protein expression in tissue microarrays. Nat
Med 2002;8:1323–7.

29. Brembeck FH, Schwarz-Romond T, Bakkers J, Wilhelm S,
Hammerschmidt M, Birchmeier W. Essential role of BCL9-2 in the
switch between β-catenin's adhesive and transcriptional functions.
Genes Dev 2004;18:2225–30.

30. Coluccia AM, Benati D, Dekhil H, De Filippo A, Lan C, Gambacorti-
Passerini C. SKI-606 decreases growth and motility of colorectal
cancer cells by preventing pp60(c-Src)-dependent tyrosine phos-
phorylation of β-catenin and its nuclear signaling. Cancer Res
2006;66:2279–86.

31. Segditsas S, Tomlinson I. Colorectal cancer and genetic alterations
in the Wnt pathway. Oncogene 2006;25:7531–7.

32. Hayward SD, Liu J, Fujimuro M. Notch and Wnt signaling: mimicry
and manipulation by γ herpesviruses. Sci STKE 2006;2006:re4.

33. Fujimuro M, Hayward SD. Manipulation of glycogen-synthase
kinase-3 activity in KSHV-associated cancers. J Mol Med (Berlin,
Germany) 2004;82:223–31.

34. Morrison JA, Klingelhutz AJ, Raab-Traub N. Epstein-Barr virus latent
membrane protein 2A activates β-catenin signaling in epithelial cells.
J Virol 2003;77:12276–84.

35. Everly DN, Jr., Kusano S, Raab-Traub N. Accumulation of cyto-
plasmic β-catenin and nuclear glycogen synthase kinase 3β in
Epstein-Barr virus-infected cells. J Virol 2004;78:11648–55.

36. Uren A, Fallen S, Yuan H, et al. Activation of the canonical Wnt
pathway during genital keratinocyte transformation: a model for
cervical cancer progression. Cancer Res 2005;65:6199–206.

37. Sherr CJ, Weber JD. The ARF/p53 pathway. Curr Opin Genet Dev
2000;10:94–9.

38. Sadot E, Geiger B, Oren M, Ben-Ze'ev A. Down-regulation of
β-catenin by activated p53. Mol Cell Biol 2001;21:6768–81.

39. Wilding J, Vousden KH, Soutter WP, McCrea PD, Del Buono R,
Pignatelli M. E-cadherin transfection down-regulates the epidermal
growth factor receptor and reverses the invasive phenotype of
human papilloma virus-transfected keratinocytes. Cancer Res
1996;56:5285–92.

40. Kowalczyk AP, Reynolds AB. Protecting your tail: regulation of
cadherin degradation by p120-catenin. Curr Opin Cell Biol 2004;
16:522–7.

41. Al Moustafa AE, Foulkes WD, Benlimame N, et al. E6/E7 proteins
of HPV type 16 and ErbB-2 cooperate to induce neoplastic trans-
formation of primary normal oral epithelial cells. Oncogene 2004;
23:350–8.
Mol Cancer Res; 8(3) March 2010 443

© 2010 American Association for Cancer Research. 

http://mcr.aacrjournals.org/


2010;8:433-443. Published OnlineFirst March 9, 2010.Mol Cancer Res 
  
Theodore Rampias, Eleni Boutati, Eirini Pectasides, et al. 
  
Squamous Carcinoma Cells
E6 and E7 Oncogenes in HPV16-Positive Oropharyngeal 
Activation of Wnt Signaling Pathway by Human Papillomavirus

  
Updated version

  
 10.1158/1541-7786.MCR-09-0345doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 http://mcr.aacrjournals.org/content/suppl/2010/03/23/1541-7786.MCR-09-0345.DC1

Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://mcr.aacrjournals.org/content/8/3/433.full#ref-list-1

This article cites 41 articles, 20 of which you can access for free at:

  
Citing articles

  
 http://mcr.aacrjournals.org/content/8/3/433.full#related-urls

This article has been cited by 1 HighWire-hosted articles. Access the articles at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.orgDepartment at

To order reprints of this article or to subscribe to the journal, contact the AACR Publications

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://mcr.aacrjournals.org/content/8/3/433
To request permission to re-use all or part of this article, use this link

on May 13, 2021. © 2010 American Association for Cancer Research. mcr.aacrjournals.org Downloaded from 

Published OnlineFirst March 9, 2010; DOI: 10.1158/1541-7786.MCR-09-0345 

http://mcr.aacrjournals.org/lookup/doi/10.1158/1541-7786.MCR-09-0345
http://mcr.aacrjournals.org/content/suppl/2010/03/23/1541-7786.MCR-09-0345.DC1
http://mcr.aacrjournals.org/content/8/3/433.full#ref-list-1
http://mcr.aacrjournals.org/content/8/3/433.full#related-urls
http://mcr.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://mcr.aacrjournals.org/content/8/3/433
http://mcr.aacrjournals.org/

