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Human papilloma virus (HPV) infection represents an emerging risk factor in head and neck squamous cell carcinoma
(HNSCCQ). In contrast to HPV-negative HNSCC, most cases of HPV-positive HNSCC encode wild-type p53, although the p53
protein in these cells is rapidly degraded via HPV E6-mediated ubiquitination and subsequent proteasomal degradation.
This unique feature of HPV-positive HNSCC has raised hope that liberation of wild-type p53 from the E6 protein may have
therapeutic benefit in this disease. Indeed, suppression of E6 expression promotes apoptosis in HPV-positive HNSCC cell
lines. However, the role of p53 in mediating this cell death has not been determined. Here, we demonstrate that siRNAs
targeting the E6/E7 RNA, or treatment with the proteasome inhibitor bortezomib, resulted in upregulation of functional
p53 and p53 gene targets in three HPV-positive HNSCC cell lines, but not in HPV-negative HNSCC cells. Apoptosis
induced by E6/E7 siRNA in HPV-positive cells was found to be dependent on p53, while bortezomib-induced cell death
was modestly p53-dependent. Treatment with subtoxic doses of bortezomib led to cell cycle arrest in HPV-positive, but
not HPV-negative HNSCC cells. Moreover, this cell cycle arrest was mediated by p53 and the cell cycle inhibitor p21, the
product of a p53 target gene. Collectively, these findings establish that wild-type p53 encoded by HPV-positive HNSCC

cells, once liberated from HPV E6, can play important roles in promoting apoptosis and cell cycle arrest.

Introduction

Head and neck cancer refers to malignancies of the oral cav-
ity, larynx and pharynx, and is the sixth most common cancer
worldwide.! More than 90% of these cancers are squamous cell
carcinomas and are referred to as head and neck squamous cell
carcinomas (HNSCCs). Unfortunately, progress has been slow
in identifying effective therapeutic strategies for HNSCC, and
5-y survival rates have remained around 50% for the past few
decades, underscoring the need to develop new approaches.?
Known risk factors for HNSCC include alcohol and tobacco con-
sumption and infection with human papilloma virus (HPV).>”
HPV represents an emerging health issue in HNSCC. While the
overall incidence of HNSCC is slowly declining in many parts
of the world, the incidence of HPV-positive disease is increas-
ing, particularly among younger adults in the United States and
Europe.®""

Several interesting features characterize HPV-positive
HNSCC. First, most HPV-positive HNSCCs derive from the oro-
pharynx, where roughly 50% of cases may harbor the virus.>”!?
Second, patients with HPV-positive HNSCC generally respond
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better to therapy and have better prognoses than HPV-negative
patients.”>" Third, in contrast to HPV-negative HNSCC where
p53 and RB are almost always mutated or missing, most HPV-
positive HNSCCs encode wild-type p53 and RB.?°?* Mutation
or deletion of p53 and RB may be unnecessary in HPV-positive
HNSCC, since the wild-type p53 and RB produced in these cells
are routinely degraded by HPV E6 and E7 proteins, respectively,
which promote their ubiquitination and proteasomal degrada-
tion.”>** Despite the continual degradation of p53 and RB in
HPV-positive HNSCC, presumptions have been made that the
better therapeutic responses of these cancers is due to the poten-
tial to produce the wild-type 53 and RB proteins. However, this
hypothesis has never been directly tested.

Considerably more has been learned about the role of HPV in
carcinogenesis from studies of cervical cancer, where nearly all
cases can be attributed to HPV infection. Integration of high-risk
HPVs into genomic DNA attenuates expression of the HPV E2
protein, a transcriptional repressor of the viral E6 and E7 genes,
which are transcribed as a bicistronic RNA.# Similar to HPV-
positive HNSCC, the p53 and RB proteins produced in cervical
cancer cells are wild-type proteins, but are degraded by the actions
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Figure 1. Detection of HPV E6/E7 in HNSCC cell lines. (A) RT-PCR was
performed on total RNA harvested from HNSCC cell lines as described in
Materials and Methods. Expected sizes of PCR fragments were detected
using E6-specific primers (298 bp) and E7-specific primers (315 bp) in
UPCI:SCC090, UM-SCC-47 and UD-SCC-2 cells. Expression of B-actin RNA
was used as a control. (B) Three HPV-positive HNSCC cell lines were
transfected with 100 nM nonspecific siRNA or siRNA directed against
the E6/E7 bicistronic RNA. After 48 h, total RNA was prepared and E6/E7
RNA expression was assessed by RT-PCR. Similar results were obtained
in three independent experiments.

of the upregulated E6/E7 proteins. Enforced expression of bovine
or human papilloma virus E2 protein in cervical cancer cells has
been shown to suppress E6/E7 expression and induce apoptosis,
growth arrest and senescence.?*! Highly similar effects are seen
following suppression of E6/E7 using siRNA or shRNA strate-
gies.*** Downregulation of E6 in cervical cancer cells is accom-
panied by upregulation of wild-type p53 and expression of p53
target genes.””?%3 Importantly, inhibition of the upregulated p53
through expression of dominant-negative p53 has indicated roles
for the wild-type protein in cervical cancer growth arrest, apop-
tosis and senescence.””® In the case of HPV-positive HNSCC,
siRNA/shRNA suppression of E6 expression in two cell lines has
been shown to induce p53 and activate apoptosis.>** It is impor-
tant to determine the role of p53 in this scenario, since E6 is
known to bind to multiple other proteins, and the consequences
of suppressing E6 may be due to disruption of these p53-indepen-
dent interactions/pathways. However, due to a lack of functional
testing, the contributions and roles of wild-type 53 in mediating
either apoptosis or growth arrest in HPV-positive HNSCC have
not been determined.

In this report we used three HPV-positive and three HPV-
negative HNSCC cell line models to investigate the role of p53.
Suppression of E6/E7 expression using siRNAs led to upregu-
lation of wild-type p53 protein in HPV-positive cells but not
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HPV-negative cells. Although peptide and small-molecule
inhibitors targeting E6 have recently been identified, they are
still in early development and face significant hurdles prior to
translation to the clinic.*®“ Therefore, as an alternative approach
for inhibiting E6 activity, we employed treatment with bortezo-
mib, a Food and Drug Administration-approved proteasome
inhibitor. Similar to treatment with E6/E7 siRNAs, bortezomib
induced expression of wild-type p53 in HPV-positive cells, but
not HPV-negative cells. Inhibition of p53 expression attenuated
apoptosis caused by E6/E7 siRNAs, and modestly inhibited cell
death resulting from bortezomib treatment. Notably, subtoxic
levels of bortezomib induced cell cycle arrest in HPV-positive
HNSCC cells, without impacting cell cycle progression in HPV-
negative cells. Bortezomib-induced cell cycle arrest was found
to be dependent on p53, as well as the downstream mediator
p21. These findings establish important roles for wild-type p53
in HPV-positive HNSCC, and suggest that liberation of p53
from negative regulation by E6 may have therapeutic value in the
treatment of this disease.

Results

Expression status of HPV16 E6/E7 RNA in HNSCC cell line
models. Our studies incorporated three HNSCC cell lines that
have been reported to be HPV16-positive (UPCI:SCC090,
UM-SCC-47, UD-SCC-2) and three HNSCC cell lines that are
HPV-negative (UM-SCC-22A, UM-SCC-1, 1483).* To verify
the expression status of HPV16 E6/E7 bicistronic RNA in our
models, RT-PCR was performed using primers pairs specific for
E6 coding sequences or E7 coding sequences (Fig. 1A). Use of the
E6 primers yielded a predicted 298 bp fragment with RNA from
UPCI:SCC090, UM-SCC-47 and UD-SCC-2 cells. Similarly,
a predicted 315 bp fragment was seen using the E7 primers. By
contrast, RT-PCR failed to generate E6 and E7 bands using RNA
from UM-SCC-22A, UM-SCC-1 and 1483 cells, despite success-
ful generation of a control B-actin fragment. These experiments
confirmed the expression status of E6/E7 RNA in the HNSCC
cell lines.

To validate the specificity of the RT-PCR-based expression
analysis, and to achieve downregulation of E6/E7 expression, the
three HPV-positive cell lines were transfected with a nonspecific
siRNA or an siRNA targeting the E6/E7 RNA. Forty-eight h
after transfection, RT-PCR was performed using the E6 and E7
primer pairs (Fig. 1B). Transfection with E6/E7 siRNA led to
marked downregulation of the 315 bp E7 fragment (Fig. 1B) and
298 bp E6 fragment (not shown), relative to transfection with
nonspecific siRNA. This confirmed the identities of the RT-PCR
fragments and the utility of the E6/E7 siRNA.

Suppression of EG/E7 expression induces p53 and acti-
vates p53-dependent apoptosis signaling. The E6 protein is
known to promote ubiquitination and proteasomal degradation
of p53.% In cervical cancer cells, suppression of E6 expression
results in p53 upregulation and activation of p53-dependent
apoptosis.””?> Suppression of E6 expression using an siRNA
approach has also been shown to upregulate p53 in HPV-positive
HNSCC cells, but the role and impact of this upregulated p53

Volume 12 Issue 6

©2013 Landes Bioscience. Do not distribute.



v
A &
B e?‘
& S
Y\Q 02
Sl S
£ £
2 e ) N
NS &S
Q =) (4)
QQ Q;\ ‘aQ Q’,\
& A & )
RS < ¥ 0 o
z
i — - — p53 3
4

£
0.42 1.31 0.03 0.73 p53/B-actin ratio _g
s
— — — —  €— [B-actin E

Annexin V

UPCI-SCC090

0? &
& £
%
N £
2 Ny o’ N
& & & &
o_,Q Q;\ %Q &
N \ 3 )
S & SR
8
E
0.84 1.92 0.12 0.81 p53/B-actin ratio _g
e
E— —— — e B_actin E

Annexin V

v.
C &
0? ¥
& &
2
& X ?\Q
.0"} e?“ o‘b
e.é:\\\ eg. Q;é’(\\ %\Q~
K Q:\ &Q é
& C:>\ O "o\
S & <5 £% 8
:g
— S— €— p53 ;
2
0.72 2.60 0.05 1.22 p53/B-actin ratio '.§.
o

N ———— —— <—B-actin

Annexin V

UD-SCC-2

Figure 2. E6/E7 siRNA induces p53-dependent apoptosis in HPV-positive HNSCC cells. UPCI:SCC090 (A), UM-SCC-47 (B) and UD-SCC-2 (C) cells were
transfected with 100 nM nonspecific or E6/E7 siRNAs alone (left, lanes 1 and 2; right, panels 1 and 2), or at 50 nM in combination with 50 nM p53 siRNA
(left, lanes 3 and 4; right, panels 3 and 4). After 72 h, cells were harvested and subjected to immunoblotting for p53 and B-actin (loading control) or
flow cytometric analysis of Annexin V/PI staining. Numbers on the immunoblots indicate p53/B-actin ratios, as determined by densitometric analysis.
Suppression of E6/E7 led to induction of p53, which was partially prevented by p53 siRNA. Numbers on flow diagrams indicate the percentage of An-
nexin V-positive cells. Apoptosis induced by E6/E7 suppression was dependent on p53.

on subsequent cellular responses has not been determined.*®*
As depicted in Figure 2A—C (left panels), transfection of E6/E7
siRNA led to a 3.1, 2.3- and 3.6-fold induction of p53 protein
in UPCI:SCC090, UM-SCC-47 and UD-SCC-2, respectively,
when compared with transfection with nonspecific siRNA. Flow
cytometric analysis of Annexin V/PI staining (Fig. 2A-C, right

panels) also demonstrated induction of apoptosis 72 h following
transfection of E6/E7 siRNA, consistent with similar findings
by Rampias et al.” To determine the role of p53 in apoptosis
induction by E6/E7 siRNA, the HPV-positive cell lines were
co-transfected with E6/E7 siRNA and p53 siRNA (Fig. 2A-C).
Immunoblotting revealed that co-transfection with p53 siRNA
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Figure 3. Proteasome inhibition with bort-
ezomib induces functional p53 protein in
HPV-positive cells but not HPV-negative cells.
Three HPV-negative HNSCC cell lines (A) and
three HPV-positive HNSCC cell lines (B) were
left untreated, treated for 24 h with 0.1%
DMSO, or treated for 24 or 48 h with 50 nM
(UM-SCC-22A, UM-SCC-1, 1483, UPCI:SCCO090,
UM-SCC-47) or 200 nM (UD-SCC-2) bortezo-
mib. Following treatment, immunoblotting
was used to detect expression of p53, p21
and B-actin. Ratios of p53/B-actin and p21/3-
actin were determined by densitometric
scanning. Similar results were obtained in
three independent experiments. (C) Suppres-
sion of p53 expression/activity in bortezo-
mib-treated HPV-positive cells using p53
siRNA. HPV-positive HNSCC cells were either
left untransfected or were transfected with
100 nM nonspecific siRNA or p53 siRNA. After
24 h, untransfected cells were treated with
0.1% DMSO, 50 nM (UPCI:SCC090, UM-SCC-47)
or 200 nM (UD-SCC-2) bortezomib, and trans-
fected cells were treated with bortezomib (50
or 200 nM, as above). After 48 h of treatment,
immunoblotting was used to detect p53, p21,
HDM2 and B-actin. Bortezomib induction

of p53 and the products of p53 target genes
were inhibited by p53 siRNA, but not nonspe-
cific siRNA. The experiment was performed
three times with similar results.

inhibited by approximately 50% the
upregulation of p53 resulting from E6/
E7 siRNA. Importantly, suppression of
p53 expression inhibited apoptosis induc-
tion by E6/E7 siRNA, as assessed by
Annexin V staining. These results dem-
onstrate that the apoptosis activated when
EG/E7 expression is inhibited in HPV-
positive HNSCC cells is p53-dependent.

Bortezomib induces functional p53 in
HPV-positive HNSCC cells. The ability
of p53 to mediate apoptosis activated by
EG6/E7 siRNA in HPV-positive cells indi-
cated that the p53 expressed by these cells
is functional. This is consistent with obser-
vations that most HPV-positive HNSCC
tumors encode wild-type p53.”2"* Our
results also underscore the potential ben-
efit of liberating p53 from E6 negative reg-
ulation in HPV-positive HNSCC. Since
EG6 is known to promote proteasomal deg-
radation of p53, we, therefore, evaluated
proteasome inhibition as an alternative
mechanism for liberating wild-type p53 in
HPV-positive HNSCC cells.

In the absence of proteasome inhibi-
tor, immunoblotting (Fig. 3A) revealed
high levels of p53 expression in two

HPV-negative cell lines (UM-SCC-22A
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and 1483) and lack of p53 in the other HPV-negative line
(UM-SCC-1). However, expression of p21 was not detected in
any of the HPV-negative lines, suggesting that the abundant p53
detected in UM-SCC-22A and 1483 is mutant/nonfunctional
(Fig. 3A). Following treatment of the HPV-negative lines with
the proteasome inhibitor bortezomib, no significant increases
in p53 or p21 levels were detected (Fig. 3A). By contrast, treat-
ment with bortezomib led to substantial upregulation of p53 in
all three HPV-positive cell lines (Fig. 3B). Moreover, bortezo-
mib upregulation of p53 in the HPV-positive cells was accom-
panied by upregulation of p21, indicating that the induced p53
in these cell lines is functional (Table 1). Interestingly, determi-
nation of IC, values for bortezomib revealed similar ranges of
sensitivity in HPV-negative (15.2-51.3 nM) and HPV-positive
(10.0-110.4 nM) cell lines (Table 1).

Bortezomib-induced cell death is partially dependent on
p53 in HPV-positive, but not HPV-negative, cells. We next
sought to determine the impact of p53 on bortezomib-induced
HNSCC cell death. Transfection with p53 siRNA was used to
achieve downregulation of p53. As shown in Figure 3C, transfec-
tion with p53 siRNA abolished bortezomib-induced upregula-
tion of p53 in the three HPV-positive cell lines. Similarly, p53
siRNA abolished expression of the p53 targets, p21 and HDM?2
(Fig. 3C). Transfection with nonspecific siRNA, on the other
hand, had little, if any, effect on bortezomib induction of p53, p21
and HDM2 in the HPV-positive cell lines. We then determined
the impact of p53 downregulation on sensitivity to bortezomib
in trypan blue exclusion assays (Fig. 4). As expected, transfection
with p53 siRNA had no observable effect on bortezomib-induced
cell death in the HPV-negative cell lines. In the HPV-positive
cell lines, however, downregulation of p53 resulted in moderately
enhanced resistance to bortezomib. These results indicate that
liberation of functional p53 provides a modest contribution to
bortezomib-induced cell death in HPV-positive HNSCC cells.

Subtoxic doses of bortezomib inhibit growth and induce cell
cycle arrest in HPV-positive, but not HPV-negative, HNSCC
cells. We next evaluated the impact of bortezomib-induced p53
on cellular proliferation and cell cycle progression. For these
experiments, it was necessary to utilize a subtoxic dose of bort-
ezomib. Preliminary experiments determined that 5 nM bort
ezomib was lower than the IC, | for all six cell lines (Table 1),
failed to induce appreciable cell death, yet still was capable of
upregulating p53 protein in HPV-positive cells. HPV-negative
and HPV-positive cell lines were treated with 5 nM bortezomib
for varying lengths of time, followed by determination of viable
cell numbers (Fig. 5A). As control, cells were treated with equiva-
lent concentrations of DMSO (0.1%), the drug diluent. After
8 d of treatment, bortezomib did not significantly impact the
proliferation of any of the three HPV-negative cell lines. By con-
trast, bortezomib significantly inhibited proliferation of all three
HPV-positive lines. In particular, very potent inhibition was seen
in UPCL:SCC090 and UM-SCC-47 cells. Although less inhibi-
tion was seen in UD-SCC-2 cells, it is notable that these cells
exhibited the highest IC, | (110.4 nM; Table 1) of all six cell lines,
hinting that there may be other mechanisms of bortezomib resis-
tance operating in these cells.
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Table 1. HNSCC cell line characteristics

HNSCC cell line p53 Bortezomib IC,  (nM)
UM-SCC-22A nonfunctional 15.2
UM-SCC-1 not expressed 17.4
1483 nonfunctional 51.3
UPCI:SCC090 WT 10.0
UM-SCC-47 WT 1.2
UD-SCC-2 WT 110.4

The ability of subtoxic bortezomib to inhibit proliferation in
HPV-positive, but not HPV-negative cell lines suggested poten-
tial effects on cell cycle. Therefore, cells were treated with 5 nM
bortezomib followed by assessment of cell cycle status by flow
cytometry (Fig. 5B). In the HPV-negative cells, no significant
effects on cell cycle were detected. In HPV-positive cells, how-
ever, treatment with bortezomib resulted in G, accumulation in
UPCI:SCCO090 cells and G,/M accumulation in UM-SCC-47
and UD-SCC-2 cells. Although it is unclear why G, arrest was
observed in one HPV-positive cell line and G,/M in the other
two, the ability of bortezomib to induce both G, and G,/M arrest
has been reported in other malignancies.®#

Bortezomib-induced cell cycle arrest in HPV-positive
HNSCC cells is mediated by p53 and p21. The p53 protein, act-
ing primarily through p21, is known to promote cell cycle arrest
at G, and G,/M. Therefore, we sought to determine whether the
bortezomib-induced cell cycle arrest observed in HPV-positive
cells was mediated by the liberated, functional p53 expressed
in these cells. Cells were treated with bortezomib, leading to
G, arrest in UPCI:SCC090 cells (Fig. 6A) and G,/M arrest in
UM-SCC-47 cells (Fig. 6B). Prior transfection with nonspecific
siRNA did not significantly impact these effects of bortezomib
on the cell cycle, nor the induction of p53 and p21 proteins
(Figs. 6A and B). On the other hand, transfection with p53
siRNA abolished bortezomib induction of both p53 and p21 and
inhibited G, arrest in UPCI:SCC090 cells and G,/M arrest in
UM-SCC-47 cells. Transfection with p21 siRNA abrogated p21
induction, without impacting p53 upregulation. Moreover, sup-
pression of p21 alone inhibited G, and G,/M arrest to the same
degree as was achieved by suppression of p53 expression. These
results demonstrate that the wild-type p53 liberated by protea-
some inhibition in HPV-positive cells mediates the subsequent
cell cycle arrest. In addition, the effects of p53 on cell cycle arrest
in the HPV-positive cells are dependent on p21.

Discussion

Multiple clinical studies have determined that HPV-positive
HNSCC patients typically respond better to chemoradiation
therapy and have better prognoses than patients with HPV-
negative HNSCC."**® This has raised hope that it may be pos-
sible to target unique elements of HPV-positive HNSCC to
achieve even better outcomes in this emerging disease. One such
unique feature is the fact that HPV-positive HNSCCs, in con-
trast to HPV-negative HNSCCs, generally encode wild-type p53
and RB, which are continually degraded via the HPV E6 and E7
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Figure 4. Bortezomib-induced cell death is modestly dependent on p53 in HPV-positive cells, but independent of p53 in HPV-negative cells. HPV-
negative (top panels) and HPV-positive (bottom panels) HNSCC cells were transfected with 100 nM nonspecific siRNA or p53 siRNA. Twenty-four h after
transfection, cells were treated for 48 h with varying concentrations of bortezomib, followed by assessment of cell viabilities by trypan blue exclusion.
Error bars represent the standard deviations of triplicate wells. The experiment was performed three times with similar results.

proteins, respectively. Studies by Ferris et al.*® and Rampias et
al.’” have shown that siRNA/shRNA-mediated downregulation
of E6/E7 RNA in HPV-positive HNSCC cell lines results in p53
upregulation, while also inducing apoptosis. However, the poten-
tial dependence of this apoptosis on p53 was not investigated.
Therefore, while these studies established the value of targeting
E6/E7 RNA in HPV-positive HNSCC, the benefit and impact
of liberating wild-type p53 remained unclear. Here, we used two
distinct approaches to liberate p53 in a panel of HPV-positive
HNSCC cell lines: siRNA suppression of E6/E7 RNA and pro-
teasome inhibition with bortezomib. Moreover, we used siRNA
to prevent p53 upregulation caused by these approaches, allow-
ing us to evaluate the role and impact of p53 on apoptosis and
cell cycle arrest in the HPV-positive HNSCC cells. Our findings
demonstrate upregulation of p53 and the p53 targets p21 and
HDM2 following E6/E7 suppression or proteasome inhibition.
Cell death resulting from E6/E7 siRNAs or treatment with bort-
ezomib was inhibited by preventing p53 expression. A role for
p53 in promoting cell cycle arrest in HPV-positive HNSCC cells
was also observed. Treatment with subtoxic doses of bortezomib
resulted in p53- and p2l-dependent cell cycle arrest in HPV-
positive, but not HPV-negative, HNSCC cells. Collectively,
these findings demonstrate that wild-type p53 liberated from
E6 negative regulation mediates induction of cell death and cell
cycle arrest in HPV-positive HNSCC, and point to the potential

928 Cell Cycle

value of therapeutic strategies that facilitate liberation of p53 in
this disease.

The necessity of developing new therapeutic strategies and
reagents in HNSCC is highlighted by two points. First, the suc-
cess rates for chemoradiation in treating advanced HNSCC,
including HPV-positive HNSCC, have improved only incremen-
tally over the past few decades, and this remains a difficult to
treat and deadly disease.? Second, the incidence of HPV-positive
HNSCC continues to increase in the United States and sev-
eral European nations.®'! In the case of HPV-positive cervical
cancer, the causative role of infection with high-risk HPVs is
well-established. This has led to the development and applica-
tion of HPV vaccines as highly effective tools for preventing
cervical cancer. The causative role of HPV infection in certain
HNSCC:s is an area of more recent investigation. Epidemiologic
evidence has noted a strong correlation between HPV infection
and tumors of the oropharynx.*”!? As confirmed in this report,
suppression of E6/E7 expression leads to induction of cell death
in HPV-positive HNSCC cell lines. Moreover, co-expression of
E6 and E7 under the direction of the keratin 14 gene promoter
leads to synergistic development of head and neck tumors in a
transgenic mouse model, although E7 is more dominant than
EG when expressed individually.®* Thus, it is possible that vac-
cination against high-risk HPVs also may have significant impact
on the development of HPV-positive HNSCC. However, studies
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validating anti-HPV vaccines as effective agents against HNSCC
development have not been reported and may take years to accu-
mulate statistically significant results.

approaches treating HPV-positive
HNSCC may take advantage of the unique characteristics of
this disease. HPV-positive HNSCC is now considered a distinct
disease entity from tobacco-induced HNSCC.'* Further, HPV-
positive HNSCC patients typically exhibit better responses to
chemoradiation and have better clinical prognoses than HPV-

Alternative toward

negative patients. An obvious molecular distinction of HPV-
positive HNSCC is the continuous expression of HPV E6 and
E7 proteins in the tumor cells. Our results and those of others
demonstrate the utility of suppressing E6/E7 RNA expression in
vitro.**¥ In vivo suppression of E6/E7 has been achieved in cer-
vical cancer. Fujii et al.>® have shown that intratumoral injection
of siRNA targeting HPV18 E6/E7 RNA inhibited the growth
of xenograft tumors derived from SKG-II cervical cancer cells.
Additionally, Gu et al.’' demonstrated that systemic delivery of
lentiviral HPV18 E6/E7 shRNA yielded antitumor effects on
HeLa cell (cervical cancer line) xenograft tumors. It seems likely
that in vivo administration of E6/E7 siRNA/shRNA will result
in similar effects on HPV-positive HNSCC xenograft tumors,
although this remains to be tested.

Although suppression of E6/E7 expression represents a via-
ble approach against HPV-positive HNSCC, the mechanism
whereby EG6/E7 suppression leads to induction of HNSCC cell
death has remained unclear. Our results establish a clear role for
liberation of wild-type p53 in promoting the death of these cells.
However, in vivo application of E6/E7 siRNAs/shRNAs as ther-
apeutic agents may be hindered by several factors. For this reason
we investigated an alternative approach for liberating wild-type
p53: inhibition of E6 mediated ubiquitination and proteasomal
degradation of the p53 protein. This was achieved via inhibition
of the proteasome with bortezomib, a compound that is already
approved by the Food and Drug Administration for the treatment
of multiple myeloma and mantle cell lymphoma.’*>> As expected,
bortezomib treatment resulted in upregulation of functional p53
protein in HPV-positive HNSCC cells, but not in HPV-negative
HNSCC cells. Inhibition of p53 upregulation resulted in modest
inhibition of bortezomib-induced cell death, indicating an anti-
cancer effect for liberation of p53 by proteasome inhibition. The
minor impact of p53 on bortezomib-induced cell death suggests
that this agent induces apoptosis via p53-independent pathways
as well. In addition to a role in promoting cell death, we also dis-
covered that p53 liberated from E6 mediated cell cycle arrest in
HPV-positive HNSCC cells treated with subtoxic doses of bort-
ezomib. Taking advantage of this HPV-specific mechanism may
have therapeutic benefit for treatment of HPV-positive disease. In
this regard, Pyeon et al.’*® have performed genome-wide expres-
sion profiling in HNSCC and cervical cancers. They observed
similarities in deregulated expression of cell cycle genes in HPV-
positive HNSCCs and HPV-positive cervical cancers, which
were distinct from those observed in HPV-negative HNSCCs.
Further studies will be needed to determine whether the wild-
type p53 encoded by these HPV-positive cancers contributes to
the altered expression of key cell cycle regulators beyond p21. p53
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is also known to promote upregulation of BAX, PUMA, NOXA
and BID, pro-apoptotic members of the Bcl-2 protein family,”¢!
which may contribute to the death-inducing activities of p53 in
HPV-positive disease. In addition, p53 has been shown to associ-
ate with pro-apoptotic BAX and BAK, resulting in their activa-
tion,*** and also with Bcl-2 and Bcl-X |, resulting in inhibition
of these anti-apoptotic proteins.®*® Whether these mechanisms
are important for the anticancer effects of wild-type p53 in HPV-
positive HNSCC remains to be determined.

In summary, our studies have established roles for wild-type
p53 encoded by HPV-positive HNSCC in mediating and pro-
moting cell cycle arrest and apoptosis. These findings support
the development and testing of therapeutic strategies aimed at
releasing p53 in HPV-positive HNSCC from negative regulation
by E6. Further studies are needed to evaluate the impact of liber-
ating RB from E7 in this disease. In addition, future studies can
now be more carefully considered to determine whether libera-
tion of wild-type p53 or RB in HPV-positive HNSCC patients
accounts for the improved responsiveness of these patients to con-
ventional therapies.

Materials and Methods

Cells and reagents. Three HPV-negative HNSCC cell lines
(UM-SCC-22A, UM-SCC-1, 1483) and three HPV-positive
HNSCC cell lines (UPCI:SCC090, UM-SCC-47, UD-SCC-2)
were studied. UM-SCC-22A, UM-SCC-1 and UM-SCC-47
were kindly provided by Dr Thomas Carey (University of
Michigan) and 1483 were provided by Dr Gary Clayman
(MD Anderson Cancer Center). UPCI:SCCO090 were given by
Susanne Gollin (University of Pittsburgh) and UD-SCC-2 by
Kathrin Scheckenbach (University of Duesseldorf). All cell lines
were cultured in DMEM medium containing 10% fetal bovine
serum supplemented with 100 units/ml of penicillin/streptomy-
cin. Genotypic validation of the cell lines was performed using
the AmpFISTR Profiler Plus Kite (PE Biosystems).

Antibodies  directed against p53 (cat. #sc-55476),
p21(#sc-6246) and HDM2 (#sc-13161) were purchased from
Santa Cruz Biotechnology, Inc. Anti-B-actin was from Sigma
(#A5441), and horse-radish peroxidase-conjugated second-
ary antibodies were from Promega (#W4028 and #WA4018).
Bortezomb was obtained from LC Laboratories (#B-1408).
Annexin V/propidium iodide apoptosis detection kits were pur-
chased from BD BioScience, Inc. (cat. #556547).

Detection of E6/E7 RNA. For detection of E6/E7 RNA
encoded by HPV, total RNA was prepared from 2 million cells
using TRIzol Reagent (Life Technologies Corp.; #15596-018)
extraction. One pg of total RNA was converted to cDNA then
subjected to PCR amplification using SuperScript III One-
Step RT-PCR System with Platinum 724 DNA Polymerase
(Invitrogen, #12574-018), according to the manufacturer’s
instructions. The following primers were used: E6 forward
primer: 5“TTA CCA CAG TTA TGC ACA GA-3'; EG reverse
primer: 5-ACA GTG GCT TTT GAC AGT TA-3'; E7 forward
primer: 5-AGA AAC CCA GCT GTA ATC AT-3'; E7 reverse
primer: 5“TTA TGG TTT CTG AGA ACA GA-3'; B-actin
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Figure 5. Low-dose bortezomib inhibits proliferation and induces cell cycle arrest in HPV-positive, but not HPV-negative, HNSCC cells. (A) HPV-negative
(top panels) and HPV-positive (bottom panels) cells were plated in triplicate in 96-well plates, allowed to recover overnight, then treated for varying
lengths of time with either 0.1% DMSO or 5 nM bortezomib. Following treatment, viable cell numbers were determined in trypan blue exclusion assays.
p values were determined by comparing DMSO- vs. bortezomib-treated cells on days 5-8. (B) HPV-negative (top panels) and HPV-positive (bottom
panels) cells were treated for 48 h with 0.1% DMSO or 5 nM bortezomib, followed by flow cytometric determination of cell cycle status, as described in
Materials and Methods. Columns represent the means from three independent experiments and error bars represent the standard error of the means.
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Figure 6. Bortezomib-induced cell cycle arrest in HPV-positive HNSCC cells is mediated by p53 and p21. HPV-positive UPCI:SCC090 (A) and UM-SCC-47
(B) cells were mock transfected, or were transfected with nonspecific siRNA, p53 siRNA or p21 siRNA. The transfected cells were incubated for 24 h
before any subsequent treatment. The mock transfected cells were then either left untreated, or were treated for 48 h with 0.1% DMSO or 5 nM bort-

ezomib. The transfected cells were treated for 48 h with 5 nM bortezomib.

Following treatment, cell cycle status was determined by flow cytometry

(left panels). Columns represent the means of three independent experiments, and error bars the standard error of the means. Immunoblotting (right
panels) was used to demonstrate inhibition of p53 expression by p53 siRNA, and inhibition of p21 expression by p53 or p21 siRNAs. Immunoblotting
was performed on each of the three independent experiments analyzed by flow cytometry, with similar results obtained.

forward primer: 5-AGC CAT GTA CGT TGC TAT CC-3%
B-actin reverse primer: 5-I'TG GCG TAC AGG TCT TTG
C-3". The RT-PCR products were electrophoresed on 2% agarose
gels, stained with ethidium bromide and photographed using
Molecular Imager ChemiDoc XRS+ with Image Lab software
(Bio-Rad Laboratories).

Immunoblotting. Treated cells (3 x 10°) were harvested by cell
scraping, washed once in cold PBS and lysed in 300 .l of lysis buf-
fer (50 mM Tris pH = 8.0, 150 mM NaCl, 0.1% SDS, 1% NP40)
containing one tablet of Protease Inhibitor Cocktail (Roche
Applied Sciences; #11836153001)/10 mls. Lysates were subjected
to sonication for 6 sec, then clarified by microcentrifugation
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at 13,000 rpm for 30 min at 4°C. Protein concentrations were
determined using Bio-Rad Protein Assay dye concentrate (Bio-
Rad Laboratories, Inc.; #500-0006). Equal quantities of protein
lysate (40 pg/lane) were electrophoresed on 12.5% SDS-PAGE
gels, then transferred to nitrocellulose filters. Filters were blocked
for 1 h at room temperature with 5% fat-free milk prepared in
TBST (10 mM Tris pH = 8.0, 150 mM NaCl, 0.1% Tween 20),
rinsed once in TBST and incubated overnight at 4°C with pri-
mary antibodies in 5% fat-free milk prepared in TBST. After
rinsing three times in TBST, filters were incubated with second-
ary antibodies for 1 h at room temperature in TBST containing
1% fat-free milk. Filters were then rinsed again in TBST and
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developed using Western Lightning Chemiluminescence Reagent
Plus (Perkin-Elmer Life Science; #NEL 102001EA).
Knockdown of p53, p21 and E6/E7. siRNAs targeting p53
and p21 RNAs, as well as the nonspecific control siRNA, were
obtained from Santa Cruz Biotechnology, Inc. (#sc-29437, #sc-
44214 and # sc-37007, respectively). siRNAs for knocking down
EG6/E7 (5-GUA UGG AAC AAC AUU AGA A-3') were syn-
thesized by Ambion, Inc. For transfection of the siRNAs, 0.3
x 10¢ UM-SCC-47, 0.35 x 10° UPCI:SCC090, or 0.4 x 10°¢ of
UD-SCC-2 were plated into 60-mm plates and allowed to grow
for 24 h. The cells were then individually transfected with 100
nM of siRNA using Lipofectamine 2000 (Invitrogen; #11668-
019), as previously described.®® Twenty-four h after transfection
the cells were subjected to treatment with vehicle or bortezomib.
Assays of cell viability and apoptosis. Cell viabilities were
determined by trypan blue exclusion assays. For determina-
tion of bortezomib IC values, cells were first plated in tripli-
cate into 96-well plates (3,000 cells/well for UM-SCC-1 and
UM-SCC-47; 4,000 cells/well for 1483 and UPCI:SCC090;
6,000 cells/well for UM-SCC-22A and UD-SCC-2), so that the
cells were roughly 40-50% confluent. After overnight recovery,
cells were treated with varying concentrations of bortezomib
for 48 h. Floating cells were then combined with cells detached
from the plate by trypsinization, then treated with trypan blue.
A minimum of 200 cells were counted for each data point, and
IC,; values were calculated using GraphPad Prism software
(GraphPad Software, Inc.). Activation of apoptosis signaling
was assessed by Annexin V/propidium iodide (PI) staining using
FITC Annexin V Apoptosis Detection kits (BD PharMingen;
#556547). Floating cells were combined with cells detached by

trypsinization, then subjected to microcentrifugation, washing in
cold PBS and resuspension in Annexin V/PI binding buffer. The
cells were then stained according to the manufacturer’s instruc-
tions. The stained cells were analyzed by flow cytometry using a
BD Accuri C6 flow cytometer (BD Biosciences).

Cell cycle analysis. Cells were plated into 6-well plates
(0.2 x 10%/well for UM-SCC-47 and UM-SCC-1; 0.3 x 10%/well
for UPCI:SCC090, UM-SCC-22A and 1483; 0.5 x 10%/well for
UD-SCC-2), allowed to recover overnight, then treated for 48 h.
Following treatment, floating cells were combined with attached
cells, then subjected to centrifugation at 3,000 rpm for 5 min
at 4°C. The cell pellets were washed with cold PBS, then fixed
for a minimum of 1 h with 70% ethanol at 4°C. The fixed cells
were washed with AnnexinV/PI binding buffer, stained with PI
(10 pg/ml) and analyzed by flow cytometry.

Statistics. Data was analyzed using SigmaStat software
(Jandel Scientific Software). For comparisons of two groups we
applied Student’s t-test. For comparions of multiple groups we
used one-way ANOVA followed by Student’s Newman-Keul’s
tests. p values < 0.05 were considered statistically significant.
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