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Head and neck squamous cell carcinoma (HNSCC) is an aggressive disease with high mortality. Treat-
ments, which can result in significant morbidity, have not substantially changed in three decades. The
second messenger cyclic GMP (cGMP), which targets protein kinase G (PKG), is generated by guanylate
cyclases (GCs), and is rapidly hydrolyzed by phosphodiesterases (PDEs). Activation of the cGMP/PKG pathway
is antineoplastic in several cancer types, but its impact on HNSCC has not been fully exploited. We found

Keywords: differential expression of critical components of this pathway in four HNSCC cell lines. Several activa-
;Iig/lp tors of soluble GC (sGC), as well as inhibitors of PDES5, increased intracellular cGMP, reduced cell viability,
sGC and induced apoptosis in HNSCC cells. The apoptotic effects of the sGC activator BAY 41-2272 and the
PDES5 PDES5 inhibitor Tadalafil (Cialis) were mediated by PKG. Furthermore, Tadalafil substantially reduced the
HNSCC growth of CAL27-derived tumors in athymic mice. Several drugs which either activate sGC or inhibit PDE5
Tadalafil are approved for treatment of nonmalignant conditions. These drugs could be repurposed as novel and
effective therapeutics in patients with head and neck cancer.

© 2015 Elsevier Ireland Ltd. All rights reserved.

Introduction peptides, while soluble GC (sGC) is a cytosolic enzyme [11,12] that

Head and neck cancer is the 6th most common cancer, with
~600,000 new cases diagnosed annually worldwide [1]. These tumors
frequently occur in the oral cavity, oropharynx, hypopharynx and
larynx, and >90% are histologically classified as squamous cell car-
cinomas (HNSCC). Risk factors have historically included tobacco
use and heavy alcohol consumption. Human papilloma virus (HPV)-
positive tumors are increasing in prevalence and in general have
improved prognosis [2]. Yet, the overall five year survival rate for
HNSCC is less than 50% [3]. Treatments include surgery, radiother-
apy, chemotherapy or their combinations. Disease progression as
well as treatment can result in adverse side effects such as facial
disfigurement, difficulty swallowing and speech impediment, which
severely reduce the quality of life [4]. Hence, more effective ther-
apeutic approaches for HNSCC are urgently needed.

The cyclic GMP (cGMP)/protein Kinase G (PKG) cascade is rec-
ognized as an endogenous apoptotic pathway in a number of cancer
types, particularly breast and colon [5-10]. Cyclic GMP is gener-
ated from GTP by two distinct guanylate cyclase (GC) types.
Particulate GCs (pGCs) are transmembrane receptors for natriuretic
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serves as a receptor for nitric oxide (NO), a cell permeable second
messenger. Once produced, cGMP can be rapidly hydrolyzed by cyclic
nucleotide phosphodiesterases (PDEs), a superfamily of 12 members
that differ in structure, catalytic properties, and subcellular local-
ization [13]. The PDEs are grouped into three classes: PDE4, 7 and
8 that hydrolyze cAMP, PDES5, 6, and 9 that break down cGMP, and
the remainder have dual activity. The main downstream effectors
of cGMP are two serine-threonine kinases, PKG-I and PKG-II, which
share a number of targets with protein kinase A (PKA), while others
are distinct [14].

Several drugs which increase intracellular cGMP are approved
for treatment of nonmalignant conditions. For example, selective
PDE5 inhibitors such as Tadalafil (Cialis), Sildenafil (Viagra) and
Vardenafil (Levitra) are used to treat erectile dysfunction [15]. Sodium
nitroprusside (SNP), a nitric oxide donor, is used as an acute vaso-
dilator [16], while Riociguat, an NO-independent sGC stimulator,
is approved for the treatment of pulmonary hypertension [17]. There
is significant potential for repurposing these drugs as antineoplas-
tic agents in many cancers.

The objectives of this study were to: (a) examine expression of
components of the sGC/PDE/PKG signaling cascade, and (b) deter-
mine the effects of cGMP pathway activators on the growth and
survival of HNSCC cells. We are reporting that activation of the sGC/
cGMP/PKG cascade by sGC stimulators and/or by PDE5 inhibitors
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Fig. 1. sGC/cGMP/PKG signaling pathway in HNSCC cell lines. (A) Model of cGMP
signaling pathway and the drugs and inhibitors utilized in these studies. Soluble
guanylate cyclase (sGC) generates cyclic GMP (cGMP) from GTP, and cGMP is con-
verted to inactive 5" GMP by phosphodiesterase 5 (PDE5). Nitric oxide (NO), generated
by sodium nitroprusside (SNP), activates sGC. Direct sGC stimulators (YC-1 or BAY
41-2272) increase sGC activity and synergize with NO. Tadalafil and Sildenafil in-
crease cGMP by inhibiting PDES5. Increased cGMP leads to PKG activation and apoptosis.
Inhibitors of sGC (ODQ) or PKG (KT 5823) reverse the apoptotic effects of sGC stimu-
lators and PDES5 inhibitors. (B) Expression of sGC subunits (GUCY1A2, GUCY1A3 and
GUCY1B3), PDE5 (PDE5A), PDE11 (PDE11A), PKG-I (PRKG1 ¢ and PRKG1 ) and PKG-II
(PRKG2) was examined by conventional PCR in UMSCC-1 (UM1), UMSCC-6 (UM6),
UMSCC-47 (UM47) and CAL27 HNSCC cell lines. Human heart cDNA was used as a
positive control for all genes except for PRKG2, for which whole human brain cDNA
was used. B2-microglobulin (??2M) serves as a control gene. (C) Drug-induced in-
tracellular cGMP accumulation in UM47 and CAL27 cells. Cells were treated with
BAY 41-2272 (BAY; 10 uM), Tadalafil (Tad; 50 uM), SNP (1 mM) or combinations thereof
for 60 minutes, and cell lysates were analyzed for cGMP content by competitive ELISA.
Results are presented as fold change over vehicle-treated cells. Each value is a
mean + SEM of 4-5 replicates. * indicates significant (p < 0.05) vs. control, # indi-
cates significant vs BAY, SNP, or Tadalafil alone.

markedly increases apoptosis in cultured HNSCC cells. Further-
more, administration of Tadalafil to athymic mice with HNSCC
xenografts suppresses tumor growth. Fig. 1A illustrates critical com-
ponents of the cGMP/PKG apoptotic pathway and its augmentation
by diverse drugs.

Materials and methods
Cell lines and culture

UMSCC-1 (UMT1; oral cavity, HPV-), UMSCC-6 (UM6; oropharynx, HPV-), and
UMSCC-47 (UM47; tongue, HPV+) cells were purchased from the University of Mich-
igan, while CAL27 (tongue, HPV-) cells were from the American Type Culture
Collection (ATCC). Cells were maintained in DMEM containing 10% FBS (Atlanta Bio-
logicals, Flowery Branch, GA) and 50 pug/mL normocin (Invivogen, San Diego, CA).
For experiments, cells were starved for 24 h and then incubated with various

Table 1
List of primers used in conventional PCR.

Gene Forward primer Reverse primer

GUCY1A2 AGTGAAACGGATTTGGGTACTGA TGGACCAGTCCTTACCTCCA
GUCY1A3 ACGAGTGAGGAGATGGGACA GGTAGAGCCCTCGTCCTGTA
GUCY1B3 ACACACTGCTGGGATACTGC AGAGCTAGAGGCCAATTATTCCA
PDE5A TTGCCTAGCAGTGAAGTGCC CAATTGCTTGTGATGGCCTGT
PDE11A  CGCGATGTTAACCACTGCTG GGCAGAGCCACTCTTAGCTT
PRKGlo.  CGAGTACTTAGCGCCCATTCA CCGCTTCTCCAGCTCTTTGAT
PRKG1f  TGATCGGAGAGGGGAGGAAG CGGTACTTGTCCAGCTCGTT
PRKG2 ATCCCAACTCCACCATTTCCT GTACAATTCTGCATACAGATACCAA
B2M GGCATTCCTGAAGCTGAC GAATCTTTGGAGTACGCTGG

treatments in DMEM containing 2% charcoal/dextran-stripped FBS (Atlanta Biologi-
cals) unless otherwise noted.

Drugs and inhibitors

The NO donors S-Nitroso-N-Acetyl-D,L-Penicillamine (SNAP) and (Z)-1-[N-(2-
aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-1,2-diolate (DETA NONOate)
were obtained from Cayman Chemical (Ann Arbor, MI), and sodium nitroprusside
(SNP) was obtained from Sigma Aldrich (St. Louis, MO). The sGC stimulators BAY
41-2272 (BAY) and YC-1, and the sGC inhibitor 1H-[1, 2, 4]Joxadiazolo[4,3-a]quinoxalin-
1-one (ODQ) were from Cayman. The PDE5 inhibitors Tadalafil (Cialis) and Sildenafil
(Viagra) were from Selleck Chemical (Houston, TX). The PKG inhibitor KT5823 was
from Cayman.

Conventional PCR

RNA was isolated using RNAspin Mini kit (GE Healthcare, Milwaukee, WI), and
reversed transcribed using a first strand RT kit from Qiagen (Germantown, MD). PCR
amplification was done with primers for cGMP pathway components or 2-
Microglobulin (B2M), used as a reference gene (Table 1). PCR was done using DreamTaq
Green PCR Mastermix (Life Technologies, Carlsbad, CA) in an Eppendorf Master Cycler
(Westbury, NY). Cycle conditions were: 95 °C for 3 min, followed by 35 cycles of 95 °C,
58 °C, and 72 °C, each for 30 sec. Products were resolved on 1.5% agarose gel with
ethidium bromide and digitally imaged.

cGMP analysis

Cells were plated at 250,000 cells/well in 12-well plates, and treated with various
compounds for 60 min. After lysis in 0.1 M HCl and centrifugation, cGMP in super-
natants was quantified by a colorimetric competitive ELISA kit from Cayman.

Cell viability and BrdU incorporation assays

Cells were plated at 3000 cells/well in 96-well plates and were treated for 72 h.
Cell viability was determined by the MTT assay (Affymetrix, Cleveland, OH). For the
BrdU DNA synthesis assay, cells were treated for 24 h and cell lysates were ana-
lyzed using an ELISA kit (Millipore, San Diego, CA).

Flow cytometry

Cells were plated at 300,000 cells/well in 6-well plates. For inhibitor studies, ODQ
or KT5823 was added 1 h before treatment with other drugs. After 72 h, apoptosis
was determined using FITC/Annexin V Apoptosis Detection Kit (BD Biosciences, San
Jose, CA). Briefly, cells were incubated with Annexin V and propidium iodide for 15 m
and then analyzed by flow cytometry using a Cell Lab Quanta SC Flow Cytometer
with accompanying software (Beckman Coulter). About 10,000 gated events were
collected per treatment.

Western blotting

Cells were treated for 24 h and then lysed on ice in RIPA buffer containing a cock-
tail of protease inhibitors (Sigma). Protein concentrations were determined by a BCA
protein assay kit (Life Technologies), and 40 pg was resolved on 12% SDS-PAGE, and
transferred to PVDF membranes. After blocking with 0.5% BSA, membranes were in-
cubated in primary antibodies against Caspase-9 (Cell Signaling Technologies, Danvers,
MA) for 24 h, followed by several washes and incubation with HRP-conjugated sec-
ondary antibody (GE Healthcare). Blots were developed using SuperSignal West Pico
chemiluminescence substrate (Life Technologies). Membranes were re-probed with
B-actin antibody (Sigma) as a loading control.

Clonogenic assay

Cells were plated in growth media at 150 cells/well in 6-well plates, allowed
to attach for 6 h and then treated for 72 h. Media were replaced, and the cells were
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maintained in growth media for two weeks. Colonies were fixed with glutaralde-
hyde (6.0% v/v), stained with crystal violet (0.5% w/v) and photographed. Colonies
containing >50 cells were counted.

Animals and xenograft studies

Eight-week old female athymic nu/nu mice were obtained from Charles River
Laboratories (Wilmington, MA). Mice were housed 4/cage under sterile conditions,
and acclimated for 7-10 days before experiments. The animal use protocol (#04-
06-29-01) was approved by the University of Cincinnati Institutional Animal Care
& Use Committee. CAL27 cells were suspended 1:1 in PBS/Matrigel (BD Biosci-
ences, Franklin Lakes, NJ) and 2 x 10° cells/100 pL were inoculated sc into the flank.
Tumor dimensions were measured twice/week, and volume was calculated as
length x width? x 0.52. When tumors reached ~200 mm?3, Alzet osmotic mini-
pumps (model 1004, Durect Corporation; Cupertino, CA) with a 100 uL reservoir and
rated for a continuous delivery at 0.09 uL/hr for 4 weeks were implanted sc. The
pumps delivered vehicle (polyethylene glycol 400; Sigma) or Tadalafil (1 mg/kg/
day). Each treatment included 12 mice. Tumor volumes were measured for an
additional 3 weeks, at which time mice were euthanized and tumors were removed
and weighed.
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Statistics

Student’s t-test or ANOVA was used where appropriate. P-values < 0.05 were con-
sidered significant. All experiments were repeated 2-3 times, unless otherwise noted.

Results

HNSCC cell lines express essential components of the sGC/PDE/PKG
signaling cascade

The sGC enzyme is a heterodimer comprised of o subunits: sGCo/1
or sGCa2 (encoded by GUCY1A3 or GUCY1A2, respectively), and a
B subunit: sGCR1 (encoded by GUCY1B3). As determined by con-
ventional PCR, all four HNSCC cell lines expressed the common 3
subunit and GUCY1A3, while only UMA47 cells expressed detect-
able levels of GUCY1A2 (Fig. 1B). Since in addition to inhibiting PDE5,
Tadalafil can also inhibit PDE11 [18], we examined the expression
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Fig. 2. NO donors, sGC stimulators, and PDES5 inhibitors decrease the viability of HNSCC cells. Cells were treated with increasing doses of DETA NONOate (A), SNAP (B), SNP
(C), BAY 41-2272 (D), YC-1 (E), Tadalafil (F), and Sildenafil (G) for 72 h. (H) Cells were treated with Tadalafil (50 uM) for 2 h and then with Tadalafil and BAY 41-2272 (1 uM)
for 72 h. Cell viability was determined by MTT assay. Each value is a mean + SEM of 6 replicates. * indicates significant (p <0.05) vs. control, # indicates significant vs BAY

or Tadalafil alone.
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of both genes. All cell lines expressed PDE5A, while only CAL27 cells
expressed appreciable levels of PDE11A. Two PKG genes encoding
PKG-I (PRKG1) and PKG-II (PRKG2) have been identified in humans,
with PKG-I existing as two splice variants (PRKG1o and PRKG1j).
All four cell lines expressed PRKG2 and PKG1f, while none ex-
pressed detectable levels of PKG1« (Fig. 1B).

Tadalafil, BAY 41-2272 and SNP increase cGMP in HNSCC cells

We next examined whether drugs which stimulate sGC or inhibit
PDE5 alter cGMP levels in HNSCC cells. UM47 and CAL27 cells were
treated for 60 minutes with the sGC activator BAY 41-2272 (BAY,
10 uM), the NO donor sodium nitroprusside (SNP; 1 mM), or the
PDES inhibitor Tadalafil (Tad; 50 uM), or with a combination of BAY
and Tadalafil or SNP and Tadalafil. As determined by an ELISA, all
three drugs significantly increased cGMP content, with BAY being
most effective in both cell lines (Fig. 1C); UM47 cells were consid-
erably more responsive than CAL27 cells. As expected, combined
treatments were more effective than treatment with any single drug.
Similar results were obtained with UM1 and UM6 cells (data not
shown).

Various sGC stimulators and PDE5 inhibitors decrease the viability of
HNSCC cells

The effects of sGC stimulators and PDE5 inhibitors on cell via-
bility were compared among the four HNSCC cell lines. As
determined by MTT assay, cell viability was decreased by the NO
donors DETA-NONOate, SNAP and SNP (Fig. 2A-C). Treatment with
the NO-independent sGC stimulators BAY (Fig. 2D) and YC-1 (Fig. 2E)
also decreased the viability of the four cell lines in a dose-dependent
manner. BAY was effective at much lower doses than YC-1. As il-
lustrated in Fig. 2F and G, both PDES5 inhibitors Tadalafil and Sildenafil
decreased cell viability, with the more stable Tadalafil having a more
pronounced effect. Co-treatment with BAY and Tadalafil was more
effective than either drug alone (Fig. 2H).

BAY 41-2272 and Tadalafil reduce cell proliferation and induce
apoptosis

Since decreased cell viability can reflect a suppression of cell pro-
liferation and/or an increased cell death, we next examined the
effects of BAY and Tadalafil on both parameters. As determined by
BrdU incorporation, a 24-hr treatment with 10 uM BAY modestly,
but significantly, decreased the proliferation of all four cell lines
(Fig. 3A). Tadalafil at 50 uM decreased the proliferation of UM47 and
CAL27, but not of UM1 or UMB6 cells. As determined by Annexin V
staining and flow cytometry, both BAY and Tadalafil substantially
increased apoptosis in all four cell lines (Fig. 3B). Both drugs also
induced Caspase-9 cleavage in CAL27 and UM47 cells (Fig. 3C), con-
firming an induction of apoptosis. Collectively, these data indicate
that the cGMP activating drugs exert both cytotoxic and cytostatic
effects in HNSCC cells.

BAY and Tadalafil decrease clonogenic survival of HNSCC cells

Clonogenic survival assays are commonly employed to deter-
mine whether cancer cells recover over time from the effects of
cytotoxic treatments [19]. CAL27, UM6 and UM47 cells were plated
at very low density and Tadalafil (50 uM) or BAY (10 uM) was added
4-6 h later for 72 h. The cells were then maintained in growth media
for two weeks in the absence of drugs. Fig. 4A-C shows that both
drugs sharply reduced the number of surviving colonies in all three
cell lines, with BAY being more effective than Tadalafil.
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Fig. 3. BAY 41-2272 (BAY) and Tadalafil (Tad) decrease cell proliferation and induce
apoptosis in HNSCC cells. (A) Cells were treated with BAY (10 uM) or Tadalafil (50 uM)
for 24 h in the presence of BrdU. After fixation, BrdU incorporation was deter-
mined by ELISA. Each value is a mean + SEM of four replicates. (B) Cells were treated
with BAY (10 uM), Tadalafil (50 uM) or vehicle (Con) for 72 h, stained with Annexin
V and propidium iodide and analyzed by flow cytometry. Each value is a mean + SEM
of three replicates. * indicates significant (p < 0.05) vs. control. (C) CAL27 and UM47
cells were treated with various drugs for 24 h, and cell lysates were analyzed for
caspase 9 (Cas-9) by western blot.

Inhibition of sGC or PKG reverses the apoptotic effects of BAY and
Tadalafil in UM47 cells

We next used selective enzyme inhibitors to examine whether
sGC or PKG mediates the induction of apoptosis by BAY or Tadalafil
in UM47 cells. As determined by Annexin/PI flow cytometry, the PKG
inhibitor KT5823 reversed the apoptotic effects of both BAY and
Tadalafil (Fig. 5A and B). Inhibition of sGC with ODQ reversed the
effects of BAY, but not of Tadalafil. As evident in Fig. 5B, within 72 h
of treatment, BAY and Tadalafil effectively increase the number of
cells in early and late apoptosis.

Tadalafil strongly inhibits the growth of CAL27 xenografts

A mouse xenograft model was used to examine the effect of
Tadalafil on CAL27 tumor growth in vivo. After tumors reached a
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Fig. 4. BAY 41-2272 (BAY) and Tadalafil (Tad) decrease clonogenic survival of HNSCC cells. CAL27 (A), UM6 (B) and UM47 (C) cells were plated at 150 cells/well in 6 well
plates and treated before first doubling. After 72 h, treatments were replaced with growth media and colonies were allowed to form for 2 weeks. Colonies were stained
with crystal violet and counted. Quantification is shown in the right panels. Each value is a mean + SEM of three replicates. * indicates significant (p < 0.05) vs. control.

moderate size, Alzet osmotic mini-pumps delivering Tadalafil
(1 mg/kg/day) or vehicle were implanted sc. Treatment with Tadalafil
resulted in a 60% reduction in tumor volume (Fig. 6A) and a 70%
decrease in tumor weight (Fig. 6B). There were no observed changes
in weight or behavior of the treated mice. Photographs of mice
treated with Tadalafil or vehicle and their excised tumors are pre-
sented in Fig. 6C.

Discussion

This is the first report on the expression and functions of the
¢GMP/PKG pathway in head and neck cancer. Activation of this
pathway in four HNSCC cell lines, derived from different anatom-
ical origins and genetic backgrounds, suppressed cell viability,
reduced cell proliferation, and induced apoptosis. Tadalafil, a long
acting PDE5 inhibitor, markedly suppressed the growth of HNSCC
xenografts in vivo.

Activation of sGC by the NO donor SNP, as well as by the direct
sGC stimulators BAY and YC-1, increased cGMP accumulation and
decreased cell viability. Our data indicate that the drug-induced sup-
pression of cell viability reflects the combined effect of reduced cell
proliferation and increased apoptosis. These findings are sup-
ported by the reports that NO donors and direct sGC stimulators
exerted anti-tumorigenic effects via the sGC/cGMP signaling pathway
in ovarian, breast and prostate cancers [5,7]. On the other hand, anti-
apoptotic actions of sGC/cGMP pathway in lung and ovarian cancers
[20,21] have also been reported, suggesting that the ultimate
outcome of cGC activation depends on cell-specific downstream
effectors.

The intracellular levels of cGMP are determined by a dynamic
balance between its synthesis by GCs and hydrolysis by PDEs. We

found robust expression of PDE5 in all HNSCC cell lines. Treat-
ment of these cells with Tadalafil increased cGMP, reduced cell
viability and induced apoptosis. The involvement of PKG was es-
tablished by the reversal of the Tadalafil-induced apoptosis by the
PKG inhibitor KT5823. Previous studies have found overexpression
of PDES5 in breast [22] and colon [23] cancers compared to normal
tissue, and knock-down of PDE5 expression in these cells resulted
in apoptosis [24,25]. Furthermore, PDE5 inhibition by the non-
steroidal anti-inflammatory drug Sulindac and its derivatives caused
apoptosis in breast [26], bladder [27], lung [28] and colon [29-32]
cancers. Collectively, these data suggest that a persistent suppres-
sion of the cGMP pathway by an active PDE5 provides survival
advantage to cancer cells, while PDE5 inhibition offers an excel-
lent therapeutic target.

Recent phase II clinical trials in HNSCC patients found that
Tadalafil enhanced anti-tumor immunity by inhibiting myeloid
derived suppressor cells and increasing tumor infiltrating cyto-
toxic T-cells [33,34]. These trials were based on a previous report
that PDE5 inhibitors reduced colon and mammary tumor growth
in mice via antitumor immunity [35]. Our results unequivocally dem-
onstrated direct apoptotic effects of Tadalafil on HNSCC cells in vitro.
Because the nu/nu mice used in our study are not completely
immune-compromised [36,37], it is conceivable that the direct sup-
pressive effects of Tadalafil on tumor growth in vivo were augmented
by an activation of immune mechanisms. Consequently, a dual action
of PDES5 inhibitors, as direct suppressors of HNSCC growth and as
immune modulators, is of significant therapeutic merit.

Tadalafil was administered to mice by osmotic mini pumps, which
deliver a constant low dose of the drug. In humans, Tadalafil is pro-
vided in tablet form, at doses ranging from 2.5 mg to 40 mg per day.
Compared to other approved PDES5 inhibitors, Tadalafil has a longer



284 T.R. Tuttle et al./Cancer Letters 370 (2016) 279-285

>

60

- Con

% Apoptotic Cells

B
Treatment Live Api?)rtlgtic Aplc;:ttitic Dead
Control 76.3* 2.6 13.4 7.7
KT 75.3 2.7 14.4 7.5
obDQ 79.1 2.8 12.3 5.8
Tadalafil 49.8 16.1 26.3 7.8
Tad + KT 71.2 7.1 16.8 4.9
Tad + ODQ 56.8 13.1 20.3 9.7
BAY 53.3 10.7 26.7 9.3
BAY + KT 75.1 3.8 14.8 6.3
BAY + ODQ 74.9 4.1 14.1 6.9

* Percent of total cells

Fig. 5. Effect of sGC or PKG inhibitors on apoptosis induced by BAY or Tadalafil. UM47
cells were treated with the PKG inhibitor KT5823 (KT) for 1 h, followed by 72 h treat-
ment with KT and either BAY (10 uM) or Tadalafil (50 uM). (A) Cells were stained
with Annexin V and propidium iodide (PI) and analyzed by flow cytometry. Each
value is a mean + SEM of three replicates. * indicates significant (p < 0.05) vs. control.
# indicates significant vs. BAY or Tadalafil without ODQ or KT. (B) The distribution
of live cells (Annexin—/PI-), cells in early apoptosis (Annexin V+/PI-), late apopto-
sis (Annexin V+/PI+) and dead/necrotic cells (Annexin—/Pl+).

serum half-life (17.5 h vs. 4 h for Sildenafil and Vardenafil) [38]. Al-
though its serum concentration peaks within 2 h of an oral dose,
once daily administration of Tadalafil leads to steady state concen-
trations after five days [39]. Future studies should consider whether
a daily Tadalafil administration or another dosing strategy would
be most effective for tumor suppression.

The major downstream targets of cGMP are two serine-threonine
kinases, PKG-I and PKG-II. The four HNSCC cell lines expressed PKG-
IB and PGK-II, while none expressed detectable levels of PKG-Io. The
PKG isozymes have highly homologous catalytic domains, but differ
in their N-terminal domains, which determine their subcellular lo-
calization and substrate specificity [40]. PKG-la was reported to have
pro-tumorigenic effects in lung [41] and ovarian cancers [42], while
overexpression of PKG-If3 was antineoplastic in breast [43] and colon
cancers [44]. In addition, overexpression of PKG-II reduced colony
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Fig. 6. Tadalafil suppressed the growth of CAL27 xenografts in vivo. Athymic (nu/
nu) mice were inoculated subcutaneously with CAL27 cells. Once tumors reached
a volume of ~200 mm?3, Alzet osmotic minipumps delivering Tadalafil (1 mg/kg/
day) or vehicle were implanted sc. (A) Tumor volumes were measured by caliper.
(B) Tumors were excised and weighed 24 days after the start of drug delivery. Each
value is a mean + SEM of 12 mice. * indicates significant (p < 0.05) vs. vehicle treated.
(C) Representative photographs of Tadalafil and vehicle treated mice and excised
tumors.

formation and proliferation in glioma cells [45]. It is likely that cell-
specific differential expression of the PKG isozymes can lead to
divergent effects of cGMP elevating drugs on cell survival.

In summary, our studies show that HNSCC cells express critical
components of the sGC/PDE/PKG signaling axis, and respond to sGC
stimulators and PDES5 inhibitors with increased cGMP, reduced cell
viability and apoptosis. Several FDA-approved drugs for treating non-
malignant conditions act by increasing cGMP, either by activating
sGC or inhibiting PDEs. These drugs can be repurposed as novel che-
motherapeutics in head and neck cancer.
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