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Abstract

The repurposing of existing drugs has emerged as an attractive additional strategy to the development of novel compounds
in the fight against cancerous diseases. Inhibition of phosphodiesterase 5 (PDE5) has been claimed as a potential approach
to target various cancer subtypes in recent years. However, data on the treatment of tumors with PDES5 inhibitors as well as
the underlying mechanisms are as yet very scarce. Here, we report that treatment of tumor cells with low concentrations
of Sildenafil was associated with decreased cancer cell proliferation and augmented apoptosis in vitro and resulted in
impaired tumor growth in vivo. Notably, incubation of cancer cells with Sildenafil was associated with altered expression of
HSP90 chaperone followed by degradation of protein kinase D2, a client protein previously reported to be involved in tumor
growth. Furthermore, the involvement of low doses of PU-H71, an HSP90 inhibitor currently under clinical evaluation, in
combination with low concentrations of Sildenafil, synergistically and negatively impacted on the viability of cancer cells in
vivo. Taken together, our study suggests that repurposing of already approved drugs, alone or in combination with oncology-
dedicated compounds, may represent a novel cancer therapeutic strategy.

Introduction

Cancer represents one of the leading causes of death worldwide,
and the development of novel therapies is still challenging. The
number of new drugs reaching market maturity after long de-
velopment times is small, the costs are rising and the outcome
is often unsatisfying. An alternative that has become more at-
tractive in recent years is the repurposing of existing medica-
tions already on the market with a high safety record and cost
efficacy. An example for this approach is represented by the well-
established phosphodiesterase 5 (PDE5)-inhibiting drugs which
exhibit potential antioncogenic effects (1,2). Sildenafil is a potent

PDES5-inhibiting drug that achieved clinical approval in the US al-
ready back in 1998 (3,4). Inhibition of PDES causes alterations in a
broad range of signaling pathways due to an increased intracel-
lular concentration of cyclic GMP and the resulting augmented
activity of cyclic guanosine monophosphate (cCMP)-dependent
protein kinase (5-7). Although originally developed to treat heart
disease and nowadays predominantly used to counter erectile
dysfunction in male patients, PDE5 inhibitors have since been
approved for the treatment of lower urinary tract symptoms and
pulmonary arterial hypertension and have been implicated in
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Abbreviations
CAM chorioallantoic membrane
cCMP cyclic guanosine monophosphate
PDES phosphodiesterase 5
PKD2 protein kinase D2

numerous other clinical applications (8). These include cardio-
vascular, pulmonary, reproductive, neurologic, gastrointestinal
disorders and others (9). Interestingly, various recent studies
claim a potential beneficial effect of PDES inhibitors in the treat-
ment of different cancer types via suppressing tumor growth,
especially in combination with other therapeutic approaches,
e.g. chemotherapy (10-16). However, the underlying molecular
mechanisms of these observations are not fully understood and
currently still being under investigation. It has been reported
in the literature that upregulation of cGMP-dependent protein
kinase following PDES5 inhibition leads to a decreased activity of
heat shock protein 90 (HSP90) (17,18).

HSP90 is a ubiquitously expressed ATP-dependent molecular
chaperone that aids in the correct folding (19), processing and
activity of a large variety of cellular proteins, which are there-
fore also often referred to as HSP90 ‘clients’ (20,21). These include
transcription factors, hormone receptors and protein kinases.
The interaction of active HSP90 with its clients is mediated by
cochaperones such as CDC37 stabilizing the resulting protein
complex (20,21). In aberrantly proliferating cancer cells, HSP90
plays an important role for tumor growth and hypoxia evasion
through angiogenesis by maintaining the stability of proteins
upregulated in tumor cells, such as protein kinases C and D, SRC
(22), AKT (23), PDK-1 and STK33 (24). Several small molecule in-
hibitors directed against HSP90, including antitumorigenic agent
PU-H71, are currently undergoing clinical trials (25). Our labora-
tory has reported in the past a signaling pathway that intercon-
nects HSP90 expression and activation levels with protein kinase
D2 (PKD2) stabilization (26). PKD2 is a serine/threonine kinase
from the calcium/calmodulin family of kinases whose activation
via phosphorylation can be mediated by various stimuli including
receptor tyrosine kinases, reactive oxygen species and hypoxia
(26,27). Versatile functions for PKD in tumorigenesis, cancer cell
invasion, migration and secretion have been reported in the lit-
erature (27,28). In this context, PKD2 contributes to tumor angio-
genesis via stabilization of hypoxia inducible factor 1a, activation
of nuclear factor-xB and vascular endothelial growth factor A and
subsequent tissue vascularization (27,28).

In this study, we investigated the effect of Sildenafil on tumor
growth as well as the molecular mechanisms involved in various
cancer cell lines. Our data indicate a link between PDES5 inhib-
ition and decreased protein levels of HSP90 leading to impaired
tumor proliferation and viability. Altered HSP90 expression was
associated with degradation of PKD2. We found that treatment
of cells with Sildenafil potentiated tumor growth-impairing ef-
fects of HSP90 inhibitor PU-H71, promising a novel potential way
to target cancer by administering a combination of PDES and
chaperone inhibitors.

Materials and methods

Cell lines and reagents

MDA-MB-231, SW480, MIA PaCa-2, Pancl, BxPC3 and A549 cancer cell
lines were cultured either in Dulbecco’s modified Eagle's medium
or RPMI1640 medium supplemented with 10% fetal bovine serum,
2% glutamine and 1% penicillin/streptomycin (all Sigma, Germany).
HCT-116 was cultivated in McCoy media (Sigma, Germany).

Cancer cell lines were obtained from DSMZ-German Collection
of Microorganisms and culture cells (Braunschweig, Germany) or
authenticated at the Multiplexion (Heidelberg, Germany). Early
passages (after purchase or authentication) only were used for
the current study. Sildenafil citrate was purchased from Sigma
(#PZ0003) and used as indicated. For subsequent experiments,
cells were preincubated with either 50 nM HSP90 inhibitor, PU-H71
(8-[(6-iodo-1,3-benzodioxol-5-yl)sulfanyl]-9-[3-(propan-2-ylamino)
propyl] purin-6-amine) or vehicle control. PU-H71 was synthesized
and characterized as previously reported (29).

Plasmids and lentiviral transduction

The pLenti6.2-V5-DEST-PKD2 overexpression vectors were generated using
the pDONR-223-PKD2 entry clone from Addgene (PKD2, #23490). High-titer
virus-containing supernatants of HEK 293FT cells after cotransfection of
lentiviral vectors with pMD2.G and psPAX2 packaging plasmids were used
for lentiviral-mediated transduction of cancer cells.

Fluorescence-activated cell sorting analysis

Cancer cells were incubated with Sildenafil for 3 days. After washing with
phosphate buffered saline, cells were subjected to Annexin V (Abcam
#Ab14082)/Propidium Iodide (Abcam #ab14085) staining according to the
manufacturer’s recommendations. Acquisition was conducted with a
Beckman Coulter Gallios 3/10 AT01005 machine; analysis of data was per-
formed with Kaluza Analysis 2.1. software.

Western blot analysis

Whole cell extracts were prepared using a lysis buffer containing
10 mM Tris-HCl, 5 mM ethylenediaminetetraacetic acid, 50 mM Nacl,
50 mM NaF and 1% Triton X100 supplemented with Complete Protease
inhibitor Cocktail (Roche). Lysates were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and proteins transferred
to polyvinylidene difluoride membranes (Millipore, MA). Membranes
were blocked with 5% non-fat dry milk in phosphate buffered saline
containing 0.2% Tween 20 and incubated overnight at 4°C with specific
antibodies. For subsequent washes 0.2% Tween 20 in phosphate buf-
fered saline was used. The following antibodies were used: PKD2 (Bethyl
Laboratories, #A300-073A), cleaved poly (ADP ribose) polymerase (PARP;
Cell Signaling, #9542S), HSP90B (D-19; Santa Cruz Biotechnology, #sc-
1057) and f-actin (Sigma, #A1978). Detection of chemiluminescence
signal was conducted with a Fusion (PeqLab/Vilber) unit. Quantification
of 16 bit TIF format images was performed with Image] software 1.42/
Gel Analysis.

Chorioallantoic membrane assay

MIA PaCa-2, SW480 or HCT-116 pancreatic cancer cells (1.5 x 10°) were
xenografted within silicon ring on the surface of the chorioallantoic
membrane (CAM) of chicken eggs 8 days after fertilization. Four days
after implantation (day 12 after fertilization), tumors were retrieved,
fixed in formalin and further subjected to immunohistochemistry.
Macro photographs were taken with a Sony Alpha 77 photo camera.
Tumors were delineated as shown in macro photographs. The known
diameter of the silicon ring (i.e. 5 mm) was used to set the scale. Using
the free drawing tool in Image], tumor size (in pixels converted to mm?)
was calculated.

Immunohistochemistry of CAM tumors

Formalin-fixed tumors were embedded in paraffin using standard proced-
ures. The 5 pm sections were processed and stained with an antibody dir-
ected against Ki67 (1:100; Dako, clone MIB-1).

Statistical analysis

Statistical analysis as well as graphing was accomplished using Prism 7.03
(GraphPad Software, USA). Mean and statistical significance were calcu-
lated and analyzed using t-test. All data are representative of at least three
experiments.



Results

Sildenafil treatment impairs proliferation in a
time- and dose-dependent manner

The PDES inhibitor Sildenafil has been previously reported to in-
hibit the proliferation of various human colon cancer cell lines in
a concentration-dependent manner with the inhibitory concen-
tration 50 values ranging from 190 to 271 pM (30). We sought to
investigate whether the findings of this study could be extended
to other tumor entities upon using lower concentrations of
Sildenafil. A selection of several cancer cell lines including colon
(HCT-116, SW480), pancreatic (MIA PaCa-2, Panc1, BxPC3), breast
(MDA-MB-231) and lung (A549) were examined. Treatment with
10-50 pM Sildenafil resulted in impaired proliferation in a dose-
dependent manner (Figure 1A-F and Supplementary Figure 1A,
available at Carcinogenesis Online). Cancer cell lines taken into
the study displayed different sensitivity to Sildenafil. Thus, some
cancer cell lines such as A549 or MDA-MB-231 (Figure 1C and D)
showed substantially impaired proliferation already at 10 pM.
At this concentration, Sildenafil had little effect on proliferation
of MIA PaCa-2 and Pancl (Figure 1A and B). Based on these re-
sults, a concentration of 25 pM was used for the subsequent ex-
periments. Cancer cell lines were subjected to a treatment with
25 pM Sildenafil for 6 days. Again, all cancer cell lines taken into
the study showed impaired proliferation upon incubation with
Sildenafil (Figure 2A-F and Supplementary Figure 1B, available at
Carcinogenesis Online).

Cancer cells undergo augmented apoptosis upon
incubation with Sildenafil

To extend our observations in Figures 1 and 2, the effect
of 25 pM Sildenafil on cell viability was analyzed. HCT-116
colon and MIA PaCa-2 pancreatic cancer cells were incubated
for 3 days before being stained with Annexin V and subse-
quently subjected to fluorescence-activated cell sorting
analysis. As shown in Figure 3A and B, incubation with
Sildenafil significantly increased the proportion of apop-
totic cancer cells. In order to substantiate these findings,
lysates of MIA PaCa-2 and HCT-116 cancer cells were sub-
jected to western blot analysis. Incubation with Sildenafil
for 3 days resulted in a substantial increase in cleaved PARP
levels as presented in Figure 3C.

Sildenafil treatment results in impaired tumor
growth in ovo

Having determined that Sildenafil treatment results in im-
paired cancer cell proliferation and augmented cell death in
vitro, we further evaluated the effect of this PDE5 inhibitor
in tumor formation using the chicken CAM, an established
model of tumor growth (31,32). MIA PaCa-2 and HCT-116
cancer cells were seeded on the surface of CAM 8 days
after egg fertilization. Xenografted tumors were treated
with Sildenafil after 24 and 48 h, respectively. Four days
after implantation, tumors were excised, photographed and
analyzed by IHC. MIA PaCa-2 and HCT-116 control cancer
cells formed substantial tumors on CAM (Figure 4A and B).
Treatment with Sildenafil was associated with a significant
decrease of tumor size in this experimental model (Figure 4A
and B). Immunohistological staining demonstrated that de-
creased tumor size was associated with a significantly re-
duced proliferation index as evidenced by impaired Ki67
immunoreactivity (Figure 4C and D).
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Impaired proliferation of cancer cells following
Sildenafil treatment is associated with altered HSP90
expression and PKD2 degradation

We next sought to investigate the potential mechanism through
which Sildenafil might regulate tumor cell proliferation and via-
bility. Recently, Sildenafil was reported to contribute to tumor
cell killing by altering the expression of several chaperone pro-
teins (13). In that study, overexpression of HSP90, HSP70 or GRP78
significantly reduced the lethality induced by pemetrexed +
Sildenafil (13). To find out whether treatment with Sildenafll af-
fects the expression of HSP90 in our experimental setting, cancer
cells were incubated with different concentrations of Sildenafil
and cleared lysates were subjected to western blot analysis
with HSP90B-specific antibody. Our western blot experiments
followed by densitometry analysis demonstrate that treatment
with Sildenafil results in decreased HSP90 expression in a dose-
dependent fashion (Figure 5A). PKD2 was previously reported to
be involved in migration, invasion and growth of various tumor
types including glioblastoma and pancreatic cancer (28,32,33).
Our lab demonstrated PKD2 to interact with and to be stabilized
by HSP90 (26). Interestingly, treatment with Sildenafil did not
only alter the expression of HSP90 (Figure 5A) but was also mir-
rored by a substantial degradation of PKD2 (Figure 5B). In order
to substantiate these findings, PKD2 contribution to the prolifer-
ation of cancer cells subjected to Sildenafil intervention was as-
sayed in proliferation experiments. PKD2 was stably expressed
using lentiviral-mediated transduction (Figure 5C). As expected,
Sildenafil treatment negatively impacted on proliferation whilst
lone PKD2 overexpression boosted the growth of cancer cells in
our experimental model (Figure 5D-G). Most importantly, ec-
topic PKD2 was able to partially restore the proliferation after
treatment with Sildenafil (Figure SD-G). Altogether, these data
suggest that one potential mechanism toward cancer cell death
following Sildenafil treatment is represented by the altered
HSP90 expression and destabilization of at least one client pro-
tein such as PKD2.

Potentiated effect of PDE5 and HSP90 inhibitors
toward impaired tumor growth in ovo

The findings above urged us to involve PU-H71, an ATP-
competitive HSP90 inhibitor currently in the clinical trials (34,35).
Our previous experiments showed that treatment of tumor cells
with 1 pM PU-H71, not only results in PKD2 degradation but is
also associated with augmented apoptosis (26,36). Indeed, we
could confirm our previous data and detected substantial cell
death in cancer cells treated with PU-H71 as demonstrated by
increased levels of cleaved PARP (Figure 6A). In our experimental
setting we involved however, a PU-H71 concentration 20 times
less (i.e. 50 nM) than that used in the previous studies. At this
concentration no cleaved PARP was detected (Figure 6A). Next,
we sought to combine this concentration with 15 uM Sildenafil,
in an attempt to reveal a potential synergistic effect between
the two compounds. We employed the CAM experiments and
xenografted tumor cells as described in Materials and methods.
A cocktail of both compounds was delivered 24 and 48 h after
tumor implantation. Tumors were retrieved and measured at
4 days following the implantation (Figure 6B and C). Treatment
with either PU-H71 (50 nM) or Sildenafil (15 pM) did not have
a significant effect on tumor growth. In combination however,
PDES inhibition substantially potentiated the effects of PU-H71
on tumor growth (Figure 6C). Tumors subjected to dual therapy
showed decreased size and impaired immunoreactivity of Ki67
proliferation marker (Figure 6D).
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Figure 1. Treatment with Sildenafil is associated with impaired proliferation of cancer cells in a dose-dependent manner. (A-F) 2 x 10* MIA PaCa-2 and Panc1 pancre-
atic, MDA-MB-231 breast, HCT-116 and SW480 colon and A549 lung cancer cells were plated in 12 well dishes and subjected to various concentration of Sildenafil as
indicated. Cell number was quantified after 72 h. One of three independent experiments performed in triplicate is shown.

Discussion

Despite continuous advances in medicine and technology,
cancer remains a major threat to human society. In order to avoid
the harmful and poisonous effect of drugs used in targeting and
killing cancer cells, in the last few years, the scientific commu-
nity started to explore new avenues by repurposing existing
drugs with reduced toxicity and diminished side effects. Lately,
PDES inhibitor Sildenafil has been reported to negatively impact

colon cancer cell proliferation and viability. Although the re-
sults are promising, the intimate molecular mechanism of how
therapy with PDES inhibitors impacts on tumor cell viability re-
mains largely unknown.

In this study, we have demonstrated that treatment of
cancer cells with Sildenafil resulted in impaired cancer cell pro-
liferation, augmented cell death and decreased tumor growth.
Furthermore, treatment with Sildenafil was associated with al-
tered expression of HSP90 chaperone which impacted on the
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triplicate. Data are shown as mean + SEM. One of the three experiments is presented. (C) Protein lysates of MIA PaCa-2 and HCT-116 cells were subjected to western

blot analysis with PARP antibody. -Actin was used as loading control.

degradation of one of its client proteins, PKD2, a serine/threo-
nine kinase previously reported to be essential for cancer cell
proliferation and viability. Finally, our study revealed that the
combination of very low doses of PDE5 and HSP90 inhibitors po-
tentiated the decrease in tumor growth.

Initially, PDE5 inhibitors have been used for the treatment
of erectile dysfunction by preventing the breakdown of cGMP
which subsequently triggers a prolonged activation of protein
kinase G and generation of nitric oxide (5). Lately, scientists
sought to elucidate the roles of this pathway in the regulation
of cell proliferation, tumor development and progression. These
efforts were motivated by detecting augmented PDES expression
in multiple tumor entities (37-39) and multiple cancer cell lines
such as breast, prostate, bladder and colorectal (40). Mei et al.
showed that PDES5 inhibitor, Sildenafil, inhibited the growth of
colorectal cancer cells in vitro and in subcutaneous xenografts,

induced G1 cell cycle arrest and apoptosis by generating re-
active oxygene species (30). In that study, inhibition of colon
cancer cell growth occurred in a concentration-dependent
manner with the inhibitory concentration 50 ranging from 190
to 271 pM (30). This prompted us to investigate whether these
findings could be extended to other tumor entities upon using
lower concentrations of Sildenafil. Several cancer cell lines
including colon, pancreatic, breast and lung were treated with
increasing concentrations of Sildenafil. Our findings indicate
that incubation of cancer cells with 25 pM Sildenafil not only
resulted in impaired proliferation but was also corroborated
with augmented apoptosis. To note, some of the cancer cell
lines taken in our study (i.e. A549 or MDA-MB-231), were sensi-
tive to as less as 10 pM Sildenafil with respect to proliferation.
Interestingly, Sildenafil was also reported to enhance the killing
effect of other chemotherapeutics agents including cisplatin,
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Figure 5. Sildenafil treatment is associated with altered HSP90 expression and PKD2 degradation. (A) Lysates of cancer cell lines incubated with 25 pM Sildenafil for
3 days were subjected to western blot analysis with HSP90B antibody. -Actin was used as loading control. Densitometry analysis of three to four blots is presented. (B)
Cleared lysates of tumor cell lines subjected to 25 pM Sildenafil for 3 days were used for western blot analysis with PKD2 antibody. -Actin was used as loading control.
(C) PKD2 overexpression was achieved via lentiviral-mediated transduction. Western blot analysis with PKD2-specific antibody after ending the selection is presented.
(D-G) Cancer cells stably transduced with empty vector (Con) or PKD2 (PKD2 o.e.) were seeded in 12 well dishes. Cell proliferation was monitored for the next 3 days in
the presence or absence of Sildenafil (Sil) when cell number was quantified. One representative of three experiments conducted in triplicate is shown.
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were subjected to western blot analysis with PARP-specific antibody. f-Actin was used as loading control. (B) 1 x 10° SW480 colon cancer cells were implanted inside a
silicon ring on chicken CAM 8 days after fertilization. Tumors were treated either with 50 nM PU-H71, 15 pM Sildenafil or combination of both compounds at 24 and 48 h
after implantation. Tumors were allowed to growth for additional 24 h. Scale bar, 1 mm. (C) Quantification of tumor area is presented. Error bars represent mean + SEM
of five to seven tumors. (D) IHC of SW480 cancer cells growing on CAM using specific antibodies directed against Ki67 is presented.
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gemcitabine and doxorubicin (28). Another study of the same
group demonstrated that Sildenafil augments the lethality of
pemetrexed through inhibition of multiple chaperone proteins
(28). In that study, overexpression of HSP90, HSP70 or GRP78
significantly reduced the lethality induced by pemetrexed +
Sildenafil (41). Particularly, HSP90 contributes to the stabil-
ization and activation of around 200 protein clients, many of
which are oncoproteins, implicated in various cancer hall-
marks. Our findings are in line with a study (13) demonstrating
that Sildenafil treatment is associated with the alteration of
HSP90 expression.

We previously reported PKD2 as a client of HSP90 (26).
Therefore, we sought to investigate whether altered HSP90
expression following Sildenafil treatment is associated with
destabilization of PKD2. Indeed, our study shows that PKD2
is degraded following exposure of various cancer cell lines to
Sildenafil. Rescue experiments substantiated the requirement
of PKD2 (at least in some cancer cell lines) for the viability of
cancer cells exposed to Sildenafil and demonstrate an im-
paired cancer cell growth upon alteration of HSP90 expression
and subsequent PKD2 degradation following PDES inhibition.
Very recently, we could demonstrate that cold physical plasma-
induced reactive oxygene species promoted tumor cell death
by affecting HSP90/PKD2 signaling (42). These findings are in
line with data showing that Sildenafil inhibited the growth of
colorectal cancer by generating reactive oxygene species (30).
Together, these data reinforce HSP90 as an essential target when
developing strategies and designing drugs to induce cancer cell
death through the destabilization of client proteins. Since add-
itional potential signaling pathways have been described in the
literature, we do not exclude that cell death following Sildenafil
treatment was not solely credited to HSP90/PKD2 signaling. For
example, Sildenafil was reported to markedly enhance the sen-
sitivity to chemotherapy in p53 mutant breast tumor cells (14),
while Sildenafil sensitized prostate cancer cells to doxorubicin-
mediated cell apoptosis through CD95 (15). Furthermore, PDE5
inhibitors were reported to suppress cell growth by activating
the cGMP/cGMP-dependent protein kinase pathway and subse-
quent suppression of Wnt/B-catenin signaling (7,16).

Our recent results show that 1 M PU-H71 is sufficient to pro-
mote apoptosis as a result of HSP90 inhibition-triggered client
degradation (24,36). In an attempt to mimic subminimal drug
doses in clinical setting we used for our experiments as little
as 50 nM PU-H71. At this concentration no apoptosis was de-
tected. However, in a therapy cocktail, a more physiological
concentration of 15 pM Sildenafil was sufficient to substantially
potentiate (the as little as 50 nM) PU-H71 to negatively impact
the tumor growth. We also envisage that even lower concentra-
tions of Sildenafil in combination with various drugs already on
the market may have a beneficial effect during cancer therapy.

Altogether, our study suggests a new potential therapy av-
enue targeting essential chaperones and their clients by repur-
posing existing medications with high safety record. However,
further studies using more tumor entities and in vivo animal
models are needed to provide information about the general-
ization of our findings and their relevance in biological systems.
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