
ORIGINAL ARTICLE

Anti-tumor properties of the cGMP/protein kinase G inhibitor
DT3 in pancreatic adenocarcinoma

Sabine Soltek1
& Svetlana Karakhanova1 & Marina Golovastova2 & Jan G. D’Haese3 &

Susanne Serba1 & Ines Nachtigall3 & Pavel P. Philippov2 & Jens Werner3 &

Alexandr V. Bazhin3

Received: 9 January 2015 /Accepted: 11 June 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract Pancreatic ductal adenocarcinoma (PDAC) is one
of the deadliest cancers in the world. Therefore, new therapeu-
tic options are urgently needed to improve the survival of
PDAC patients. Protein kinase G (PKG) conducts the inter-
lude of cGMP signaling which is important for healthy as well
as for cancer cells. DT3 is a specific inhibitor of PKG, and it
has been shown to possess an anti-tumor cytotoxic activity
in vitro. The main aim of this work was to investigate anti-
tumor effects of DT3 upon PDAC in vivo.

Expression of PKG was assessed with real-time PCR anal-
ysis in the normal and tumor pancreatic cells. In vitro cell
viability, proliferation, apoptosis, necrosis, migration, and in-
vasion of the murine PDAC cell line Panc02 were assessed
after DT3 treatment. In vivo anti-tumor effects of DT3 were
investigated in the murine Panc02 orthotopic model of PDAC.
Western blot analysis was used to determine the phosphoryla-
tion state of the proteins of interest.

Functional PKGI is preferentially expressed in PDAC cells.
DT3 was capable to reduce viability, proliferation, and migra-
tion of murine PDAC cells in vitro. At the same time, DT3
treatment did not change the viability of normal epithelial cells

of murine liver. In vivo, DT3 treatment reduced the tumor
volume and metastases in PDAC-bearing mice, but it was
ineffective to prolong the survival of the tumor-bearing ani-
mals. In addition, DT3 treatment decreased phosphorylation
of GSK-3, P38, and CREB in murine PDAC.

Inhibition of PKG could be a potential therapeutic strategy
for PDAC treatment which should be carefully validated in
future pre-clinical studies.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the dead-
liest cancers in the world. PDACmortality increases modestly
in countries of southern and central/eastern Europe (Bosetti
et al. 2012). Patients with PDAC have a very poor prognosis
with a five-year survival rate of <1% and a median survival of
6 months (Siegel et al. 2012). Upon tumor resection, a 5-year
survival rate increases to approximately 15 %, while a 25 %
survival is attained in the context of adjuvant chemotherapy
(Warshaw and Fernandez-del Castillo 1992). The reasons for
this poor prognosis are PDAC early dissemination, lack of
early specific symptoms, and late diagnosis (Rosty and
Goggins 2002). Additionally, PDAC is highly resistant to che-
motherapy and targeted therapy, and withstand immunothera-
py (Bazhin et al. 2014). Currently, regimens based on
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gemcitabine or 5-fluorouracil constitutes the standard thera-
peutic approach to advanced PDAC. In the palliative situation,
recently published data from the FOLFIRINOX trial revealed
a significant survival advantage, but this was associated with
an increased toxicity (Conroy et al. 2011).Moreover, the over-
all clinical impact of these conventional treatment options is
rather disappointing. Therefore, new therapeutic options are
urgently needed to improve the survival of PDAC patients.

Protein kinase G (PKG) conducts the interlude of cGMP
signaling. PKG is commonly activated when cGMP signaling
is mediated by NO (Francis et al. 2010). NO at a nanomolar
concentration binds to haem, a prosthetic group of soluble
guanylyl cyclase (GC), and causes a 100- to 200-fold activa-
tion of the enzyme (Cary et al. 2006). Activation of NO-GC
increases conversion of GTP to cGMP, resulting in the eleva-
tion of cGMP, which initiates the cGMP signaling pathway
and subsequent physiological changes (Bryan et al. 2009).

cGMP/PKG signaling is also important for cancer cells. It
has been demonstrated that the basal activity of PKG is essen-
tial for preventing spontaneous apoptosis of cancer cells
(Fraser et al. 2006). Recently, our group has found out that
the PKG inhibitor DT3 can reduce the viability and prolifera-
tion as well as migration of human PDAC cells in vitro
(Karakhanova et al. 2014a), pointing to the therapeutic poten-
tial of PKG inhibition for PDAC. DT3 is a specific
membrane-permeant peptide-based inhibitor of PKG.
Biochemically, this substance inhibits PKG at a site different
from the catalytic domain, making DT3 a competitive/
noncompetitive inhibitor at a nanomolar concentration
(Dostmann et al. 2000). Influence of DT3 on PDAC cells
in vivo is so far unclear. There is evidence showing that the
DT3 homolog—DT2 is a specific PKGI inhibitor only in vitro
but not in vivo (Gambaryan et al. 2012), whereas the data
upon the ability of DT3 to inhibit PKGI in vivo are absent.

The main aim of this work was to investigate DT3 effects
on tumor cells in vivo using a murine PDAC model. We
showed that DT3 was capable to reduce the viability, prolif-
eration, and migration of the murine PDAC cells in vitro.
In vivo, DT3 treatment reduced the tumor volume and metas-
tases in PDAC-bearing mice. However, the treatment was
ineffective regarding survival of the tumor-bearing animals.

Materials and methods

Materials

The membrane-permeant peptide-based inhibitor of
PKGIα—DT3—was purchased from BIOLOG Life Science
Institute (Germany). A goat polyclonal (monospecific) anti-
body against PKGIα/β and secondary anti-rabbit antibody
were purchased from Santa Cruz Biotechnology, Inc. (USA).
Antibodies against phosphorylated and unphosphorylated

forms of CREB, ERK1/2, GSK−3, JNK, and P38 were pur-
chased from Cell Signaling Technology, Inc. (USA).

Cell lines

The murine pancreatic adenocarcinoma cell line Panc02 cell
line was originally from (Corbett et al. 1984). Cells were cul-
tivated in RPMI-1640 medium with 10 % fetal calf serum,
100 U/ml penicillin, and 100 μg/ml streptomycin, PAA
Laboratories (Germany). The murine pancreatic adenocarci-
noma cell line LTPAwas purchased by ATCC (ATCC® CRL-
2389™, VA USA). The LTPA cells were cultivated in the
Eagle’s Minimum Essential Medium supplemented with
10 % fetal bovine serum. The epithelial liver cell line NCTC
clone 1469 was purchased from CLS GmbH (Germany). The
cells were cultivated in DMEM supplemented with 4 mM L-
glutamine, 0.15 % sodium bicarbonate, 0.45 % glucose, and
10 % horse serum. All cells were cultivated at 37 °C and 5 %
CO2 and routinely checked for mycoplasma contamination.

Panc02 murine tumor model

Syngeneic pancreatic carcinoma cells (Panc02) were injected
orthotopically in C57Bl/6 mice as described elsewhere
(Shevchenko et al. 2013). Mice were narcotized with
isofluran/O2 inhalation. After achieving surgical tolerance
(stage III2), mice were opened with an abdominal section.
Five microliters of Panc02 cells in a concentration of
2 × 107cells/ml in PBS were injected in the pancreatic head
with a 25-μl gastight syringe (Hamilton, Reno, USA). The
injection site was clamped for about 30 s after removal of
the syringe. The tissue was carefully returned to its original
position, and all layers of the wound were separately sutured
with synthetic absorbable sutures material (polysorb 6–0,
Tyco Healthcare). For the therapeutic experiments, mice were
treated i.p. with DT3 (5 mg/kg/day in isotonic NaCl solution)
on days 5, 7, and 9. Control treatment was done with vehicle
(isotonic NaCl solution). Tumor volume was measured at day
21 after cell transplantation using a vernier caliper and apply-
ing the following formula: (length × height × width) / 6.
Animal experiments were carried out under the pathogen-
free conditions in the animal facility of the University
He i d e l b e rg a f t e r a pp r ov a l by t h e au t ho r i t i e s
(Regierungspraesidium Karlsruhe).

RNA isolation, conventional, and real-time RT-PCR
analyses

Total RNA from cell lines was isolated using a RNeasy mini
kit (Qiagen, Germany) according to the manufacturer’s in-
structions. RNA concentrations were determined using a
NanoPhotometer™ Pearl (SERVA Electrophoresis,
Germany). RT-PCR primers for murine PKGI, PKGII, β-
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actin, and GAPDH were purchased from Qiagen (Germany).
Conventional RT-PCR analysis of PKGI and PKGII was per-
formed as described elsewhere (Bazhin et al. 2008). Briefly,
1 μg of the total RNA from cell lines or tissues was reverse-
transcribed by using the 1st strand complementary DNA
(cDNA) synthesis kit (Roche Diagnostics, Germany) at
42 °C for 50 min as described by the manufacturer. PCR
amplification was performed using 1 μl from the RT reaction
mixture in 25 μl of the PCR mixture containing 50 pmol of
sense and antisense primers. After the initial incubation at
94 °C for 2 min, 33 cycles of amplification were carried out
for PKGI and PKGII, and 21 cycles for GAPDH. At least
three independent PCR experiments were running.

Real-time RT-PCR analysis was done as described
elsewhere (Zhu et al., 2014), using the SYBR-Greensystem,
and measured using a Light-Cycler (Roche,Germany). For
each experiment, a melting curve analysis and a gel electro-
phoresis of PCR products were performed to exclude primer
dimers. The data were analyzed using the comparative Ct
method (Schmittgen and Livak 2008). Each measurement
was performed in a technical duplicate.

Western blot analysis

Western blot analysis was performed as described elsewhere
(Karakhanova et al. 2014b). Briefly, 10 μg of total protein per
lane were separated in a 12.5 % polyacrylamide gel. After
SDS-PAGE, separated proteins were electrotransferred from
the gel to PVDF membranes (Immobilon; Millipor) in a Tris-
glycine-methanol buffer (pH 8.3). After blocking with 5% (w/
v) of BSA in PBS, containing TWEEN-20, the membranes
were incubated overnight with an antibody against the protein
of the interest. All antibodies were diluted as suggested by the
manufacturer. Then, membranes were washed and incubated
for 1.5 h with an HRP-conjugated secondary IgG by 1:10,000
dilutions. Immunoreactive bands were visualized and ana-
lyzed by an enhanced chemiluminescence (ECL) system
(Amersham Bioscience) using Transilluminator (Peqlab) and
ImageJ software according to the method described by the
manufacturer.

Measurement of PKG activity

Measurement of the PKG activity in lysates of PDAC cells
was done using the CycLex Cyclic GMP-dependent protein
kinase (cGK) Assay Kit (CycLex Co., Ltd., Japan) as de-
scribed previously (Karakhanova et al. 2014). Briefly, the cell
pellet (5–10 × 106 cells) was resuspended in PBS with a pro-
teinase inhibitor cocktail. The cells were lysed by three freeze-
thaw cycles followed by centrifugation at 400g for 10 min at
4 °C. One hundred microliters of supernatant (10 mg/ml of
total proteins) were incubated for 10 min with DT3 (solved in
PBS) at concentrations mentioned in the figure legends or

with PBS alone as a vehicle control (co). Then, 10 μL of
supernatant were added into the wells pre-coated with a sub-
strate corresponding to the recombinant PKG substrate.
Afterwards, 90 μL of the cGMP plus Kinase Reaction
Buffer from the kit were added, and the wells were incubated
for 30 min at 30 °C. After washing of the wells, 100 μL of the
HRP conjugated Detection Antibody 10H11 were added into
each well, and the plate was incubated at room temperature for
60 min. After a washing step, 100 μL of the substrate reagent
were pipetted and incubated at room temperature for 15 min.
Finally, 100 μL of the Stop Solution was added into each
wells, and the absorbance was measured using a plate reader
at 450 nm. The cGK positive control-1 (Catalytic domain)
obtained fromCycLexCo., Ltd. (Japan) was used as a positive
control. As a negative control, a probe without adding of the
protein supernatant was used. The PKG activity expressed in
optical density (OD) was measured in duplicate, and the final
activity was calculated from three independent experiments.

Cell viability and proliferation assays

Cell viability after DT3 treatment was analyzed both with a
EZ4U Kit (Biomedica, Austria) and with a ApoTox-Glo™
Triplex Assay Kit (Promega, USA), and proliferation was
assessed with a BrdU Cell Proliferation Assay Kit
(Millipore, USA), as previously described (Karakhanova
et al. 2014b). At least three independent experiments were
performed for each assay.

Apoptosis and necrosis assays

Apoptosis after DT3 treatment was measured using the
ApoTox-Glo™ Triplex Assay Kit (Promega, USA) and the
Annexin V and ethidium homodimer III staining with the
Apoptotic/Necrotic Cells Detection Kit (PromoKine,
Germany) as described previously (Karakhanova et al.
2014b). Ten micromolar staurosporine or 100 μM ionomycin
were used as a positive control for apoptosis or necrosis, re-
spectively. The apoptosis and necrosis tests were performed
for at least three independent experiments.

Migration and invasion assays

Migration and invasion assays were performed with a
CytoSelect™ Cell Migration and Invasion Assay Kit (Cell
Biolabs, Inc., USA), as described previously (Karakhanova
et al. 2014b) for three independent experiments.

Statistical analysis

All statistical analyses were done using GraphPad Prism
Version 5.01. For in vitro experiments, distributions of contin-
uous variables were described by their means and SE, and
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were presented as column bar graphs. The null hypothesis
(mean values were equal) versus the alternative hypothesis
(mean values were not equal) was tested by unpaired two-
tailed t test. In in vivo experiments, the continuous variables
(tumor growth in mm3) were normally distributed and were
presented as a vertical scatter plot with mean and SE. The null
hypothesis (mean values were equal) versus the alternative
hypothesis (mean values were not equal) was tested by the
unpaired two-tailed t test. Survival probabilities were estimat-
ed using the Kaplan-Meier method. The null hypothesis (sur-
vival curves were equal) versus the alternative hypothesis
(survival curves were not equal) was tested by the log-rank
(Mantel-Cox) test. Qualitative data (number of mice with me-
tastases) were analyzed with χ2 method. A p value <0.05 was
considered significant.

Results

Preferential expression of PKG and the PKG activity
in murine PDAC cells

First, we analyzed expression of PKGI and PKGII in pancre-
atic tissues from healthy mice and PDAC tissues from tumor-
bearing mice using real-time RT-PCR analysis. In the cell
culture model, we employed the murine PDAC cell line
Panc02; NCTC cells of normal murine liver epithelium was
used as control cells because of the absence of an established
cell line of healthy murine pancreas. The analysis revealed a
higher PKGI expression and a lower PKGII expression in the
murine PDAC cells in comparison with the control cells
(Fig. 1a). It should be noted that in tumor cells, PKGII was
generally lower expressed than PKGI, whereas in healthy
cells, the reversed picture likely took place. Panc02 cells
showed the PKG kinase activity, and the PKGI specific inhib-
itor DT3 at 1-μM concentration significantly reduced this ac-
tivity (Fig. 1b). Thus, we can suppose that functional PKGI is
expressed in murine PDAC cells.

DT3 induces cytotoxicity through necrosis and reduces
proliferation and migration but not invasion of PDAC
cells

Next, we wanted to answer the question as to whether DT3
possesses cytotoxicity in respect of the murine PDAC cell line
Panc02 which is used for the orthotopic transplantation in
BL6 mice. As expected, DT3 at 1-μM concentration induced
cytotoxicity of PDAC cells measured both with the ApoTox-
Glo™ Triplex Assay Kit (Fig. 2a) and with a conventional
MTT test (data not shown). The IC50 for the DT3 cytotoxicity
was calculated as to be 0.9 μM (data not shown). The DT3-
induced cell death mechanism was mainly necrosis and late
apoptosis (Fig. 2e). DT3 also reduced the proliferation and

migration of the Panc02 cells, but did not affect their invasion
(Fig. 2b, c, d). Cytotoxicity of DT3 was confirmed with the
additional mutine PDAC cell line LPTA (Fig. 2e). In contrast,
treatment of the normal murine liver epithelium NCTC cells
with DT3 did not obviously induce their cytotoxicity
(Fig. 2g). Based on these data, we decided to assess the anti-
cancer properties of DT3 in vivo.

DT3 treatment of PDAC-bearing mice reduces the PDAC
tumor volume and a number of colon metastases but does
not affect survival of the mice

Since this work was only a Bprove of principle^ that the phar-
macological inhibition of PKGwould have certain anti-cancer
properties, we did not perform a detailed toxicological inves-
tigation of DT3 in vivo. Instead of this, we decided to treat the
PDAC-bearing mice with DT3 i.p. (5 mg/kg/day) on days 5,
7, and 9. This dose was tolerated well; solely, the motor activ-
ity of the treated mice was reversibly reduced during about
5 min after drug injection.

We found out that DT3 treatment reduced the tumor vol-
ume of PDAC-bearing mice (Fig. 3a). Furthermore, this treat-
ment diminished a number of mice with colon metastases, and
had a tendency to reduce liver metastases (Fig. 3b). However,
despite the effect on the tumor volume, DT3 did not prolong
survival of the PDAC-bearing mice (p = 0.39, Fig. 3c), show-
ing only marginal difference in the median survival (29.5 days
for the control-treated mice median survival and 33.0 days for
the DT3-treated animals).

DT3 decreases phosphorylation of GSK−3, P38,
and CREB in murine PDAC tumors

Earlier, we have showed that in human PDAC cells, the phos-
phorylation of CREB, ERK1/2, GSK−3, JNK1, JNK2/3, and
P38 can be affected by DT3 (Karakhanova et al. 2014b). Now,
we have analyzed the impact of DT3 on in vivo phosphoryla-
tion of these signaling proteins in tumors of PDAC-bearing
mice after their treatment with DT3 (Fig. 4). For this purpose,
the Panc02 cells were treated 24 h with 0.9 μM DT3.
Afterwards, the live cells were analyzed with Western blot
as described in BMaterials and methods^. It turned out that
DT3 decreased the phosphorylation of P38 significantly and
showed a good tendency toward the inhibition of phosphory-
lation of GSK−3 and CREB (Fig. 4). Whereas no DT3 effects
on phosphorylation of ERK1/2, JNK1 and JNK2/3 were reg-
istered in the experimental conditions used.

Discussion

As mentioned in BIntroduction,^ until now, there is no possi-
bility to cure patients with PDAC at the moment of diagnosis.
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In this appalling situation, any attempt to search for new ther-
apeutic modalities should be appreciated. Our in vitro data
published recently have shown that inhibition of PKG could
be a therapeutic option for PDAC (Karakhanova et al. 2014b).
The aim of this study was to prove this hypothesis in vivo
using a mouse model of PDAC.

This and our previous studies demonstrated that (i) the
functional PKGI is expressed in PDAC cells, and (ii) there
are cytotoxic effects of PKG inhibition operating through
DT3. These features are not species dependent as both human
andmurine PDAC cells were sensitive to the DT3 treatment. It
should be noted that IC50 of DT3 in the cell culture was in the
same range in human and murine cells. Importantly, the cells
of healthy liver were not sensitive to the cytotoxic effect of
DT3. This allows us to suggest that DT3 could be considered
as a potential anticancer drug after a careful in vivo examina-
tion. It should be stressed that the mechanism of DT3 cyto-
toxicity is a mixture of necrosis and late apoptosis.

In this work, we did not investigate toxicology, pharmaco-
kinetic, and pharmacodynamic of DT3 in vivo. However, we

observed no serious cytotoxic effects of DT3 when applied in
dose based on our therapeutic schema. In agreement with our
in vitro data, we found that the PDAC-bearing mice treated
with DT3 developed smaller tumors in comparison with the
control mice. Interestingly, while the invasionwas not affected
in vitro, the treated animals showed a trend to fewer colon
metastases. At the moment, we cannot explain exactly this
disagreement. However, the complexity of metastasis process
involves among other such intricate pathways as epithelial-to-
mesenchymal-transition (Zhu et al. 2014) and is strongly reg-
ulated by (tumor) micromilieu (Bazhin et al. 2013), which is
not easy to re-modulate directly in vitro.

While our survival experiments did not show a survival
benefit for the DT3-treated mice, this result indicates that al-
though the tumor volume is one of the important tumor fea-
tures, the survival of tumor-bearing animals does not exclu-
sively depend on the tumor volume, and other parameters
have to be taken into account. One extremely important point
is that PDAC is characterized by very early dissemination
(Haeno et al. 2012). In our work, we assessed only

PKGI

NCTC Panc02
1.0××××10-07

1.0××××10-06

1.0××××10-05

1.0××××10-04

1.0××××10-03

1.0××××10-02

**

re
la

tiv
e 

ex
pr

es
si

on
, 2

- ΔΔ ΔΔ
C

t

PKGI

Pancreas PDAC
0.0001

0.001

0.01
*

re
la

tiv
e 

ex
pr

es
si

on
, 2

- ΔΔ ΔΔ
C

t

PKGII

NCTC Panc02
1.0××××10-06

1.0××××10-05

1.0××××10-04

*

re
la

tiv
e 

ex
pr

es
si

on
, 2

- ΔΔ ΔΔ
C

t

PKGII

Pancreas PDAC
1.0××××10-06

1.0××××10-05

1.0××××10-04

1.0××××10-03

**

re
la

tiv
e 

ex
pr

es
si

on
, 2

- ΔΔ ΔΔ
C

t

a

Panc02

co DT3
0.0

0.2

0.4

0.6
*

PK
G

 a
ct

iv
ity

 (O
D

, 4
50

)

b

Fig. 1. Preferential expression of
PKG and PKG activity in murine
PDAC cells. a Real-time PCR
analysis of PKGI and PKGII
expression in the cells of normal
liver epithelial (NCTC) and of the
murine PDAC cell line Panc02
(left panel), or in the tissue of
normal murine pancreas and of
murine PDAC (right panel). The
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macrometastases, but not micrometastases, which are normal-
ly present at a very early stage of the PDAC development.
Another crucial point is the development of the treatment re-
sistance. It is well-known that treatment of PDAC with che-
motherapeutics acquits resistance which limits the therapeutic
success (Li et al. 2004). Therefore, we cannot exclude that

during the DT3 therapy, PDAC cells acquired resistance to
this drug. Besides, with DT3, we could not achieve a complete
tumor regression which can also be a reason for the negative
result in survival experiments. All these options either alone or
in combination could be responsible for the absence of sur-
vival improving by DT3 treatment.
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In this respect, it is possible that we used with an underdose
of DT3. Sure, the dose-escalation may lead to the develop-
ment of toxicity and finally to adverse effects. Another possi-
bility could depend on pharmacokinetics (distribution, metab-
olism, and excretion of DT3) or on pharmacodynamics (bio-
chemical effects of DT3). Therefore, it is important in the
future to try different schema of the DT3 treatment as well
as to investigate pharmacokinetics and pharmacodynamics of
DT3 to improve anti-cancer effects of this drug.

Another point should be discussed as well: in light of the
above-mentioned study of Gambaryan and colleagues
(Gambaryan et al. 2012), who showed an absence of the
in vivo inhibition of PKGI by DT2, the question about the
specificity of the in vivo DT3 effects arises. Both of the drugs
(DT2 and DT3) are chemically related, and could have the
same enzymatic effects. Therefore, in context of the signaling
pathways investigated in this work, we cannot conclude that
the inhibition of phosphorylation of GSK−3, CREB, and P38
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is due to the DT3-dependent inhibition of PKGI. This signal-
ing profiling is extremely complex, and it cannot be excluded
that these effects are due to the influence of DT3 on other
kinases such as PKC, MAP kinases, and some others.
However, in the oncological context, this point is irrelevant,
if the drug manifests pronounced anticancer properties.

In conclusion, this work provides a Bprove of principle^
that DT3 irrespective of its pharmacological specificity could
be important for the development of new strategies for the
PDAC treatment.
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