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BACKGROUND AND PURPOSE

Ceramide kinase (CerK) catalyzes the generation of ceramide-1-phosphate which may regulate various cellular functions,
including inflammatory reactions and cell growth. Here, we studied the effect of a recently developed CerK inhibitor,
NVP-231, on cancer cell proliferation and viability and investigated the role of cell cycle regulators implicated in these
responses.

EXPERIMENTAL APPROACH

The breast and lung cancer cell lines MCF-7 and NCI-H358 were treated with increasing concentrations of NVP-231 and DNA
synthesis, colony formation and cell death were determined. Flow cytometry was performed to analyse cell cycle distribution
of cells and Western blot analysis was used to detect changes in cell cycle regulator expression and activation.

KEY RESULTS

In both cell lines, NVP-231 concentration-dependently reduced cell viability, DNA synthesis and colony formation. Moreover it
induced apoptosis, as measured by increased DNA fragmentation and caspase-3 and caspase-9 cleavage. Cell cycle analysis
revealed that NVP-231 decreased the number of cells in S phase and induced M phase arrest with an increased mitotic index,
as determined by increased histone H3 phosphorylation. The effect on the cell cycle was even more pronounced when
NVP-231 treatment was combined with staurosporine. Finally, overexpression of CerK protected, whereas down-regulation of
CerK with siRNA sensitized, cells for staurosporine-induced apoptosis.

CONCLUSIONS AND IMPLICATIONS
Our data demonstrate for the first time a crucial role for CerK in the M phase control in cancer cells and suggest its targeted
inhibition, using drugs such as NVP-231, in combination with conventional pro-apoptotic chemotherapy.

Abbreviations

BrdU, 5-bromo-2-deoxyuridine; C1P, ceramide-1-phosphate; CerK, ceramide kinase; CDK, cyclin-dependent kinase;
NVP-231, N-[2-benzoylamino-1,3-benzothiazol-6-ylJadamantane-1-carboxamide; NVP-995, N-[2-[(3,4-dimethoxybenzoyl)
amino]-1,3-benzothiazol-6-ylJadamantane-1-carboxamide; S1P, sphingosine-1-phosphate
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Tables of Links

Caspase-3 E3 ubiquitin protein ligase
Caspase-9 Glucosylceramide synthase
CDK (cyclin-dependent kinase) Glycogen synthase kinase-3[3
CDK1 p42-MAPK

CDK2 p44-MAPK

CDK4 PI3K

Ceramide Sphingosine kinase 1

CerK (ceramide kinase) Weel kinase

Cyclin B1 (kalirin, RhoGEF kinase)

NVP-231
S1P (sphingosine 1-phosphate)

Staurosporine

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Sphingolipids are essential structural components of cellular
membranes but several subspecies were also shown to act as
signalling molecules. Many studies have proven their key role
in the regulation of cell viability and division. Especially, the
role of ceramide and sphingosine 1-phosphate (S1P) in cell
growth and death have been extensively studied over the last
decades. Whereas ceramide exerts antiproliferative and pro-
apoptotic effects, S1IP seems to be a counter molecule to
ceramide as in many cell types it exerts opposite effects, such
as promoting cell proliferation and cell survival (Huwiler and
Pfeilschifter, 2006; Huwiler and Zangemeister-Wittke, 2007;
Pyne and Pyne, 2010; Van Brocklyn and Williams, 2012).

Recently, another phosphorylated sphingolipid species,
ceramide 1-phosphate (C1P), has attracted attention as it was
suggested to regulate various cellular functions, such as the
release of synaptic vesicles (Shinghal et al., 1993), phagocy-
tosis (Hinkovska-Galcheva et al., 1998), mast cell degranula-
tion (Mitsutake et al., 2004), inflammatory reactions (Pettus
et al., 2003), proliferation (Gomez-Mufioz et al., 1995; 1997)
and angiogenesis (Niwa et al., 2009) (reviewed in: Bornancin,
2011). Although C1P was suggested to trigger cell prolifera-
tion and migration (Gomez-Mufioz et al., 1995; 1997), this
effect was mainly seen when adding exogenous C1P to cell
cultures. Regarding the migratory effect of exogenous C1P, it
was proposed that it acts through a putative C1P receptor
which was shown to be pertussis toxin sensitive (Granado
et al., 2009). However, very high concentrations of C1P in the
range of 30-50 uM were needed for this suggesting that if
indeed a receptor is involved, interaction is of low affinity. So
far, no high-affinity C1P receptor has been identified.

C1P is generated by the action of a ceramide kinase
(CerK), which was first described in brain synaptic vesicles
where it co-purified with synaptic vesicle markers (Bajjalieh
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et al., 1989). Meanwhile, CerK has been cloned from various
species including mouse and human (Sugiura et al., 2002).
CerK is a 537 amino acid protein showing homology to the
DAG kinase and sphingosine kinase 1 but having strong
substrate specificity for ceramides including the short-chain
analogues Cs-, Cs- and Cye-ceramide (Sugiura ef al., 2002).
CerK was shown to be localized in various subcellular com-
partments including Golgi, cytoplasm and nucleus (Carré
et al., 2004; Rovina et al., 2009). The N-terminal sequence of
CerK is thought to be myristoylated and to contain a pleck-
strin homology domain, which is important for the Golgi
localization (Carré et al., 2004). Furthermore, it was shown
that the N-terminal region contains a nuclear import signal
whereas the C-terminal region contains a nuclear export
signal (Rovina et al., 2009). These findings led to the hypoth-
esis that a nucleocytoplasmic shuttling of CerK represents a
novel mechanism of regulation. In view of these reports, it is
appealing that the primary site of C1P generation is inside
the cell and consequently, the primary site of action may also
be in the intracellular space, especially considering that so far
no transporter of C1P has been identified.

In the present study, we investigated the effect of a
recently developed catalytic inhibitor of CerK NVP-231 (Graf
et al., 2008a) on the growth and survival of the breast and
lung cancer cell lines MCF-7 and NCI-H358. We demon-
strated that this inhibitor concentration-dependently reduces
cell viability, DNA synthesis and colony formation, and that
cells arrest in M phase of the cell cycle and subsequently
undergo apoptosis. The death-promoting effect of NVP-231
was reduced when CerK was overexpressed in the cells. Fur-
thermore, the combination of NVP-231 with staurosporine
led to a synergistic effect on apoptosis induction. These find-
ings demonstrate a crucial role of CerK in mitosis regulation
and suggest that targeted CerK inhibition should be com-
bined with pro-apoptotic anti-cancer agents for therapy.
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Methods

Cell culturing and stimulation

The human lung cancer cell line NCI-H358 and the human
breast cancer cell line MCF-7 were obtained from the Ameri-
can Type Culture Collection (Manassas, VA, USA). NCI-H358
cells were cultured as previously described (Huwiler et al.,
2011). MCF-7 cells were cultured in DMEM supplemented
with 10% (v-v') FBS, 10 mM HEPES pH 7.4, 6 ug-mL™
insulin, 100 units-mL™" penicillin, 100 pg-mL™" streptomycin,
and non-essential amino acids. Throughout all the experi-
ments, cells were grown at 37°C in a humidified atmosphere
containing 5% (v-v'') CO,. Stimulated cells were homog-
enized in lysis buffer (Huwiler and Pfeilschifter, 2006; Huwiler
etal., 2006) and centrifuged for 10 min at 13 000x g. The
supernatant was taken for protein determination and 30 pg of
protein was separated by SDS-PAGE, transferred to nitrocel-
lulose membrane and subjected to Western blot analysis, as
previously described (Huwiler and Pfeilschifter, 2006;
Huwiler et al., 2006), using the antibodies indicated in the
figure legends.

Cell transfection

For stable CerK overexpression, 4 x 10° MCF-7 cells per well
were seeded in 6-well plates to be 50-70% confluent after 1
day. Cells were then incubated for 24 h in serum-free DMEM
containing a mixture of 2 ug-mL™ plasmid DNA (pcDNA3.1
plus human CerK ¢cDNA) and 4 pL-mL™" of TurboFect® trans-
fection reagent (Fermentas GmbH, St. Leon-Rot, Germany).
Control cells were transfected with the empty pcDNA3.1
vector plus TurboFect. Thereafter, transfected cells were main-
tained for at least 3 weeks in complete medium containing
1 mg-mL"' G418 for selection before experiments were per-
formed. For CerK down-regulation, cells were transfected
with oligofectamine and 100 nM of a Smartpool siRNA
of hCerK (Dharmacon RNAi, L-004061; Fisher Scientific,
Wohlen, Switzerland) as recommended by the manufacturer.
Forty-eight hours after transfection, cells were subcultured
into 96-well plates for the DNA fragmentation assay. After
24 h, cells were treated as indicated in the figure legends.

Cellular CerK activity assay

The cellular CerK activity assay was performed as described by
Boath et al. (2008). The cellular ICs, value was calculated by
using the Prism 5.03 software (GraphPad Software Inc.,
LaJolla, CA, USA) and by performing a non-linear curve fit.

DNA synthesis/proliferation assay

Cells were plated in a 96-well plate (1 x 10* cells per well) and
maintained overnight in growth medium. The cells were then
treated as indicated and for the last 24h S5-bromo-2-
deoxyuridine (BrdU) was added to culture medium. Incorpo-
rated BrdU was detected using the Cell Proliferation BrdU
ELisA kit according to the manufacturer’s instructions (Roche
Diagnostics GmbH, Mannheim, Germany).

AlamarBlue cell viability assay
Cell viability was measured using alamarBlue® reagent (resa-
zurin) (Life Technologies, Thermo Fisher Scientific, Waltham,

MA, USA) (Larson et al., 1997). Cells were plated in a black
96-well plate (7.5 x 10* cells per well) and maintained over-
night in complete medium. The cells were then treated as
indicated and for the last 4 h, alamarBlue reagent was added.
Intensity of fluorescence reflecting cell viability was measured
at 544/590 nm excitation/emission wavelengths with a Spec-
traMax microplate reader (Molecular Devices, LLC, Sunny-
vale, CA, USA). Alternatively, cell viability was detected by
flow cytometry. For this, treated cells were trypsinized,
washed once with PBS and resuspended in PBS containing 1%
FCS and 10 ug-mL™ propidium iodide. After 1 min of incu-
bation at 25°C, cells were immediately analysed by flow
cytometry. Propidium iodide (PI)-positive staining was
detected in FL3 channel using a FACSCalibur (Becton & Dick-
inson, San Jose, CA, USA). At least 20 000 cells were counted
in each sample.

Colony formation assay

Cells were subcultured in 60 mm diameter dishes at a density
of 1000 cells per dish. After 24 h, cells were treated as indi-
cated in growth medium and incubated for further 10 days
(NCI-H358) or 14 days (MCF-7) to allow colony formation.
Cells were then washed with PBS, air dried and stained for
30 min with 2% (w-v'") crystal violet. The number of cell
colonies was quantified by using a ColCount™ (Mammalian
Cell Colony Counter, Oxford Optronix, Oxford, UK). Only
colonies bigger than 50 cells were included in the counting.

Cell cycle analysis by flow cytometry

Stimulated cells were detached by trypsin/EDTA and fixed in
70% (v-v'!) ethanol for at least 1 h at —20°C. Cells were then
incubated for 30 min in PBS containing 10 ug-mL™" pro-
pidium iodide, and 100 ug-mL™" RNase A and analysed by
flow cytometry for DNA content using a FACSCalibur (Becton
& Dickinson). To discriminate cells in M phase from cells in
G2 phase, additional staining for the mitosis marker
phospho-Ser'® histone H3 was performed before PI was added
to the cell samples. The phospho-H3 positive cells were
detected using an anti-rabbit Alexa-488 secondary antibody
in FL1 channel. At least 20 000 cells were counted for each
sample.

Quantification of C1s-C1P and ceramides

by LC-MS/MS

C1P and ceramides were extracted and quantified as recently
described (Fayyaz et al., 2014). In brief, lipids were extracted
from cells using C12-C1P and Cl7-ceramide as internal
standards. Sample analysis was carried out by rapid-
resolution liquid chromatography-MS/MS using a Q-TOF
6530 mass spectrometer (Agilent Technologies, Waldbronn,
Germany) operating in the positive ESI mode for ceramides
and in the negative ESI mode for C1P. The precursor ions of
C12-C1P (m/z 560.408), C16-C1P (m/z 616.471) and cera-
mides (Cl6-ceramide (m/z 520.508), C17-ceramide (m/z
534.524), C18-ceramide (m/z 548.540), C18:1-ceramide (m/z
546.524), C20-ceramide (m/z 576.571), C22-ceramide
(m/z 604.602), C24-ceramide (m/z 632.634), C24:1-ceramide
(m/z 630.618) were cleaved into the fragment ions of m/z
78.960, m/z 78.960 and m/z 264.270 respectively. Quantifi-
cation was performed using Mass Hunter Software (Agilent
Technologies).
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Statistical analysis

Statistical analysis of experimental data was performed using
one-way ANova followed by a Bonferroni’s post hoc test for
multiple comparisons or unpaired t-tests when only two
groups were compared.

Chemicals

Secondary HRP-coupled IgGs, hyperfilm MP* and enhanced
chemiluminescence reagents were from GE Health Care
Systems (Glattbrugg, Switzerland). Cs-ceramide was from
Enzo Life Sciences AG (Lausen, Switzerland). CgNBD-
ceramide was from Cayman Chemicals Inc. (Ann Arbor, MI,
USA) Antibodies against GAPDH, total histone H3, cleaved
caspase-3, phospho-Ser'**-cyclin B1, total cyclin B1, weel,
and cyclin-dependent kinase (CDK)4 were obtained from Cell
Signaling Technology Europe B.V. (Leiden, the Netherlands);
phospho-Ser'® histone H3 was from EMD Millipore Inc.
(Darmstadt, Germany); cleaved caspase-9 and f-actin were
from Santa Cruz Biotechnology, Inc. (Heidelberg, Germany);
NVP-231 and  N-[2-[(3,4-dimethoxybenzoyl)amino]-1,3-
benzothiazol-6-ylJadamantane-1-carboxamide (NVP-995)
were provided by Novartis Pharma Inc. (Basel, Switzerland);
K1 was from Merck Chemicals Ltd (Nottingham, UK). All
cell culture additives were from Invitrogen AG (Basel,
Switzerland).

Results

NVP-231 reduces cell viability and DNA
synthesis by triggering cell death of

cancer cells

Previously, a novel CerK inhibitor NVP-231 was described by
Graf etal. (2008a) that inhibited the catalytic activity of
recombinant CerK in vitro with an ICso of 12 nM. This inhibi-
tor therefore represents an attractive tool to study the cellular
functions of CerK.

Here, we investigated whether NVP-231 can inhibit CerK
activity in intact cancer cells, and affects cancer cell
responses. To this end, the breast cancer cell line MCF-7 was
stably transfected with a cDNA construct containing human
CerK. Cells were then incubated with a cell permeable fluo-
rescently labelled Cs-ceramide analog, NBD-ceramide, which
acted as a CerK substrate to become phosphorylated. When
cells were treated with increasing concentrations of NVP-
231, cellular CerK activity, as measured by NBD-C1P forma-
tion, was gradually reduced (Figure 1A) demonstrating that
NVP-231 active in transfected cells. The ICs, for CerK in the
cellular system was calculated to be 59.70 + 12 nM. Moreo-
ver, we tested an inactive compound, that is NVP-995, which
shows the same chemical structure but additionally possesses
two methoxy groups (Graf et al., 2009). We confirmed that
NVP-995 had no inhibitory activity in the cellular CerK
activity assay (Figure 1A). Furthermore, we quantified cellu-
lar C;c-C1P and Cie-ceramide levels in NVP-231-treated
MCF-7 cells. C;,-C1P (Figure 1B) declined concentration-
dependently upon NVP-231 treatment whereas total cera-
mides levels increased (Figure 1C). The different ceramide
subspecies were also analysed and showed highest levels of
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C16-, C24- and C24:1-ceramides. The subspecies C18-,
C18:1-, C20- and C22-ceramides were hardly detectable
(Figure 1C).

Among the cellular functions that have been reported for
C1P in the literature is stimulation of cell proliferation
(Gomez-Muinoz et al., 1995; 1997; Mitra et al., 2007; Gangoiti
etal.,, 2012) although the detailed mechanisms have
remained unclear. Additionally, Ruckhdberle et al. (2009)
reported that in breast cancer patients, higher CerK expres-
sion is correlated with worse prognosis even suggesting CerK
as a prognostic marker in breast cancer.

Here, we investigated whether cellular CerK plays a role in
cancer cell viability and proliferation, and whether inhibition
of CerK has an effect on cancer cell behaviour. When treating
either MCF-7 or NCI-H358 cells with NVP-231 for 48 h,
viability was concentration-dependently reduced with an ICs,
of about 1 uM in MCEF-7 cells (Figure 2A) and 500 nM in
NCI-H358 cells (Figure 2B).

We further measured the effect of NVP-231 on DNA syn-
thesis by detecting the incorporation of BrdU into de novo
synthesized DNA. NVP-231 treatment for 72 h reduced DNA
synthesis in both cell lines. With 1 uM of NVP-231, the
highest concentration tested, a 60-70% reduction after 72 h
was detected in both cell lines (Figure 2C and D). In addition,
the colony forming capacity of MCF-7 and NCI-H358 cells
was monitored upon NVP-231 treatment during 10-14 days
in a clonogenic assay. Both cell lines showed reduced colony
formation upon NVP-231 treatment with a full inhibition
obtained with 500 nM in NCI-H358 and with 1 pM in MCF-7
cells (Figure 2E and F).

To further investigate the reason for the reduced viability
and DNA synthesis of both cell lines upon NVP-231 treat-
ment, we analysed the amount of PI uptake as a measure of
cell death. Upon treatment with 1 uM NVP-231, the number
of PI-positive dead cells increased constantly reaching 20% in
MCEF-7 cells (Figure 3A) and more than 40% in NCI-H358
cells (Figure 3B) after a 72 h treatment, the latest time point
analysed.

To see whether the increased cell death was due to pro-
grammed cell death, we analysed cell lysates for markers of
apoptosis such as cleaved caspase-3 and caspase-9. Notably, it
was previously reported that MCF-7 cells are deficient of
caspase 3 (Kurokawa et al., 1999). However, the MCF-7 cell
line used in this study clearly expresses caspase-3 (Figure 3C).
Both cell lines responded to NVP-231 with enhanced
caspase-3 (Figure 3C and E) and caspase-9 (Figure 3D and F)
cleavage. However, the time course was different in the two
cell lines. In MCEF-7 cells, highest caspase-3 and caspase-9
cleavage and thus activation occurred at 24 h and thereafter
decreased again, suggesting that at the later time points
necrosis-like changes occurred which account for the high
amount of PI-positive cells at 48 h and 72 h (Figure 3C and
E). In NCI-H358 cells, caspase-3 and caspase-9 cleavage
occurred continuously over 72 h (Figure 3D and F).

NVP-231 treatment leads to M phase arrest

We further studied the effect of NVP-231 on cell cycle pro-
gression. Notably, the normal constitutive distribution of
growing cells in the cell cycle was different between the two
cell lines. MCF-7 cells showed strikingly more polyploid
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cells (>4N DNA content) than NCI-H358 cells but less cells in
S phase and less cells in the sub-G1 phase, which comprises
cells with fragmented DNA typical for apoptotic/necrotic
cells. Treatment of MCF-7 (Figure 4A and C upper panels) or
NCI-H358 cells (Figure 4B and C lower panels) for 24 h with
increasing concentrations of NVP-231 decreased the number
of cells in S phase and resulted in an accumulation of cells in
G,/M (4N DNA content). In parallel, more cells containing
fragmented DNA were detected in the sub-G1 fraction. The
amount of polyploid cells (>4N DNA content) was not
affected by NVP-231 in neither of the two cell lines. As

expected, the inactive compound NVP-995 did not affect cell
cycle distribution.

To further analyse the observed accumulation of cells in
G2/M, we investigated whether cells arrested at the G2/M
boundary or in the M phase upon CerK inhibition. To this
end, phosphorylated histone H3 was analysed as a well-
accepted marker for mitosis (Colman et al., 2006). NVP-231
treatment of both MCF-7 cells (Figure 5A) and NCI-H358 cells
(Figure 5B) led to a concentration-dependent increase of the
mitotic index of the cells detected by flow cytometry. In
parallel, Western blot analysis of phospho- Ser'® histone H3 in
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Effect of NVP-231 on cell death of MCF-7 and NCI-H358 cells. MCF-7 (A and C) and NCI-H358 (B and D) cells were treated for 24-72 h with either
vehicle (Co, 0) or 1 uM NVP-231. Cells were collected and stained with propidium iodide and analysed by flow cytometry to detect Pl-positive
cells (A and B). Data are expressed as % of cells with positive Pl staining and are means = SD (n = 3). *P<0.05, **P < 0.01, ***P < 0.001 considered
statistically significant when compared with the control groups. In parallel, cell lysates were separated by SDS-PAGE, transferred to nitrocellulose
and subjected to Western blot analysis (C and D) using antibodies against cleaved caspase-3 (upper panels), cleaved caspase-9 (middle panels)
and GAPDH (lower panels) at dilutions of 1:1000 each. Data show duplicate samples and are representative of three independent experiments
giving similar results. (E and F) Graphs show the densitometric evaluation of Western blot data of MCF-7 (E) and NCI-H358 cells (F). Results are
expressed as % of control and are means SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 considered statistically significant when compared with
the control groups.
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Effect of NVP-231 and NVP-995 on cell cycle progression of MCF-7 and NCI-H358 cells. MCF-7 (A) and NCI-H358 (B) cells were treated for 24 h
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analysed by flow cytometry. Data are expressed as % mitotic cells and are means + SD (n = 6). *P < 0.05, ***P < 0.001 considered statistically

significant when compared with the control groups.

cellular lysates was performed which also showed enhanced
staining upon NVP-231 treatment (data not shown). These
data demonstrate that NVP-231-treated cells committed M
phase arrest rather than arrest at the G2/M boundary.

We next investigated additional molecular factors known
to be involved in cell cycle regulation, especially in G2/M
transition. This transition is known to be regulated by the so
called mitosis-promoting factor, which represents a heterodi-
meric protein composed of cyclin B and cdc2 (CDK1). In the
two cell lines studied here, NVP-231 treatment caused a
concentration-dependent up-regulation of cyclin B1 phos-
phorylation at Ser'** and a reduction of CDK1 phosphoryla-
tion at Tyr" (Figure 6). Both events are required for G2/M
transition and further support the finding that cells were not
arrested in G2 but rather enter the M phase. However, total
CDK1 expression also declined upon CerK inhibition
(Figure 6). Moreover, we found that weel known as one of
the kinases regulating CDK1 activity was down-regulated by
NVP-231 (Figure 6). In addition, we also detected a down-
regulation of CDK4, a kinase important for G1/S transition
(Sheppard and McArthur, 2013). The reduction of CDK4
protein expression occurred in a time-dependent manner
over 72h and was more pronounced in NCI-H358 cells
(Figure 7B and C) than in MCEF-7 cells (Figure 7A and C), thus
reflecting the fact that NCI-H358 cells have a shorter dou-

bling time than MCEF-7 cells. This down-regulation of CDK4
may explain the reduced number of cells in S phase.

CerK inhibition sensitizes cells to
drug-induced apoptosis

To test whether CerK inhibition sensitizes cancer cells to
drug-induced apoptosis, we co-treated cells with NVP-231
and staurosporine. Staurosporine was chosen as a non-
specific but potent inducer of apoptosis and used in a low
concentration to better assess the effect of NVP-231. NCI-
H358 cells treated with 20 nM of staurosporine showed a
twofold increase of DNA fragmented cells compared with
control cells (Figure 8A). When cells were pretreated with
increasing concentrations of NVP-231, staurosporine stimu-
lated a synergistic increase of DNA fragmentation (Figure 8A).
Interestingly, MCEF-7 cells reacted in a different manner to
staurosporine than NCI-H358 cells. Using the same concen-
tration of 20 nM staurosporine, only a minor increase of DNA
fragmentation occurred (data not shown). Therefore, we
measured staurosporine-induced G,/M arrest and found that
pretreatment of cells with NVP-231 indeed enhanced
staurosporine-induced G2/M arrest (Figure 8B). Next, we used
an alternative approach to block CerK action, that is by
down-regulating the enzyme using RNA interference. Under
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conditions where CerK mRNA expression was reduced to
30-40% of control transfected cells (data not shown),
staurosporine-induced DNA fragmentation was significantly
up-regulated in NCI-H358 (Figure 8C) and MCEF-7 cells
(Figure 8D).

Finally, we tested whether overexpression of CerK in
MCE-7 cells protects from drug-induced apoptosis. To this
end, cells were transiently transfected with a human CerK
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cDNA construct prior to treatment with staurosporine. As
shown in Figure 9A, staurosporine reduced MCF-7 cell viabil-
ity in a concentration-dependent manner. When CerK was
overexpressed, the proapoptotic effect of staurosporine was
reversed (Figure 9A), suggesting that endogenously produced
C1P may promote cell viability. Moreover, overexpression of
CerK reduced the NVP-231-triggered increase of phospho-
histone H3 (Figure 9B).
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Figure 7

Time-dependent effect of NVP-231 on CDK4 protein expression in
MCEF-7 and NCI-H358 cells. MCF-7 (A) and NCI-H358 (B) cells were
treated for 24 h with either vehicle (Co) or for the indicated time
periods with T uM of NVP-231. Cell lysates were separated by SDS-
PAGE, transferred to nitrocellulose and subjected to Western blot
analysis using antibodies against CDK4 and B-actin. Data show dupli-
cate samples and are representative of three independent experi-
ments giving similar results. (C) Graphs show the densitometric
evaluation of Western blot data of MCF-7 and NCI-H358 cells. Results
are expressed as % of control and are means £ SD (n=6). **P < 0.01,
***P < 0.001 considered statistically significant when compared with
the control groups. *#P < 0.001 compared with the NCI-H358
control group.

Discussion

Previous studies suggested a role for CerK and its product C1P
in the regulation of cell proliferation and apoptosis. However,
the exact mechanisms have remained largely unclear. It was
first shown that CerK is an important player in the control of
plant cell death. By mutating the plant CerK homologue
accelerated cell death 5 (acd5) in Arabidopsis, the plants not
only accumulated ceramides, but also showed excessive cell
death upon pathogen infection (Liang et al., 2003). Later on,
in an in vitro system with human lung cancer cells, down-
regulation of CerK by siRNA transfection, also resulted in
reduced DNA synthesis and increased apoptosis (Mitra et al.,
2007).

To unveil the cellular function of the lipid C1P, many
studies used exogenous C1P added to cell cultures, either as
liposomes or micelles in rather high concentrations or
diluted in solvents containing dodecane. Using these
approaches, C1P seems to trigger, in a cell type-specific
manner, either proliferation or apoptosis (Gomez-Mufioz
etal.,, 1997; Tauzin etal., 2007). Recently, Gangoiti et al.
(2012) showed that in C2C12 myoblasts, exogenous CI1P
induced cell proliferation by stimulating the phosphoryla-
tion of glycogen synthase kinase-3f, increasing retinoblas-
toma (Rb) phosphorylation and enhancing cyclin D1
expression. Clearly, C1P is a cell-impermeable lipid which
cannot enter the cell without a transporter or, as may be the
case for dodecane, by triggering pore formation. Alterna-
tively, exogenous C1P, like S1P, may act via a cell surface
receptor. However, so far, neither a specific C1P export system
like a transporter, nor a specific high-affinity cell surface
receptor for C1P has been identified. Therefore, it remains
unclear whether extracellular C1P-triggered cellular effects
are indeed mediated by a specific action on a putative recep-
tor or result, at least to some extent, from membrane distur-
bances like those triggered by detergents. Nevertheless, C1P is
primarily generated inside the cell and therefore, its prefer-
ential site of action is most likely intracellular.

In the present study, we used a recently developed potent
catalytic inhibitor of CerK, that is NVP-231 (Graf etal.,
2008a), which inhibits CerK in the low nM range in a cell-free
in vitro but also in transfected cells (Figure 1). We report that
in two cancer cell lines of distinct histotypes, that is the
breast cancer cell line MCF-7 and the lung cancer cell
line NCI-H358, treatment with NVP-231 concentration-
dependently reduced cell viability, DNA synthesis, as well as
colony formation. The cells showed abnormalities in cell
cycle progression causing a striking accumulation of cells in
the M phase and, additionally, a reduced number of cells in S
phase. Later on, cell death increased. Certainly, in pharma-
cology, the specificity of an inhibitor is crucial. As NVP-231
was identified as a ceramide-competitive CerK inhibitor, it is
possible that, if at all, the inhibitor interferes with other
enzymes with affinity for lipids, particularly to ceramide. The
specificity of NVP-231 for CerK was addressed by Graf et al.
(2008a). Various other lipid kinases and other enzymes with
affinity for ceramide were tested. The most sensitive enzyme
responding to NVP-231 was DAGKo. which was inhibited
with an ICs of 5 uM whereas all other tested enzymes were
inhibited with ICs, values between 10 and 100 pM.

Regulation of cell cycle progression in mammalian cells is
generally associated with expression and activity of four
CDKs including CDK1 (Cdc2), CDK2, CDK4 and CDK6, and
their regulatory cyclin partners comprising cyclin A, B, D and
E (Leake, 1996; Lim and Kaldis, 2013). CDK1 represents an
absolutely essential kinase and its dysfunction is fatal for cell
cycle progression, cell division and viability. CDK1 is tightly
involved in the processes of DNA replication, chromosome
cohesion and condensation, assembly, positioning and sta-
bility of the mitotic spindle, chromosomes attachment, align-
ment and segregation (Enserink and Kolodner, 2010). All of
these events may be disturbed when CDK1 activity is com-
promised. Recently, Que et al. (2013) reported that silencing
of CDK1 in osteosarcoma cells resulted, similar to our study,
in a reduced proliferation and accumulation of cells in G2/M

British Journal of Pharmacology (2014) 171 5829-5844 5839



O Pastukhov et al.

A
3000+ §8%
1 control s
5 @ staurosporine
£ 5 2000
g0
56 §8§
Ex i
< — 1000+ ok
P
[m] * *k ﬂ
Co 500 1000
NVP-231 (in nM)
c §§§
15007 [ ctisiRNA 5oy =
fon @ siCerK
9 — Fkk
£ S 1000
25
E o
26
< 2 500
3
a
ol 1 Em
Co 50 100

staurosporine (in nM)

Figure 8

B
@ 50 control 585 §8§
@ [@ staurosporine #h
s 40 =
--E._ *kk
O 30- =
£
2 204
0]
O
%5 104
=
0
Co 500 1000
NVP-231 (in nM)
’ 500 -
| 3 ctrl-siRNA s i
5 400- == siCerK #
5]
C = *
@ € 300+
52
25 200
<&
il
0
Co 50 100

staurosporine (in nM)

Effect of NVP-231 and CerK down-regulation with siRNA on staurosporine-induced cell death. NCI-H358 (A) and MCF-7 cells (B) were pretreated
for 4 h with either vehicle (DMSO, 0) or the indicated concentrations of the NVP-231 and NVP-995 (in nM) before the addition of 20 nM
staurosporine (+) for an additional 20 h. Cells were collected and analysed for DNA fragmentation and G2/M arrest. Data are means £ SD (n =
6). *P<0.05, **P< 0.01, ***P < 0.001 considered statistically significant when compared with the untreated control group; ##P < 0.001 compared
with the staurosporine-treated control group; 3P < 0.001 compared with the corresponding NVP-231-treated groups. NCI-H358 (C) and MCF-7
cells (D) were transfected with a control siRNA (ctrl-siRNA) or siRNA of CerK (siCerK) and then treated for 20 h with the indicated concentrations
of staurosporine (in nM). Cells were collected and analysed for DNA fragmentation. Data are means = SD (n = 3). *P < 0.05, ***P < 0.001
considered statistically significant when compared with the untreated control group; #P < 0.01, ##P < 0.001 compared with the untreated siCerK
group; P < 0.05, %P < 0.01, 8P < 0.001 compared with the corresponding staurosporine-treated groups.

and a reduced number of cells in S phase. Additionally,
Rani etal. (1995) showed that treatment of fibroblasts
with the glucosylceramide synthase inhibitor 1-phenyl-2-
decanoylamino-3-morpholino-1-propanol (PDMP) not only
led to a reduced level of glucosylceramide and an enhanced
level of cellular ceramide, but also induced accumulation of
cells in G2/M and a reduction in S phase. Concomitantly,
they observed a decrease of CDK1 activity upon PDMP treat-
ment. The authors suggested that especially ceramide was
responsible for G2/M arrest, whereas the loss of glucosylcera-
mide contributed to the decrease of S-phase cells (Rani et al.,
1995). Moreover, Drobnik et al. (1999) showed that in fibro-
blasts from Tangier disease patients, which are characterized
by a disturbed lipid metabolism due to a mutated ABC1
transporter (Bodzioch et al., 1999), cellular ceramide concen-
trations were also increased, and in response to different
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mitogens, cells accumulated in G2/M and disappeared from S
phase (Drobnik et al., 1999).

As inhibition or knockout of CerK also results in the
accumulation of ceramide (Graf et al., 2008b and Figure 1C in
this study), it is well possible that similar mechanisms are
triggered by these treatment strategies which all lead to the
same cellular phenotype. However, whether this phenotype is
mediated by ceramide remains uncertain due to controversial
data about the role of ceramide in cell cycle regulation. Cera-
mide was also shown to arrest cells, including MCF-7 cells, in
G1 (Jayadev et al., 1995; Struckhoft et al., 2010), which seems
to involve dephosphorylation of the Rb protein (Dbaibo
et al., 1995) and up-regulation of the CDK inhibitory factor
p21 (Oh et al., 1998; Lee et al., 2000). In another study, it was
shown that inhibition of de novo sphingolipid biosynthesis by
myriocin, which results in a reduction of various sphingolip-
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Effect of CerK overexpression on staurosporine-stimulated apoptosis
and NVP-231-mediated histone H3 phosphorylation. (A) Cells trans-
fected with the empty vector (pcDNA3) or with a cDNA construct of
hCerK (pcDNA3-hCerK) were plated in a 96-well black plate (1 x 10*
cells per well) and treated for 48 h with either vehicle (Co) or the
indicated concentrations of staurosporine (in nM). For the last 4 h,
alamarBlue® was added and fluorescence was determined as
described in the Methods section. Data are expressed as % of
control and are means + SD (n = 5), **P < 0.01, ***P < 0.001
considered statistically significant when compared with the corre-
sponding value of pcDNA3 transfected samples. (B) NCI-H358 cells
transfected with the empty vector (pcDNA3) or with a cDNA con-
struct of hCerK (pcDNA3-hCerK) were treated for 24 h with either
vehicle (Co) or the indicated concentrations of NVP-231. Cells were
then taken for phospho-histone H3 analysis by flow cytometry.
Results are expressed as % of phospho-H3 positive cells and are
means + SD (n = 3). ***P < 0.001 when compared with the pcDNA3
transfected control samples; P < 0.05, $%5P < 0.001 when compared
with the corresponding NVP-231-treated pcDNA3 transfected
samples.

ids including ceramide, reduced DNA synthesis and prolifera-
tion of melanoma cells, and cells accumulated in G2/M and
disappeared from S phase. On a molecular level, myriocin was
shown to induce a significant loss of CDK1 protein, which
could be completely prevented by addition of exogenous
Cs-ceramide, leading the authors to conclude that ceramide
or one of its catabolites is essential for CDK1 expression (Lee
etal., 2011). Certainly, the ceramide effect may be cell type
specific and depends on the cell’s equipment with ceramide-
converting enzymes, such as ceramidases and sphingosine
kinases, which are known as crucial determinants of cera-
mide’s actions (Huwiler and Pfeilschifter, 2006; Huwiler and
Zangemeister-Wittke, 2007).

In an attempt to further trace the signal upstream, we
found that weel was down-regulated by NVP-231 in both
NCI-H358 and MCF-7 cells. Weel kinase is a critical regulator
of CDK1 activity by mediating Tyr"® phosphorylation and
thus CDKI1 inactivation, and it has been reported that weel
must be degraded by an E3 ubiquitin ligase activity to ensure
entry into mitosis (Smith et al., 2007). It is thus tempting to
speculate that CerK inhibition leads to enhanced E3 ubiqui-
tin protein ligase activity which then promotes weel degra-
dation and the onset of mitosis.

Our data also demonstrate that upon NVP-231 treatment
of cancer cells, CDK4 protein was concentration- and time-
dependently down-regulated. This effect was even more
pronounced in synchronized cells (data not shown).
CDK4 is a central player of the pl6/cyclin D/CDK4 and
6/retinoblastoma pathway promoting G1 to S cell cycle
transition (Sheppard and McArthur, 2013). Furthermore,
inhibition or down-regulation of CDK4 not only induces G1
arrest but also increases cell death (Sheppard and McArthur,
2013).

The observed down-regulation of CDK4 by CerK inhibi-
tion may explain the observed decline of cells from S phase
and increased apoptosis. However, the mechanism underly-
ing these effects is still unclear and further studies are needed
to address this issue. Especially important is the question
which lipid subspecies is directly responsible for the effects: is
it the accumulated ceramide or the loss of C1P or another
metabolite? Also it is worth noting in this context, that in
intestinal polyps of SphK1-deficient mice CDK4 expression
was down-regulated correlating with reduced epithelial cell
proliferation (Kohno etal.,, 2006). In that study, in vitro
experiments with rat intestinal epithelial cells revealed that
exogenous sphingosine, but not ceramide, could mimic the
effect of reduced CDK4 expression and proliferation (Kohno
et al., 2006). On the contrary, Kim et al. (2000) showed that in
HL-60 cells, ceramide inhibited CDK4 activity and thereby
contributed to G1 arrest and subsequent apoptosis. Thus
further studies are needed to clarify the involvement of the
different sphingolipid species in the cell cycle machinery.

Cell cycle-regulating processes are not only restricted to
the nucleus but may also occur in the cytoplasm. In view of
this, unravelling the subcellular localization of CerK in the
dynamic range of the cell cycle will be crucial to identify
possible direct targets of C1P. The fact that CerK contains
both nuclear import and export signals in its sequence makes
a nuclear function very likely although this is still unproven.
By transfecting COS-1 cells with a GFP-coupled CerK con-
struct, Rovina et al. (2009) demonstrated the localization of
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the wild-type CerK in the Golgi, the cytoplasm and in the
nucleus. These data make it tempting to suggest that CerK
exerts a function in the nucleus.

Furthermore, Chen et al. (2010) previously showed that
CerK contains various phosphorylation sites, including Ser**
and Ser*®. These two residues represent classical phosphor-
ylation sites for proline-directed PKs including MAPKs and
CDKs. Because both of these families of PKs are crucially
involved in cell proliferation and cell cycle regulation, cou-
pling of CerK to the cell cycle in one or the other way is very
likely.

A keystone to successful anti-cancer therapy is to sensitize
cancer cells to proapoptotic chemotherapy. Our data indicate
that CerK inhibition per se is sufficient to induce cancer cell
death, and in addition, sensitizes cells to death-promoting
agents such as the unspecific kinase inhibitor staurosporine.
This sensitizing effect is indeed due to CerK inhibition and
not due to an unspecific effect, as CerK overexpression ren-
dered cells less susceptible to death induction by stauro-
sporine. A role for C1P in cell survival was also proposed by
Gomez-Munoz et al. (2005). These authors showed that in
mouse macrophages exogenous, C1P promoted cell survival
by activating PI3K and Akt/PKB and by up-regulating the
anti-apoptotic factor Bcl-x,. However, in our cell systems, the
overexpression of CerK did not cause enhanced Akt (PKB) or
p42/p44-MAPK phosphorylation (data not shown) thus
excluding a role of C1P in early survival signalling and rather
supporting our hypothesis that C1P acts within the nucleus
to promote M phase transition. Further studies are needed to
clarify which combinations of NVP-231 and conventional
anti-cancer agents are most promising to optimize the syner-
gistic anti-cancer effect not only in vitro in cancer cell lines
but finally also in vivo in patients.

This crucial function of CerK in proper mitosis transition
and cell proliferation proposed by our data also suggests a
therapeutic use of NVP-231 in other proliferation-associated
diseases. In this regard, we have recently shown that in renal
mesangial cells, CerK knockout or NVP-231 treatment
reduces cell proliferation and therefore, the use of NVP-231 to
treat mesangioproliferative glomerulonephritis represents an
attractive novel strategy (Pastukhov et al., 2014). However, to
date, an enhanced expression of CerK has only been shown
for breast cancer but not for other diseases. Thus, Ruckhéberle
et al. (2009) reported that high CerK expression is correlated
with a worse prognosis of breast cancer patients even suggest-
ing that CerK may be a useful prognostic marker in breast
cancer.

In summary, our findings demonstrate for the first time a
crucial role for CerK in M-phase regulation and propose that
combining targeted CerK inhibition with proapoptotic
anti-cancer agents has potential for more effective cancer
therapy.
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