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ABSTRACT:
PKCβ and Plk1 are fascinating targets in cancer therapy. Therefore, we combined
Enzastaurin targeting PKCβ and SBE13 targeting Plk1 to test synergistic effects in
cells with different p53 status. We analyzed cell proliferation and apoptosis induction,
and did Western blot and FACScan analyses to examine the combined PKCβ and Plk1
inhibition. p53-wild-type cells are more resistant to the combinatorial treatment than
p53-deficient cells, which displayed a synergistic reduction of cell proliferation after
the combination. HeLa, MCF-7 and HCT116p53wt and HCT116p53-/- cells differed in their
cell cycle distribution after combinatorial treatment in dependence on a functional
p53-dependent G1/S checkpoint (p53-deficient cells showed an enrichment in S
and G2/M, p53-wild-type cells in G0/G1 phase). hTERT-RPE1 cells did not show the
synergistic effects of cancer cells.
Thus, we demonstrate for the first time that Plk1 inhibition using SBE13
enhances the effects of Enzastaurin in cancer cells. HCT116p53wt and HCT116p53-/- cells
confirmed the p53-dependence of different effects after Plk1 and PKCβ inhibition
observed in HeLa and MCF-7 cells. Obviously, p53 protects cells from the cytotoxicity
of Enzastaurin in combination with SBE13. For that reason this combination can be
useful to treat p53-deficient cancers, without displaying toxicity to normal cells, which
all have functional p53.

INTRODUCTION

[1]. The serine/threonine kinase GSK3β, a target of PKCβ,
is a key regulator of multiple signaling pathways [2] and
is also often activated in tumors. Phosphorylation of
GSK3β by PKCβ promotes cell proliferation by inhibiting
cell cycle regulators [3]. In addition, PKCβ suppresses
apoptosis by phosphorylating GSK3β on Serine 9 and
promotes (endothelial) cell proliferation [4,5]. The PKC
signaling pathway plays an important role in tumorinduced angiogenesis, tumor growth, differentiation,
cytokine secretion, migration and apoptosis.
Enzastaurin (LY317615.HCl) is an ATP-competitive
selective inhibitor for PKCβ [6,7]. It is known, that
Enzastaurin reduces cell proliferation by inhibition of the
PKCβ signaling pathway [7]. The activity of the serine/
threonine kinase AKT, which promotes cell proliferation

One of the main research fields in translational
cancer research is the search for new therapeutic strategies.
Many strategies target one or more cancer-related genes
and try to inhibit cancer cell proliferation by inhibiting
the expression or activity of these genes. One promising
strategy to achieve this goal is the use of small molecule
kinase inhibitors, which represent essential tools in basic
and translational research.
One cancer related gene family is the Protein Kinase
C family (PKC) and one crucial family member is PKCβ,
a component of the VEGF signaling pathway, which
promotes tumor angiogenesis. PKCβ over-expression and
elevated activity is observed in a variety of cancer types
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by inhibiting cell cycle inhibitors [3], is reduced under
these circumstances via the inhibition of PKCβ [8].
Enzastaurin is used as a single agent or in combination with
chemotherapeutic agents, targeted therapies or irradiation
(combination with Pemetrexed [9], with Gemcitabine or
Cisplatin [10] or with irradiation [4,11,12]). There are
also successful trials in combination with other targeted
GSK3β inhibitors [13] or with anti-neoplastic agents [14].
Enzastaurin is currently investigated in clinical trials phase
I, II and III, because it is well-tolerated and first results
suggested it to serve as a good platform for combinational
drug therapies [15-17].
The second target gene, which attracts increasing
attention in the fields of signaling research and cancer
therapy, is the serine/threonine kinase Plk1 (polo-like
kinase 1) [18], because it shows elevated activity in
all human tumors [19-21]. Plk1 plays a pivotal role for
mitosis especially of cancer cells and thus as a measure
for the aggressiveness of a tumor [22]. Plk1 has pre
dictive and prognostic value for patients with diverse
cancers [22,23]. The importance of Plk1 as a measure for
the aggressiveness of a tumor results from its important
role for the mitotic checkpoints of cancer cells [24-28].
Interfering with Plk1 activity and/or expression with
dominant-negative mutants, antibody microinjection,
antisense oligonucleotides or small interfering RNAs leads
to different mistakes in centrosomal maturation, mitotic
catastrophe, increased apoptosis and tumor inhibition in
cancer cells [23,27,29-38]. In addition to its role during
mitosis, Plk1 has multiple functions outside of mitosis.
Plk1 is for example necessary for checkpoint recovery
after DNA damage [23,39] and is required for G1/S phase
[40].
SBE13 is a selective type II Plk1 inhibitor which is
able to induce a delay in cell cycle progression, to reduce
cell proliferation and to induce apoptosis in a broad range
of human cancer cell lines [33,34]. SBE13 displayed
1,000-fold selectivity towards Plk family members with
only marginal reduced kinase activity of Plk2 and Plk3
and did not influence Aurora A activity. SBE13 displayed
a differential effect between cancer and primary cells [41],
confirming earlier studies using Plk1-specific siRNAs
[35,38]. The PKCβ inhibitor Enzastaurin also inhibits
tumor cell proliferation, but not of untransformed colonic
epithelial cells [42]. For that reason, the combination of
Plk1 and PKCβ inhibitors might be a promising tool in
cancer therapy.
The aim of the current study was to investigate
the effects of the combination of Enzastaurin with the
Plk1 inhibitor SBE13 on the induction of apoptosis, the
reduction of cancer cell proliferation, and on the cell cycle
distribution of cancer cells and one immortalized, but not
transformed cell line. Furthermore we analyzed the effects
of the combined PKCβ and Plk1 inhibition on the protein
expression of important target proteins. We used different
cancer cell lines including the isogenic HCT116p53wt and
www.impactjournals.com/oncotarget

HCT116p53-/- cells and hTERT-RPE1 cells, because they
have a different p53 status.

RESULTS
PKCβ expression levels in HeLa and MCF-7 cells
PKCβ over-expression and elevated activity is
observed in a variety of human tumors. In first studies, we
did western blot analyses with untreated control lysates
to elucidate differences in PKCβ expression in HeLa
and MCF-7 cells, demonstrating higher PKCβ protein
expression in HeLa cells compared to MCF-7 cells (data
not shown). Next we investigated the effect of Enzastaurin
on PKCβ protein levels in HeLa cells to determine whether
the PKCβ inhibitor influences not only the activity, but
also the protein levels of PKCβ. As expected, total PKCβ
protein was not affected by the treatment with either
Enzastaurin alone or with the combination of Enzastaurin
and SBE13 (data not shown).

Reduced phosphorylation of GSK3β on S9 in
HeLa and MCF-7 cells
In untreated cells GSK3β is a target of PKCβ and
it is phosphorylated on serine 9 by PKCβ to prevent
apoptosis. To analyze whether Enzastaurin inhibits PKCβ
activity in HeLa and in MCF-7 cells, we determined
phospho-GSK3β protein after treatment with increasing
Enzastaurin concentrations and with the combination
of Enzastaurin with SBE13. We observed a reduction
of GSK3β phosphorylation in both cell lines (Figure 1).
Treatment of HeLa cells with Enzastaurin reduced the
phosphorylation of GSK3β 48 and 72 hours after treatment
(Figure 1A and data not shown). The combinatorial
treatment of HeLa cells with Enzastaurin and SBE13
had no additional effect on the inhibition of the GSK3β
phosphorylation 48 and 72 hours after treatment (Figure
1B and data not shown) compared to the treatment
with Enzastaurin alone. Treatment of MCF-7 cells with
Enzastaurin for 24, 48 and 72 hours resulted also in a
reduced phosphorylation of GSK3β in a time and dosedependent manner (Figure 1C and data not shown). As
observed in HeLa cells the combinatorial treatment with
the two inhibitors Enzastaurin and SBE13 did not improve
the reduced GSK3β phosphorylation (Figure 1D and data
not shown).
To confirm that the reduced levels of phosphoGSK3β in the Western blot analyses were due to reduced
phosphorylation and not based on reduced total GSK3β
protein, we determined the levels of GSK3β protein in
both cell lines after treatment with Enzastaurin. The
expression of non-phosphorylated GSK3β was not
influenced by the treatment with Enzastaurin 48 and 72
2264
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Cell Cycle Analysis of HeLa, MCF-7, hTERTRPE1 and HCT116p53wt and HCT116p53-/- cells
after treatment with Enzastaurin and SBE13

hours after treatment (data not shown).

Effects of Enzastaurin alone and in combination
with SBE13 on Plk1 expression in HeLa and
MCF-7 cells

We did FACScan analyses to determine the cell
cycle distribution of HeLa, MCF-7, hTERT-RPE1, and
HCT116p53wt and HCT116p53-/- cells to examine whether the
changes in Plk1 expression were associated with an arrest
in particular stages of the cell cycle and to analyze the
influence of PKCβ inhibition on cell cycle distribution. In
addition, we wanted to figure out whether the absence or
presence of functional p53 influences the cell cycle arrest.
First, we analyzed HeLa and MCF-7 cells and
observed crucial differences in their cell cycle distribution
72 hours after treatment with the two inhibitors (Figure
3A-D). We observed a G2/M arrest in HeLa cells: after 72
hours 14% of the cells treated with 5 µM Enzastaurin were
in G2/M-Phase and treatment with 10 µM Enzastaurin
increases the number of cells in G2/M phase up to 30%
compared to 8% of control cells in the G2/M phase (Figure
3A). In addition to the observed G2/M arrest, treatment
with 5 µM Enzastaurin also enhances the amount of cells
in S phase up to 43% (control cells: 31%). Cells treated
with the combination of Enzastaurin and SBE13 (Figure
3B) displayed a stronger arrest in S phase compared to
cells treated with Enzastaurin alone up to 60% with 5 µM
Enza + 1 µM SBE13 and up to 66% with 10 µM Enza + 1
µM SBE13. The combination of 10 µM Enzastaurin with
1 µM SBE13 enhances the number of cells in G2/M phase
compared to control cells, but reduces the number of cells

We did western blot analyses to determine the
Plk1 expression in both cell lines after treatment with
Enzastaurin and SBE13 (Figure 2).
In HeLa cells we observed an increase in Plk1
protein levels up to 151% with 10 µM Enzastaurin
compared to untreated control cells after 48 hours (Figure
2A). The combinatorial treatment did not influence the
Plk1 protein levels (Figure 2B) 48 hours after treatment
compared to untreated control cells and did not elevate
Plk1 protein compared to single Enzastaurin treatment.
In MCF-7 cells in contrast there was a strong
decrease in Plk1 protein levels detectable (Figure 2C, D).
Cells treated with increasing concentrations of Enzastaurin
showed reduced Plk1 expression levels down to 70% with
10 µM Enzastaurin compared to the control cells (Figure
2C). The combinatorial treatment with Enzastaurin and
SBE13 reduces Plk1 protein levels compared to cells
treated with Enzastaurin alone very strongly to 21% with
10 µM Enzastaurin in combination with 1 µM SBE13,
which corresponds to the observed G0/G1 arrest (see
below, Figure 2D).

Figure 1: Western Blot analyses of pGSK3β protein levels in HeLa and MCF-7 cells after treatment with Enzastaurin
and SBE13. Western Blot analysis of pGSK3β protein levels in HeLa cells 48 hrs (A) after treatment with Enzastaurin and after treatment

with Enzastaurin in combination with 1 µM SBE13 (B), and pGSK3β protein levels in MCF-7 cells 48 hrs after treatment with Enzastaurin
(C) and 48 hrs after treatment with Enzastaurin in combination with 1 µM SBE13 (D). Figures show representative blots
www.impactjournals.com/oncotarget
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in G2/M phase compared with the treatment with 10 µM
Enzastaurin alone (control cells 7% in G2/M, 10 µM Enza
+ 1 µM SBE13 21% cells in G2/M).
In MCF-7 cells we did not observe a G2/M arrest
after treatment with Enzastaurin and SBE13 in all analyzed
concentrations and combinations, instead we could detect
a G0/G1 enrichment 72 hours after treatment with 10
µM Enzastaurin alone and in combination with SBE13
(Figures 3C, D). Treatment with 10 µM Enzastaurin led
to an increase of cells in G0/G1 phase up to 66% (control
cells: 47% G0/G1) (Figure 3C). The combination of 10
µM Enzastaurin with 1 µM SBE13 enhances the amount
of cells in G0/G1 phase up to 61% (control cells. 51%)
(Figure 3D). This G0/G1 arrest was accompanied by a
dose-dependent decrease of cells in the G2/M phase, the
treatment with 10 µM Enzastaurin in combination with 1
µM SBE13 leads to the strongest decrease of cells down
to 5% in the G2/M phase compared to 23% control cells
in the G2/M phase and an increase of cells in S phase
(control cells: 25%, 10 µM Enzastaurin together with 1
µM SBE13: 34%).
Next we analyzed the immortalized, but not
transformed hTERT-RPE1 cells, to compare effects
in cancer cells with non-cancer cells. The cell cycle
distribution of hTERT-RPE1 cells was not altered after the
treatment with 1 µM SBE13, increasing concentrations of
Enzastaurin or the combination of both inhibitors (Figures
3E and 3F).
To further investigate the dependence of cell
cycle arrest on the p53 status of the cells, we did cell
cycle analyses in HCT116p53wt and HCT116p53-/- cells

after treatment with the inhibitors as single agents or in
combination, respectively. These cells nicely confirmed the
initial observation in MCF-7 vs. HeLa cells, showing an
increasing amount of cells in G0/G1 phase in HCT116p53wt
cells (Figures 3 G, H), and an increasing amount of cells
in S and G2/M phase in HCT116p53-/- cells (Figures 3 I, J).

Analysis of apoptosis induction in HeLa and
MCF-7 cells after treatment with Enzastaurin and
SBE13
We did caspase 3/7 assays, because a G2/M arrest
is often followed by apoptosis [43] and PKCβ is also
involved in apoptotic pathways [44].To analyze whether
the combination of Enzastaurin and SBE13 enhances the
induction of apoptosis, we did caspase 3/7 assays (Figure
4). The combination of the two inhibitors enhances
the induction of apoptosis in HeLa cells compared to
Enzastaurin alone (5 µM Enzastaurin: 227%, 10 µM
Enzastaurin: 260%, 5 µM Enzastaurin + 1 µM SBE13:
693%, 10 µM Enzastaurin + 1 µM SBE13: 342%).In
MCF-7 cells the increase in apoptosis induction was much
weaker than in HeLa cells. However the combination
of Enzastaurin with SBE13 led to a slightly elevated
activity of caspases 3/7 compared to the treatment with
Enzastaurin alone (10 µM Enzastaurin: 116%, 10 µM
Enzastaurin + 1 µM SBE13: 138%)

Figure 2: Western Blot analyses of Plk1 protein expression in HeLa and MCF-7 cells 48 hours after treatment with
Enzastaurin and SBE13. Western Blot analysis of Plk1 protein expression in HeLa cells 48 hrs after treatment with Enzastaurin (A) and

after treatment with Enzastaurin in combination with 1 µM SBE13 (B) and Plk1 protein expression in MCF-7 cells 48 hrs after treatment
with Enzastaurin (C) and after treatment with Enzastaurin in combination with 1 µM SBE13 (D). Figures show representative blots and the
numbers represent relative Plk1 protein levels referring to untreated controls as 100%.
www.impactjournals.com/oncotarget
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Figure 3: Effect of Enzastaurin and SBE13 on cell cycle distribution of HeLa, MCF-7, hTERT-RPE1 and HCT116p53wt
and HCT116p53-/- cells. Cells were incubated for 48 or 72 hours with Enzastaurin alone (A, C, E, G, I) or in combination with SBE13 (B,
D, F, H, J) and analyzed for their cell cycle distribution. The graphs show the relative number of cells in the respective cell cycle phases.
www.impactjournals.com/oncotarget
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Cell proliferation analysis of HeLa, MCF-7,
hTERT-RPE1 and HCT116p53wt and HCT116p53-/cells after treatment with Enzastaurin and SBE13

10 µM Enzastaurin + 1 µM SBE13 (p=0.025, CI=0.83,
Figure 5B).MCF-7 cells displayed a moderate reduction
of proliferation compared to the reduction in HeLa cells.
MCF-7 cells showed a reduction in cell proliferation to
77% with 5 µM Enzastaurin and to 32% with 10 µM
Enzastaurin (p=0.033) (Figure 5C). The combination with
SBE13 showed no additional effect on cell proliferation
(Figure 5D).
To determine, whether this effect was cancer cellspecific we analyzed the immortalized, but not transformed
hTERT-RPE1 cells. The cell proliferation of hTERT-RPE1
cells was not decreased after the treatment with SBE13,
Enzastaurin or the combination of both inhibitors (Figures
5E and 5F).

To investigate whether the cell cycle arrest
and induction of apoptosis causes a reduction of cell
proliferation, we analyzed the cell proliferation of the
various cell lines after treatment with Enzastaurin alone
and in combination with SBE13 (Figure 5).HeLa cells
showed a significant reduced cell proliferation to levels of
53% with 5 µM Enzastaurin (p=0.047) and 14% with 10
µM Enzastaurin (p=0.0036) (Figure 5A). In combination
with SBE13 we observed a synergistic reduction to 39%
with 5 µM Enzastaurin + 1 µM SBE13 and to 17% with

Figure 4: Caspase 3/7 assays in HeLa and MCF-7 cells 72 hrs after treatment with Enzastaurin and SBE13. Graphical

summary of Caspase 3/7 activation in HeLa and MCF-7 72 hours after treatment with Enzastaurin alone (A) or in combination with SBE13
(B). Luminescence is given as RLU (relative light unit) referring to untreated controls as 100% (n=3, mean ± SD).
www.impactjournals.com/oncotarget
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To investigate whether the observed effects are
due to the p53 status of the cells, we also examined
HCT116p53wt and HCT116p53-/- (Figure 6). Enzastaurin
alone reduces the cell proliferation of HCT116p53wt cells
with an EC50 of 7.2 µM, the combination with SBE13
lowers this EC50 to 4 µM (Figures 6A and 6B). This
enhanced reduction of cell proliferation was synergistic
(CI=0.82). The EC50 value of Enzastaurin in HCT116p53-/-

cells was comparable (7.4 µM), the combination reduces
the EC50 value much stronger than in the HCT116p53wt cells
(0.6 µM, CI=0.21, Figures 6C and 6D).
These results confirm the hypothesis that the
enhanced reduction in cell proliferation after treatment
with SBE13 and Enzastaurin is due to missing p53
function of the cells, because in contrast to the former
comparison of HeLa and MCF-7 cells the HCT116 cells

Figure 5: Cell proliferation of HeLa, MCF-7 and hTERT-RPE1 cells 24-72 hours after treatment with Enzastaurin
and SBE13. Cells were incubated for 24-72 hours with Enzastaurin alone (HeLa cells: A; MCF-7 cells: C, hTERT-RPE1 cells: E) or in

combination with SBE13 (HeLa cells: B; MCF-7 cells: D, hTERT-RPE1 cells: F). Percentage of surviving cells is given as percentage of
the number of control cells after 72 hrs. Bar graphs represent means of three different experiments.
www.impactjournals.com/oncotarget
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only differ in their p53 status.

with SBE13. This could be an indirect consequence of
the observed G2/M arrest, because the Plk1 expression
peaks at G2/M phase, or a direct effect on the cell cycle
regulation. In MCF-7 cells we could not observe an
increase in Plk1 protein levels, instead the Plk1 protein
level decreases. Thus, the observed changes of Plk1
protein levels after treatment with Enzastaurin and SBE13
alone and in combination are in concordance with our
FACScan analyses: MCF-7 cells do not arrest in G2/M
phase, but in G0/G1 phase.
So the different Plk1 expression levels directly
reflect the different cell cycle arrest of HeLa vs. MCF-7
cells giving a first hint that this might be p53-dependent.
This observation is in concordance with earlier studies
from other groups correlating the reaction of cancer and
primary cells after treatment with microtubule poisons to
their p53 status, where p53 wild-type cells were resistant
to the chemotherapy, but p53-deficient cells were sensitive
to the treatment [45-49]. In our study, the p53-deficient
HeLa and HCT116p53-/- cells for example showed a G2/M
arrest after Enzastaurin treatment alone and an additional
increase of cells in S-Phase after combination with SBE13.
A possible explanation could be that the p53-deficient cells
are not able to repair their DNA damage induced by the
Plk1 inhibition at the G1/S checkpoint because of their
loss of intact p53 function, so they are forced to begin

DISCUSSION
In the current study we analyzed for the first time
the effects of PKCβ inhibition using Enzastaurin in
combination with Plk1 inhibition using SBE13 on cell
cycle regulation and induction of apoptosis in different
cancer cell lines and in immortalized, but not transformed
hTERT-RPE1 cells.
For the first studies, we used HeLa and MCF-7
cells because they have different p53 status and showed
also differences in their PKCβ expression. In all analyses,
MCF-7 cells were less sensitive than HeLa cells to the
inhibitor treatments, suggesting the importance of an
intact p53 function. To analyze the influence of the two
inhibitors on cell cycle regulators, we did western blot
analyses. Treatment with Enzastaurin or SBE13 did not
influence the PKCβ or GSK3β expression in HeLa cells.
The phosphorylation of GSK3β on S9 by PKCβ could be
inhibited by treatment with Enzastaurin both in HeLa and
MCF-7. This is in concordance with the literature, because
Enzastaurin inhibits the PKCβ activity and thereby the
phosphorylation of GSK3β on S9 [5].
The Plk1 protein level in HeLa cells was elevated
after treatment with Enzastaurin alone and in combination

Figure 6: Cell proliferation of HCT116p53wt and HCT116p53-/- cells 24-72 hours after treatment with Enzastaurin and
SBE13. Cells were incubated for 24-72 hours with Enzastaurin alone (A and C) or in combination with SBE13 (B and D). Percentage of
surviving cells is given as percentage of the number of control cells after 72 hrs. Bar graphs represent means of three different experiments.
www.impactjournals.com/oncotarget
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mitosis with unrepaired DNA damage, resulting in an
elevated number of cells in S and in G2/M phase. Cells
with intact p53 function (MCF-7 and HCT116p53wt) showed
an increased number of cells in G0/G1 phase, obviously
arresting at the G1/S transition. These observations are
in concordance with other studies, linking the reaction of
cells after DNA damage to their p53 status [50]. The first
study which showed how the p53 status affects the effects
of Plk1 inhibition revealed that normal non-transformed
MCF10A and hTERT-RPE1 cells tolerate depletion of Plk1
pretty well compared to different cancer cell lines, and that
co-depletion of p53 in MCF10A cells rendered them to be
extremely sensitive to Plk1 inhibition [51]. Later, it was
analyzed by the same group how Plk1 regulates p53. The
regulation of p53 by Plk1 was further established by the
identification of two p53 regulators, Topors and GTSE1,
as direct Plk1 substrates [52]. Plk1 phosphorylates
Topors promoting its E3 ubiquitination activity towards
p53, but inhibits its sumoylation activity towards p53,
thus contributing to p53 degradation. Moreover, Plk1
phosphorylates GTSE1 which then translocates p53 from
the nucleus to the cytoplasm. This leads to the exposure
of p53 to the proteasome degradation machinery [53].
Another approach could correlate epigenetic modulations
of the Plk family under oxidative stress to the p53 status
of cancer cells, indicating the importance of analyzing p53
before potential Plk1-specific therapies [54].
In addition to the cancer cells, we analyzed the
immortalized, but not transformed hTERT-RPE1 cells
to investigate, whether we observe a cancer cell-specific
effect and to analyze another p53 wild-type cell line.
The cell cycle distribution of hTERT-RPE1 cells was not
influenced by the treatment with 1 µM SBE13, increasing
concentrations of Enzastaurin or the combination of both
inhibitors. This is in concordance with our own studies,
because it is already known that 1 µM SBE13 does not
alter the cell cycle distribution of hTERT-RPE1 cells [41].
Enzastaurin is also a highly selective inhibitor, which
does not impair the cell proliferation of non-transformed
colonic epithelial cells [42].
The different types of cell cycle arrest could be
observed in other studies dealing with NEDD inhibitors
[55]. They observed that HCT116p53wt cells with functional
p53 arrested at the G1/S transition after NEDD inhibition
and the HCT116p53-/- cells without a functional p53dependent G1/S checkpoint arrested later in mitosis due
to the formation of monopolar spindles. Using BI2536
[56,57] the authors observed comparable results as with
NEDD inhibition.
Because a G2/M arrest is often followed by
apoptosis [43], we analyzed whether the G2/M arrest in
HeLa cells induced by the combinatorial treatment with
Enzastaurin and SBE13 is also followed by apoptosis
and how the p53-proficient MCF-7 cells acted, because
they showed no enrichment of cells in the G2/M phase.
As expected, HeLa cells showed strong induction of
www.impactjournals.com/oncotarget

apoptosis, but MCF-7 cells with their functional G1/S
checkpoint did not undergo apoptosis, because they are
able to repair the DNA damage induced by Plk1 inhibition
and complete mitosis normally. These observations again
are in concordance with Tillement et al. [55]. In both cell
lines we observed an elevated induction of apoptosis
with the combination of the two inhibitors compared to
Enzastaurin treatment alone. Earlier studies could show
that Plk1 inhibition by siRNAs or ASOs elevates drug
sensitivity of cancer cells [35,58]. Thus we could confirm
the chemo-sensitizing effect of Plk1 inhibition using
SBE13, which sensitizes the cells to the Enzastaurin
treatment.
Enzastaurin and SBE13 are known to reduce
cell proliferation in different cancer cell lines. Thus, to
investigate whether the observed cell cycle arrest and
the induction of apoptosis caused a reduction of cell
proliferation we analyzed the effect of the combinatorial
treatment with Enzastaurin and SBE13 on cell
proliferation of HeLa, MCF-7 and hTERT-RPE1 cells and
HCT116p53wt and HCT116p53-/- cells. In HeLa cells SBE13
was able to enhance the effect of Enzastaurin in reducing
cell proliferation synergistically. In our earlier studies,
we could already show that inhibition of Plk1 sensitizes
cancer cells to anti-neoplastic drugs [35,58]. Now we
were able to show this sensitizing effect using a small
molecule inhibitor, SBE13, together with Enzastaurin. In
MCF-7 cells in contrast, there was no additional effect of
SBE13 treatment on cell proliferation reduction compared
to Enzastaurin alone. In addition, the reduction of cell
proliferation was much less pronounced than in HeLa
cells, which could be due to their functional p53 whereas
HeLa cells are forced to go further in the cell cycle and
to start mitosis with damaged DNA and arrest in G2/M
phase followed by apoptosis. As observed in the cell cycle
analyses hTERT-RPE1 cells are not influenced by the
treatment of SBE13 together with Enzastaurin, the cell
proliferation remains unchanged. The finding, that the
combination of a Plk1 and a PKCβ inhibition reduces the
cell proliferation of cancer but not of primary cells could
be of great importance for the development of future anticancer therapy strategies.
We also did experiments using HCT116p53wt and
HCT116p53-/- cells to ensure that the differences observed
after treatment of HeLa and MCF-7 cells with the
combination of Enzastaurin and SBE13 are due to the
different p53 status of the cells. The HCT116p53-/- cells
showed a stronger reduction of the cell proliferation after
the treatment with the two inhibitors than the HCT116p53wt
cells.
Apparently, a functional p53 protects cells from the
cytotoxic effects caused by the combinatorial treatment
with Enzastaurin and SBE13. Thus, this combination
can be very useful to treat p53-deficient cancers, while
it displays no toxicity to normal cells due to their
functional p53. A very interesting approach regarding the
2271
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susceptibility of cancers to chemotherapeutics dependent
on their p53 status has been developed in earlier studies
by Blagosklonny et al. They describe the possibility to
pretreat cells with DNA-damaging agents before adding
microtubule drugs leading to selective killing of cells
with defective p53/p21-dependent checkpoint [45,46]. In
general, the induction of wild-type p53 protects normal
cells in culture from cytotoxicity caused by conventional
cancer therapeutics, especially together with S- or M-phase
poisons. This so called p53-dependent cyclotherapy using
p53 activators stops proliferation of normal cells / healthy
tissues via cell cycle arrest, while leaving the p53-deficient
tumor susceptible to the conventional chemotherapy
(DNA-damaging agents, microtubule poisons) [47-49].
Taken together, our experiments nicely confirmed
our hypothesis that the p53 status of cancer cells could
serve as a predictive marker, which can be used to select
patients who will profit from a combinatorial Plk1 and
PKCβ inhibition therapy, especially to treat the p53deficient cancers.

Cells were treated with SBE13 and Enzastaurin
alone or in combination one day after subculturing.
Cells were seeded onto 6-well-plates, or 75-cm2- flasks,
respectively. Control cells were incubated with normal
culture medium without antibiotics. Concentrations
of SBE13 ranged from 1 µM–10 µM, Enzastaurin
concentrations ranged from 0.1 µM–10 µM. The growth
rate of 1x105 cells per 6-well was determined by counting
cells at 24 to 72 hours after treatment. Cell culture studies
were performed in triplicate for each time point. Cells
were harvested 0-72 hours after treatment for further
analyses.

Western blot analysis
Total protein (50 µg) was separated on 10% BisTris-polyacrylamide gels and transferred (at 30 V for 1
hr) to ImmobilonTM-P membranes (Millipore, Bedford,
MA) according to the Invitrogen protocol (Karlsruhe,
Germany). Membranes were incubated for 1 hr in 5%
powdered nonfat milk in PBS with antibodies against
PKCβ (1:200 - 1:1,000), GSK3β (1:2,500), p-GSK3β
(1:1000), Plk1 (1:200), or β-actin (1:100,000) and for 30
min in 5% nonfat dry milk with goat anti-mouse or goat
anti-rabbit serum (1:2,000) and visualized as described
[38].
All protein expression levels were presented as
described [38], scanned and quantified with the freeware
ImageJ (National Institutes of Health, USA).

METHODS
Kinase inhibitors and antibodies
The Plk1 kinase inhibitor SBE13 was purchased
from the SPECS compound catalogue (Delft, Netherlands),
PKCβ kinase inhibitor Enzastaurin (LY317615.HCl) was
purchased from Selleck (Absource Diagnostics GmbH
München, Germany).
Monoclonal-anti-PKCβ, anti-GSK3β, monoclonal
anti-Plk1 antibodies, goat anti-mouse and goat antirabbit secondary antibodies were from Santa Cruz
Biotechnology, Inc., (Heidelberg, Germany), antiphospho-GSK3β antibody was from Cell Signaling
(Frankfurt/Main, Germany) and monoclonal β-actinantibody from Sigma-Aldrich (Taufkirchen, Germany).

FACS analysis
Cell cycle distribution was analyzed using a
FACScalibur apparatus (Becton Dickinson, Heidelberg,
Germany). Quantification was carried out using ModFit
LT 3.2 for MAC (Verity Software House, Topsham, ME).
For FACS analysis, cells were harvested at the indicated
time points, washed with PBS, fixed and stained as
described [58]. For each experiment, 30,000 cells were
analyzed in triplicate.

Cell culture
The cancer cell lines HeLa and MCF-7 were from
DSMZ (Braunschweig, Germany), hTERT-RPE1 cells
were from Clontech (Saint-Germain-en Laye, France). All
cells were cultured according to the supplier’s instructions
without antibiotics. Fetal calf serum (FCS) was from PAA
Laboratories (Cölbe, Germany), DMEM, RPMI 1640,
phosphate buffered saline (PBS), glutamine, and trypsin
were from Invitrogen (Karlsruhe, Germany). HCT116p53+/+
and HCT116p53 cells were cultured as instructed.

www.impactjournals.com/oncotarget

Caspase Assay
We did Caspase-Glo® assays to detect activation of
Caspase 3/7 using the Caspase-Glo® 3/7 Assay System
(Promega, Mannheim, Germany). In brief, cells were
analyzed 24-72 hrs after treatment with Enzastaurin and
SBE13. 10 µg total protein were mixed with the CaspaseGlo® substrate, incubated for 30 min and analyzed using
a Victor™ 1420 multilabel counter (Perkin Elmer Wallac,
Freiburg, Germany). The emitted light is measured at 562
nm referred to as RLU (relative luminescence units).
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Statistical methods

Lynch.R.L., Bailey SN, Banks C, Capen A, Goode
R, Lewis JE et al. The Protein Kinase CB-Selective
Inhibitor, Enzastaurin (LY317615.HCl), Suppresses
Signaling through the AKT Pathway, Induces Apoptosis,
and Suppresses Growth of Human Colon Cancer and
Glioblastoma Xenografts. Cancer Res. 2005; 65: 74627469.

All experiments were performed at least in triplicate.
All treatments were compared with untreated control cells.
Statistical analysis was performed with student´s t-test to
consider random effects as described [38]. EC50 values
were calculated from the cell proliferation experiments
assuming the cell number of control cells at the latest time
point as 100%.
The combination index was calculated using the
following equation: c.i. = (Am)50/(As)50 + (Bm)50/(Bs)50,
where (Am)50 is the concentration of drug A necessary to
achieve a 50% inhibitory effect (IC50) in the combination,
(As)50 is the concentration of the same drug that will
produce the identical level of effect alone, (Bm)50 is the
IC50 of drug B in the combination and (Bs)50 is the IC50
of drug B after single administration. Antagonism is
indicated when c.i.>1, c.i.=1 indicates an additive effect
and a c.i.<1 indicates synergy [59].

ACKNOWLEDGMENTS

3

Markman B, Dienstmann R,Tabernero J . Targeting the
PI3K/Akt/mTOR pathway--beyond rapalogs. Oncotarget.
2010; 1: 530-543.

4

Spalding AC, Zeitlin BD, Wilder-Romans K, Davis
ME, Nor JE, Lawrence TS,Ben-Josef E . Enzastaurin, an
inhibitor of PKCbeta, Enhances Antiangiogenic Effects and
Cytotoxicity of Radiation against Endothelial Cells. Transl
Oncol. 2008; 1: 195-201.

5

Goode N, Hughes K, Woodgett JR,Parker PJ . Differential
regulation of glycogen synthase kinase-3 beta by protein
kinase C isotypes. J Biol Chem. 1992; 267: 16878-16882.

6

Graff JR, McNulty AM, Hanna KR, Konicek BW,

www.impactjournals.com/oncotarget

Querfeld C, Rizvi MA, Kuzel TM, Guitart J, Rademaker A,
Sabharwal SS, Krett NL,Rosen ST . The selective protein
kinase C beta inhibitor enzastaurin induces apoptosis in
cutaneous T-cell lymphoma cell lines through the AKT
pathway. J Invest Dermatol. 2006; 126: 1641-1647.

9

Brautigam K, Bauerschlag DO, Weigel MT, BiernathWupping J, Bauknecht T, Arnold N, Maass N,MeinholdHeerlein I . Combination of enzastaurin and pemetrexed
inhibits cell growth and induces apoptosis of chemoresistant
ovarian cancer cells regulating extracellular signal-regulated
kinase 1/2 phosphorylation. Transl Oncol. 2009; 2: 164173.

12 Yin X, Hayes DN,Shores CG . Antitumor activity of
enzastaurin as radiation sensitizer in head and neck
squamous cell carcinoma. Head Neck. 2011; 33: 11061114.

Carducci MA, Musib L, Kies MS, Pili R, Truong M,
Brahmer JR, Cole P, Sullivan R, Riddle J, Schmidt J,
Enas N, Sinha V, Thornton DE,Herbst RS . Phase I dose
escalation and pharmacokinetic study of enzastaurin, an oral
protein kinase C beta inhibitor, in patients with advanced
cancer. J Clin Oncol. 2006; 24: 4092-4099.
Doble BW, Woodgett JR . GSK-3: tricks of the trade for a
multi-tasking kinase. J Cell Sci. 2003; 116: 1175-1186.

8

11 Tabatabai G, Frank B, Wick A, Lemke D, von KG,
Obermuller U, Heckl S, Christ G, Weller M,Wick W
. Synergistic antiglioma activity of radiotherapy and
enzastaurin. Ann Neurol. 2007; 61: 153-161.

REFERENCES

2

Chen YB, LaCasce AS . Enzastaurin. Expert Opin Investig
Drugs. 2008; 17: 939-944.

10 Rademaker-Lakhai JM, Beerepoot LV, Mehra N, Radema
SA, van MR, Vermaat JS, Witteveen EO, VisserenGrul CM, Musib L, Enas N, van HG, Beijnen JH,
Schellens JH,Voest EE . Phase I pharmacokinetic and
pharmacodynamic study of the oral protein kinase C betainhibitor enzastaurin in combination with gemcitabine and
cisplatin in patients with advanced cancer. Clin Cancer Res.
2007; 13: 4474-4481.

This work was supported by the Deutsche
Forschungsgemeinschaft (SP 1092/1-1 and 1–2), the
Deutsche Krebshilfe, the Wilhelm-Sander-Stiftung, the
Messer-Stiftung, and the Frankfurt International Research
Graduate School for Translational Biomedicine (FIRST).
We are grateful to Drs. K.W Kinzler and B.
Vogelstein, Ludwig Center at Johns Hopkins, Howard
Hughes Medical Institute, Baltimore, for the cell lines
HCT116p53+/+ and HCT116p53−/−.

1

7

13 Rovedo MA, Krett NL,Rosen ST . Inhibition of glycogen
synthase kinase-3 increases the cytotoxicity of enzastaurin.
J Invest Dermatol. 2011; 131: 1442-1449.
14 Civallero M, Cosenza M, Bari A,Sacchi S . Rational
combinations of enzastaurin with novel targeted agents for
patients with B-cell non-Hodgkin’s lymphoma. Expert Opin
Investig Drugs. 2011; 20: 1029-1031.
15

Querfeld C, Kuzel TM, Kim YH, Porcu P, Duvic M, Musiek
A, Rook AH, Mark LA, Pinter-Brown L, Hamid O, Lin B,
Bian Y, Boye M, Day JM,Rosen ST . Multicenter phase II
trial of enzastaurin in patients with relapsed or refractory
advanced cutaneous T-cell lymphoma. Leuk Lymphoma.
2011; 52: 1474-1480.

16 Gray JE, Altiok S, Alexandrow MG, Walsh FW, Chen J,
Schell MJ, Tai DF,Bepler G . Phase 2 randomized study
of enzastaurin (LY317615) for lung cancer prevention in
former smokers. Cancer. 2013; 119: 1023-1032.

2273

Oncotarget

17 Wick W, Puduvalli VK, Chamberlain MC, van den Bent
MJ, Carpentier AF, Cher LM, Mason W, Weller M, Hong
S, Musib L, Liepa AM, Thornton DE,Fine HA . Phase
III study of enzastaurin compared with lomustine in the
treatment of recurrent intracranial glioblastoma. J Clin
Oncol. 2010; 28: 1168-1174.

32 Lane HA, Nigg EA . Antibody microinjection reveals an
essential role for human polo-like kinase 1 (Plk1) in the
functional maturation of mitotic centrosomes. J Cell Biol.
1996; 135: 1701-1713.
33 Keppner S, Proschak E, Kaufmann M, Strebhardt K,
Schneider G,Spankuch B . Biological impact of freezing
Plk1 in its inactive conformation in cancer cells. Cell Cycle.
2010; 9: 761-774.

18 Glover DM, Hagan IM,Tavares AA . Polo-like kinases: a
team that plays throughout mitosis. Genes Dev. 1998; 12:
3777-3787.

34 Keppner S, Proschak E, Schneider G,Spankuch B .
Identification and validation of a potent type II inhibitor of
inactive polo-like kinase 1. ChemMedChem. 2009; 4: 18061809.

19 Holtrich U, Wolf G, Brauninger A, Karn T, Bohme B,
Rubsamen-Waigmann H,Strebhardt K . Induction and
down-regulation of PLK, a human serine/threonine kinase
expressed in proliferating cells and tumors. Proc Natl Acad
Sci U S A. 1994; 91: 1736-1740.

35 Spankuch B, Kurunci-Csacsko E, Kaufmann M,Strebhardt
K . Rational combinations of siRNAs targeting Plk1 with
breast cancer drugs. Oncogene. 2007; 26: 5793-5807.

20 Strebhardt K, Ullrich A . Targeting polo-like kinase 1 for
cancer therapy. Nat Rev Cancer. 2006; 6: 321-330.
21

36

Schmit TL, Zhong W, Nihal M,Ahmad N . Polo-like kinase
1 (Plk1) in non-melanoma skin cancers. Cell Cycle. 2009;
8: 2697-2702.

22 Eckerdt F, Yuan J,Strebhardt K . Polo-like kinases and
oncogenesis. Oncogene. 2005; 24: 267-276.
23

Rodel F, Keppner S, Capalbo G, Bashary R, Kaufmann M,
Rodel C, Strebhardt K,Spankuch B . Polo-like kinase 1 as
predictive marker and therapeutic target for radiotherapy in
rectal cancer. Am J Pathol. 2010; 177: 918-929.

24

Toyoshima-Morimoto F, Taniguchi E, Shinya N, Iwamatsu
A,Nishida E . Polo-like kinase 1 phosphorylates cyclin B1
and targets it to the nucleus during prophase. Nature. 2001;
410: 215-220.

37 Spankuch-Schmitt B, Wolf G, Solbach C, Loibl S,
Knecht R, Stegmuller M, von Minckwitz G, Kaufmann
M,Strebhardt K . Downregulation of human polo-like
kinase activity by antisense oligonucleotides induces
growth inhibition in cancer cells. Oncogene. 2002; 21:
3162-3171.
38 Spankuch-Schmitt B, Bereiter-Hahn J, Kaufmann
M,Strebhardt K . Effect of RNA Silencing of Polo-Like
Kinase-1 (PLK1) on Apoptosis and Spindle Formation in
Human Cancer Cells. J Natl Cancer Inst. 2002; 94: 18631877.

25 Toyoshima-Morimoto F, Taniguchi E,Nishida E . Plk1
promotes nuclear translocation of human Cdc25C during
prophase. EMBO Rep. 2002; 3: 341-348.

39 Yoo HY, Kumagai A, Shevchenko A, Shevchenko
A,Dunphy WG . Ataxia-telangiectasia mutated
(ATM)-dependent activation of ATR occurs through
phosphorylation of TopBP1 by ATM. J Biol Chem. 2007;
282: 17501-17506.

26 Yuan J, Eckerdt F, Bereiter-Hahn J, Kurunci-Csacsko E,
Kaufmann M,Strebhardt K . Cooperative phosphorylation
including the activity of polo-like kinase 1 regulates the
subcellular localization of cyclin B1. Oncogene. 2002; 21:
8282-8292.

40 Li H, Wang Y,Liu X . Plk1-dependent phosphorylation
regulates functions of DNA topoisomerase IIalpha in cell
cycle progression. J Biol Chem. 2008; 283: 6209-6221.

27 Cogswell JP, Brown CE, Bisi JE,Neill SD . Dominantnegative polo-like kinase 1 induces mitotic catastrophe
independent of cdc25C function. Cell Growth Differ. 2000;
11: 615-623.
28

41 Keppner S, Proschak E, Schneider G,Spankuch B . Fate of
primary cells at the G 1/S boundary after polo-like kinase 1
inhibition by SBE13. Cell Cycle. 2011; 10: 708-720.
42 Fields AP, Calcagno SR, Krishna M, Rak S, Leitges
M,Murray NR . Protein kinase Cbeta is an effective target
for chemoprevention of colon cancer. Cancer Res. 2009; 69:
1643-1650.

van de Weerdt BC, Medema RH . Polo-like kinases: a team
in control of the division. Cell Cycle. 2006; 5: 853-864.

29 Liu X, Erikson RL . Polo-like kinase (Plk)1 depletion
induces apoptosis in cancer cells. Proc Natl Acad Sci U S
A. 2003; 100: 5789-5794.
30

43

Nogawa M, Yuasa T, Kimura S, Tanaka M, Kuroda J, Sato
K, Yokota A, Segawa H, Toda Y, Kageyama S, Yoshiki T,
Okada Y,Maekawa T . Intravesical administration of small
interfering RNA targeting PLK-1 successfully prevents the
growth of bladder cancer. J Clin Invest. 2005; 115: 978985.

Nishii K, Kabarowski JH, Gibbons DL, Griffiths SD, Titley
I, Wiedemann LM,Greaves MF . ts BCR-ABL kinase
activation confers increased resistance to genotoxic damage
via cell cycle block. Oncogene. 1996; 13: 2225-2234.

44 Gutcher I, Webb PR,Anderson NG . The isoform-specific
regulation of apoptosis by protein kinase C. Cell Mol Life
Sci. 2003; 60: 1061-1070.
45

31 Ahmad N . Polo-like kinase (Plk) 1: a novel target for the
treatment of prostate cancer. FASEB J. 2004; 18: 5-7.
www.impactjournals.com/oncotarget

Spankuch B, Matthess Y, Knecht R, Zimmer B, Kaufmann
M,Strebhardt K . Cancer inhibition in nude mice after
systemic application of U6 promoter-driven short hairpin
RNAs against PLK1. J Natl Cancer Inst. 2004; 96: 862-872.

2274

Blagosklonny MV, Robey R, Bates S,Fojo T . Pretreatment
with DNA-damaging agents permits selective killing of
Oncotarget

checkpoint-deficient cells by microtubule-active drugs. J
Clin Invest. 2000; 105: 533-539.

relationships: the combined effects of multiple drugs or
enzyme inhibitors. Adv Enzyme Regul. 1984; 22: 27-55.

46 Blagosklonny MV . Sequential activation and inactivation
of G2 checkpoints for selective killing of p53-deficient cells
by microtubule-active drugs. Oncogene. 2002; 21: 62496254.
47

Rao B, van Leeuwen IM, Higgins M, Campbel J, Thompson
AM, Lane DP,Lain S . Evaluation of an Actinomycin D/
VX-680 aurora kinase inhibitor combination in p53-based
cyclotherapy. Oncotarget. 2010; 1: 639-650.

48 van Leeuwen IM . Cyclotherapy: opening a therapeutic
window in cancer treatment. Oncotarget. 2012; 3: 596-600.
49 van Leeuwen IM, Rao B, Sachweh MC,Lain S .
An evaluation of small-molecule p53 activators as
chemoprotectants ameliorating adverse effects of anticancer
drugs in normal cells. Cell Cycle. 2012; 11: 1851-1861.
50 Zhou Z, Cao JX, Li SY, An GS, Ni JH,Jia HT . p53
Suppresses E2F1-dependent PLK1 expression upon DNA
damage by forming p53-E2F1-DNA complex. Exp Cell
Res. 2013; 319: 3104-3115.
51 Liu X, Lei M,Erikson RL . Normal cells, but not cancer
cells, survive severe Plk1 depletion. Mol Cell Biol. 2006;
26: 2093-2108.
52 Yang X, Li H, Zhou Z, Wang WH, Deng A, Andrisani
O,Liu X . Plk1-mediated phosphorylation of Topors
regulates p53 stability. J Biol Chem. 2009; 284: 1858818592.
53 Liu XS, Li H, Song B,Liu X . Polo-like kinase 1
phosphorylation of G2 and S-phase-expressed 1 protein
is essential for p53 inactivation during G2 checkpoint
recovery. EMBO Rep. 2010; 11: 626-632.
54 Ward A, Hudson JW . p53-Dependent and Cell Specific
Epigenetic Regulation of the Polo-like kinases under
Oxidative Stress. PLoS One. 2014; 9: e87918.
55

Tillement V, Haren L, Roullet N, Etievant C,Merdes A . The
centrosome protein NEDD1 as a potential pharmacological
target to induce cell cycle arrest. Mol Cancer. 2009; 8: 10.

56 Lenart P, Petronczki M, Steegmaier M, Di FB, Lipp JJ,
Hoffmann M, Rettig WJ, Kraut N,Peters JM . The smallmolecule inhibitor BI 2536 reveals novel insights into
mitotic roles of polo-like kinase 1. Curr Biol. 2007; 17:
304-315.
57

Steegmaier M, Hoffmann M, Baum A, Lenart P, Petronczki
M, Krssak M, Gurtler U, Garin-Chesa P, Lieb S, Quant J,
Grauert M, Adolf GR, Kraut N, Peters JM,Rettig WJ . BI
2536, a potent and selective inhibitor of polo-like kinase
1, inhibits tumor growth in vivo. Curr Biol. 2007; 17: 316322.

58 Spankuch B, Heim S, Kurunci-Csacsko E, Lindenau C,
Yuan J, Kaufmann M,Strebhardt K . Down-regulation of
Polo-like Kinase 1 Elevates Drug Sensitivity of Breast
Cancer Cells In vitro and In vivo. Cancer Res. 2006; 66:
5836-5846.
59 Chou TC, Talalay P . Quantitative analysis of dose-effect
www.impactjournals.com/oncotarget

2275

Oncotarget

