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Background
In advanced systemic mastocytosis the response of neoplastic mast cells to conventional drugs
is poor and the prognosis is bad. Current research is, therefore, attempting to identify novel
drug targets in neoplastic mast cells. Polo-like kinase-1 is a serine/threonine kinase that plays
an essential role in mitosis and has recently been introduced as a new target in myeloid
leukemias and solid tumors. 

Design and Methods
In the present study, we analyzed the expression and function of Polo-like kinase-1 in neoplas-
tic mast cells in systemic mastocytosis. 

Results
As determined by immunostaining, primary neoplastic mast cells as well as the human mast
cell leukemia cell line HMC-1 displayed phosphorylated Polo-like kinase-1. In addition, neo-
plastic mast cells expressed Polo-like kinase-1 mRNA. Polo-like kinase-1-specific small interfer-
ing RNA induced apoptosis in neoplastic mast cells, whereas no effect was seen with a control
small interfering RNA. BI 2536, a drug targeting Polo-like kinase-1, was found to inhibit prolif-
eration in HMC-1 cells in a dose-dependent manner. BI 2536 also inhibited the growth of pri-
mary neoplastic mast cells and cells of the canine mastocytoma cell line C2. The growth-
inhibitory effects of BI 2536 on neoplastic mast cells were found to be associated with mitotic
arrest and subsequent apoptosis. Finally, BI 2536 was found to synergize with the KIT-targeting
kinase inhibitor midostaurin (PKC412) in inhibiting the growth of neoplastic mast cells. In con-
trol experiments, BI 2536 did not induce apoptosis in normal cultured mast cells. 

Conclusions
Collectively, our data show that Polo-like kinase-1 is a potential therapeutic target in neoplastic
mast cells. Targeting Polo-like kinase-1 may be an attractive pharmacological concept in the
management of advanced systemic mastocytosis.
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Introduction 

Systemic mastocytosis (SM) is a myeloid neoplasm
characterized by abnormal accumulation and growth of
neoplastic mast cells (MC) in one or more internal organs,
with or without skin-involvement.1-6 Indolent as well as
aggressive variants of SM have been described, with vari-
able clinical presentation and course, and different survival
times.1-7 In patients suffering from aggressive SM or MC
leukemia, the response to conventional drugs is poor and
the prognosis is bad.4-7 A number of attempts have, there-
fore, been made to identify new therapeutic targets in
neoplastic MC and to develop targeted drugs for patients
with these diseases.8,9
One major growth regulator and key target in neoplastic

MC appears to be the KIT tyrosine kinase receptor that is
expressed in MC progenitors as well as in mature MC
independently of the type of disease.4-9 In SM, neoplastic
MC often display mutant forms of KIT that are character-
ized by autonomous, ligand-independent activation of the
receptor, which may contribute to factor-independent
growth of MC in SM.10-15 The effects of several KIT-target-
ing drugs on neoplastic MC have been examined.16-21
However, although some of these drugs have marked
effects on in vitro growth of neoplastic MC18-20, so far, no
convincing long-lasting effects have been reported in vivo
in patients with advanced SM.21 Moreover, it has been
described that KIT D816V alone does not induce malig-
nant transformation in SM22, and that apart from KIT
other transforming pathways may also play a role in
malignant cell growth in aggressive SM and MC
leukemia.23 Current research is, therefore, focusing on
additional targets in neoplastic MC.
Polo-like kinase-1 (Plk-1) is a serine/threonine kinase

that plays an essential role in cell mitosis in various mes-
enchymal cells. Correspondingly, depletion of Plk-1 is
associated with cell cycle arrest and mitotic catastrophe.24-
26 A number of recent studies have shown that Plk-1 is
expressed in various neoplastic cells including solid
tumors, acute myeloid leukemia, chronic myeloid
leukemia, and non-Hodgkin’s lymphomas.24-28 More
recently, Plk-1 has been proposed as a potential therapeu-
tic target in solid tumors and various hematopoietic malig-
nancies. BI 2536, a drug that targets Plk-1, induces cell
cycle arrest and apoptosis in neoplastic cells.29,30 However,
Plk-1 has not been examined in the context of mastocyto-
sis or MC leukemia so far.
In the present study, we examined the expression of Plk-

1 in neoplastic MC and investigated whether Plk-1 could
serve as a therapeutic target in SM.

Design and Methods

Reagents
The Plk-1 inhibitor BI 2536 was kindly provided by Dr.

Dorothea Rudolph (Boehringer Ingelheim, Vienna, Austria). The
kinase inhibitor PKC412 (midostaurin)31 was kindly provided by
Dr. Johannes Roesel and Dr. Paul Manley (Novartis Pharma AG,
Basel, Switzerland). Stock solutions of BI 2536 and PKC412 were
prepared by dissolution in dimethylsulfoxide (DMSO) (Merck,
Darmstadt, Germany). RPMI 1640 medium and fetal calf serum
(FCS) were purchased from PAA laboratories (Pasching, Austria),
L-glutamine and Iscove’s modified Dulbecco’s medium (IMDM)
were obtained from Gibco Life Technologies (Gaithersburg, MD,

USA), propidium iodide from Sigma (St. Louis, MO, USA), and
3H-thymidine from GE Healthcare (Buckinghamshire, UK).

Isolation of primary neoplastic cells
Primary neoplastic cells were obtained from 18 patients with

KIT D816V-positive SM. Patients were classified as having indo-
lent SM (n=14), smoldering SM (n=1), aggressive SM (n=1), or
MC leukemia (n=2) according to published criteria.32,33

Heparinized bone marrow cells were layered over Ficoll to isolate
mononuclear cells. Cell viability was greater than 90% in each
case. This study was approved by the institutional review board
of the Medical University of Vienna and conducted in accordance
with the declaration of Helsinki. All patients gave written
informed consent before bone marrow puncture or blood dona-
tion. Normal MC were generated from cord blood cultures as
described elsewhere.34 In seven cases of canine mastocytoma
(grade I, n=1; grade II, n=4; grade III, n=2), MC were isolated
from primary tumor samples using collagenase following a pub-
lished protocol.35,36 In brief, tissue specimens were first cut into
small pieces, washed thoroughly in Tyrode´s buffer, and then
incubated in collagenase type II (Worthington, Lakewood, NJ,
USA) at 37°C for 180 min. Isolated cells were recovered by filtra-
tion through nytex cloth and collected into FCS-containing tubes.
After washing, cells were examined for viability and percentage
of MC (Wright-Giemsa staining). 

Culture of human and canine cell lines
The human MC leukemia cell line HMC-137 was kindly pro-

vided by Dr. J. H. Butterfield (Mayo Clinic, Rochester, MN, USA).
Two subclones were used: HMC-1.1 harboring KIT V560G but
not KIT D816V, and HMC-1.2 harboring both KITmutations.16,19

HMC-1 cells were grown in IMDM and 10% FCS, L-glutamine,
α-thioglycerol (Sigma, St Louis, MO, USA) and antibiotics (37°C,
5% CO2). In control experiments, the acute myeloid leukemia
cell lines MOLM-13, MV4-11, HL-60, U937, and KG1, and the
chronic myeloid leukemia cell lines KU812 and K562 were used.
The canine mastocytoma cell line C238 was kindly provided by
Dr. Warren Gold (University of California, San Francisco, CA,
USA). C2 cells were cultured in IMDM supplemented with 5%
FCS, α-thioglycerol, L-glutamine, and antibiotics in 5% CO2 at
37°C. Cells were passaged every 3-5 days and re-thawed from an
original stock every 6-8 weeks.

Detection of Polo-like kinase-1 mRNA by reverse 
transcriptase polymerase chain reaction and 
quantitative polymerase chain reaction
Total RNA was extracted from HMC-1 cells, neoplastic MC,

and normal peripheral blood cells (healthy donors, n=3) using
Trizol (Invitrogen, Carlsbad, CA, USA) or an RNeasy® Mini Kit
(Qiagen, Hilden, Germany), according to the manufacturers´
instructions. Primary MC were obtained from two patients with
MC leukemia. The bone marrow sample from one patient con-
tained more than 80% MC. In the second patient, MC were puri-
fied to homogeneity (purity >98%) by cell sorting as described
elsewhere.39 Primers for human Plk-1 were: 5´-
CCCATCTTCTGGGTCAGCAAG-3´ (forward) and 5´-AAGAG-
CACCCCC ACGCTGTT-3´ (reverse). The polymerase chain
reaction (PCR) conditions were: annealing 30 s (65°C); extension,
1 min (72°C); denaturation 30 s (94°C); 30 cycles. Equal loading
was confirmed by determining β-actin mRNA levels using pub-
lished primers.39 For quantitative PCR, cDNA was synthesized
using Moloney murine leukemia virus reverse transcriptase and
random primers (both from Invitrogen Inc, Carlsbad, CA, USA)
according to the manufacturer’s instructions. The primers used
were: Plk-1: 5´-CCTCCGGATCAAGAAGAATGAA-3´ (forward)
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and 5´-GCAGTGGGATCTGT CTGAAGCA-3` (reverse); Abl: 5`-
TCTATGATTTTGTGGCCAGTGGAG-3` (forward) and 5`-
GCCTAAGACCCGGAGCTTTTCA-3` (reverse). The PCR con-
ditions were: denaturation 15 s (95°C); annealing and extension 1
min (60°C). Quantitative PCR was performed on a 7900HT Fast
Real-Time PCR System (Applied Biosystems, Darmstadt,
Germany) using iTaq SYBR Green Supermix with ROX (Bio-Rad,
Hercules, CA, USA).22

Detection of the Polo-like kinase-1 protein 
by immunostaining
Immunocytochemistry was performed on cytospin prepara-

tions of HMC-1 cells using published protocols.39 The mouse
monoclonal antibody K50-483 (work dilution 1:20) from Becton
Dickinson Pharmingen (San Jose, CA, USA) and a biotinylated
goat-anti-mouse IgG antibody (Biocare, San Diego, CA, USA)
were applied for detection of phosphorylated Plk-1 (pPlk-1),
whereas for detection of total Plk-1, a polyclonal rabbit anti-Plk-1
antibody (1:20; Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and biotinylated goat-anti-rabbit IgG (Biocare) were employed.
Slides were incubated with anti-Plk-1 antibodies overnight.
Streptavidin-alkaline-phosphatase complex (Biocare) served as the
chromogen. Antibody-reactivity was made visible using neo-
fuchsin (Nichirei, Tokyo, Japan). In a separate set of experiments,
immunocytochemical studies were performed on HMC-1 cells
transfected with Plk-1 small interfering RNA (siRNA), or after the
anti-Plk-1 antibody had been pre-incubated with a Plk-1-specific
blocking peptide (Bethyl Laboratories, Montgomery, TX, USA) at
37°C for 1 h. Immunohistochemical studies were performed on
samples from 25 patients with SM (Online Supplementary Table S1),
one with a cutaneous mastocyoma, and on normal bone marrow
(n=2). Expression of Plk-1 in neoplastic MC was examined on seri-
al sections (2 mm) of paraffin-embedded formalin-fixed bone mar-
row specimens by indirect immunohistochemistry, as reported
elsewhere.40,41 Serial sections were incubated with monoclonal
antibody G3 against tryptase (1:500; Santa Cruz Biotechnology), a
monoclonal antibody against pPlk-1 (1:100; BD Pharmingen), and
a polyclonal rabbit anti-Plk-1 antibody (Santa Cruz
Biotechnology). Antibodies were diluted in 0.05 M Tris-buffered
saline (pH 7.5) and 1% bovine serum albumin (Sigma). After
washing, slides were incubated with biotinylated anti-mouse IgG
supplemented with normal horse serum (both from Vector,
Burlingame, CA, USA) for 30 min, washed, and exposed to
Vectastain ABC KIT (Vector) for 30 min. 3-amino-9-ethyl-
carbazole was used as the chromogen .

Silencing of Polo-like kinase-1 with small interfering RNA
To explore the functional role of Plk-1 in neoplastic MC, HMC-

1.1 cells and HMC-1.2 cells were transfected with siRNA against
Plk-1 (5’-GAUCACCCUCCUUAAA UAUdTdT-3’)42 and siRNA
against luciferase (5’-CUUACGCUGAGUACUUC GAdTdT-3´).
Both siRNA were synthesized in 2'-deprotected, duplexed, and
desalted form and were purchased from Dharmacon Research
(Lafayette, CO, USA). The siRNA (200 nM) were transfected into
HMC-1 cells using lipofectin (Invitrogen) according to the manu-
facturer’s instructions. Twenty-four hours after transfection, cells
were spun on cytospin slides to determine the number of apop-
totic cells by light microscopy. The siRNA-induced knock-down
of Plk-1 was confirmed by quantitative PCR. To determine
potential cooperative effects of Plk-1 siRNA and PKC412 on sur-
vival of neoplastic MC, HMC-1 cells were transfected with 100
nM siRNA and, 4 h later, PKC412 (100 nM) was added. After 24
h (from the time of transfection) cells were spun on cytospin
slides and examined for the percentage of apoptotic cells by light
microscopy. 

Analysis of cell cycle progression by flow cytometry
To evaluate the effects of BI 2536 on cell cycle progression,

HMC-1 cells and C2 cells were incubated in control medium or in
medium containing 100 nM BI 2536 for 48 h. Thereafter, cells
were resuspended in 500 mL staining buffer containing 0.1% sodi-
um acetate and 0.1% Triton X-100 and 0.1 mg/mL RNAse (Sigma
Aldrich, St. Louis, MO, USA). Then, 20 mL of propidium iodide (PI,
Sigma Aldrich) were added. Cell cycle distribution was analyzed
by flow cytometry on a FACSCalibur (Becton Dickinson
Biosciences) as reported previously.43

Evaluation of apoptosis by morphology, TUNEL assay,
and caspase cleavage
HMC-1 cells and C2 cells were incubated with various concen-

trations of BI 2536 (1–100 nM) or control medium for 48 or 96
hours. The percentage of apoptotic cells was quantified by
Wright-Giemsa staining. Apoptosis was defined according to
established cytomorphologic criteria.44 To confirm apoptosis, a ter-
minal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was performed as reported previously39,45 using
HMC-1 cells and C2 cells incubated with BI 2536 (100 nM) or con-
trol medium for 48 h. After fixation (with formaldehyde and 70%
ethanol) and staining, cells were washed and analyzed with a
Nikon Eclipse E 800 fluorescence microscope (Tokyo, Japan). For
evaluation of caspase cleavage, HMC-1 cells were incubated with
BI 2536 (1-100 nM) or control medium for 48 h. Western blotting
was performed essentially as described elsewhere39,43,45 using a
polyclonal antibody against cleaved caspase-3, monoclonal anti-
body 18C8 against cleaved caspase-8, and a polyclonal antibody
against cleaved caspase-9 (all from Cell Signaling Technology,
Danvers, MA, USA). A polyclonal antibody against β-actin (Sigma)
was applied to confirm equal loading. Antibody reactivity was
made visible by donkey anti-rabbit IgG (GE Healthcare). Human
cord blood-derived mast cells and HMC-1.2 cells were incubated
with control medium or medium containing 10 nM or 100 nM BI
2536, for 48 h or 96 h. Thereafter, cell viability was analyzed by
annexin V/propidium iodide staining and flow cytometry.43

Measurement of 3H-thymidine uptake
Cell lines and primary neoplastic cells were incubated with var-

ious concentrations of BI 2536 (1 nM to 1 mM) in 96-well culture
plates (TPP) at 37°C for 48 h. After incubation, 3H-thymidine (0.5
mCi per well) was added at 37°C for 12 h. Cells were then harvest-
ed on filter membranes (Packard Bioscience, Meriden, CT, USA) in
a Filtermate 196 harvester (Packard Bioscience). Filter-bound
radioactivity was counted in a β-counter (Top-Count NXT,
Packard Bioscience). To determine potential additive or synergistic
drug-effects, HMC-1.1 cells, HMC-1.2 cells, C2 cells, MOLM-13
cells, and primary neoplastic MC were incubated with both BI
2536 and PKC412 at various concentrations (at fixed ratios) for 48
h. Drug interactions (additive, synergistic) were determined by
calculating the combination index (CI) values using Calcusyn soft-
ware (Calcusyn; Biosoft, Ferguson, MO, USA).46

Statistical analysis
To determine the level of significance in drug effects, the

Student’s t test for dependent samples was applied. P values less
than 0.05 were considered statistically significant.

Results

Neoplastic mast cells express phosphorylated 
Polo-like kinase-1 

As assessed by immunohistochemistry, neoplastic MC
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were found to express pPlk-1 in all SM patients examined,
without major differences in staining intensity or percent-
age of positive MC when comparing different variants of
SM (Figure 1A and Online Supplementary Table S1). We
were also able to detect pPlk-1 and total Plk-1 in primary
neoplastic MC from a patient with a localized cutaneous
mastocytoma (Online Supplementary Figure S1). Among
other cells in the bone marrow (from patients with SM
and controls), megakaryocytes and myeloid progenitor
cells stained positive for pPlk-1, whereas erythroid cells
were not recognized by anti-pPlk-1 antibody. A summary
of staining results in bone marrow cells is shown in Online
Supplementary Table S2. As assessed by immunocyto-
chemistry studies, both HMC-1 subclones were also
found to stain positive for total Plk-1 and pPlk-1 (Figure
1B). pPlk-1 was found to be expressed in HMC-1.1 cells
lacking KITD816V as well as in HMC-1.2 cells expressing
KIT D816V (Figure 1B). The specificity of the staining
reaction was confirmed by using HMC-1.1 cells and
HMC-1.2 cells transfected with Plk-1 siRNA (Online
Supplementary Figure S2). Moreover, immunocytochem-
istry staining was blocked by pre-incubating the anti-Plk-
1 antibody with a Plk-1-specific blocking peptide (data not
shown). Next, we examined the expression of Plk-1
mRNA in neoplastic MC by RT-PCR. As shown in Figure
1C, neoplastic MC obtained from patients with MC
leukemia as well as HMC-1.1 cells and HMC-1.2 cells dis-
played Plk-1 mRNA, whereas only little, if any, Plk-1
mRNA was found in normal blood leukocytes (Figure
1C). Together, these data show that Plk-1 is expressed in
an activated form in primary neoplastic MC in SM and
MC leukemia.

Identification of Polo-like kinase-1 as a critical survival
molecule in neoplastic mast cells 
To explore the functional role of Plk-1 in neoplastic MC,

we transfected HMC-1.1 and HMC-1.2 cells with siRNA
directed against Plk-1. The siRNA-induced knockdown of
Plk-1 was confirmed by quantitative PCR and resulted in a
significant increase in the number of apoptotic cells in
both HMC-1 subclones (Figure 1D). The Plk-1 knockdown
was also found to lead to mitotic arrest of HMC-1.1 cells
(Figure 1D) and HMC-1.2 cells (Figure 1D). A control
siRNA showed no effect on cell viability in HMC-1.1 cells
and HMC-1.2 cells (Figure 1D). Together, these data sug-
gest that Plk-1 acts as a regulator of survival and may thus
serve as a potential target in neoplastic MC. 

Effects of the Polo-like kinase-1-targeting drug BI
2536 on the growth of neoplastic mast cells
In a next step, we examined the effects of an established

pharmacological inhibitor of Plk-1, BI 2536. As assessed by
3H-thymidine uptake, BI 2536 was found to inhibit the
proliferation of HMC-1.1 cells, HMC-1.2 cells, and C2
cells in a dose-dependent manner (Figure 2A). IC50 values
of BI 2536 were 5-10 nM for HMC-1.1 cells, 5-10 nM for
HMC-1.2 cells, and 10-50 nM for C2 cells (Figure 2A).
Moreover, BI 2536 counteracted in vitro growth of primary
neoplastic human MC and primary neoplastic canine MC
(Figure 2B and 2C). The IC50 values for primary MC cells
were found to vary from patient to patient. In human SM,
the IC50 values ranged between 1 nM and greater than 1
µM (Online Supplementary Table S1) which was initially
interpreted as a result of a different content of clonal cells
in the sample. However, even in patients in whom virtu-

ally all cells in the sample were KIT D816V-positive, the
IC50 values of BI 2536 ranged between 10 nM and 1 mM.
Similarly, in primary neoplastic canine MC (purity 28%-
99%), the IC50 values ranged between 10 nM and greater
than 1 mM (Figure 2C). We also compared the effects of BI
2536 in HMC-1 cells with the drug’s effect on various
other human leukemic cell lines, including acute myeloid
leukemia and chronic myeloid leukemia cell lines. In all
cells tested, BI 2536 produced growth inhibition with sim-
ilar IC50 values (Online Supplementary Table S3). 

Effects of BI2536 on cell cycle distribution 
in neoplastic mast cells
Since Plk-1 is an established cell cycle regulator, we

were interested to learn whether BI 2536 affects cell cycle
progression in neoplastic MC. As shown in Figure 3, BI
2536 produced a G2/M cell cycle arrest in HMC-1.1
(Figure 3A) cells, HMC-1.2 cells (Figure 3B), and C2 cells
(Figure 3C). Corresponding results were obtained from
microscopic examinations. In particular, as shown in
Figure 3D, BI 2536 produced a mitotic arrest in HMC-1.1
cells, HMC-1.2 cells, and C2 cells. An interesting observa-
tion was that the drug-induced cell cycle arrest and mitotic
arrest were more pronounced in HMC-1.1 cells lacking
KIT D816V than in HMC-1.2 cells expressing KIT D816V
(Figure 3A,B).

BI 2536 induces apoptosis in neoplastic mast cells  
As shown in Figure 4A, BI 2536 induced apoptosis in

HMC-1.1 cells, HMC-1.2 cells and C2 cells in a dose- and
time-dependent manner. At 96 h (later time point), the
numbers of apoptotic cells exceeded the numbers of
mitotic cells in all samples examined (Figure 4A). BI 2536
also induced apoptosis in primary canine MC (Figure 4B).
The apoptosis-inducing effects of BI 2536 on HMC-1.1
cells, HMC-1.2 cells and C2 cells were confirmed by a
TUNEL assay (Figure 4C). Finally, we were able to show
that BI 2536 induces cleavage of caspase 3, caspase 8, and
caspase 9 in both HMC-1 subclones (Figure 4D). In cul-
tured normal MC, BI 2536 did not induce apoptosis
(Online Supplementary Figure S3) although these MC also
expressed Plk-1 (data not shown). 

BI 2536 synergizes with PKC412 in blocking the
growth of neoplastic mast cells
As assessed by 3H-thymidine incorporation, BI 2536 was

found to cooperate with midostaurin (PKC412) in inhibit-
ing the growth of HMC-1.1 cells, HMC-1.2 cells, and C2
cells (Online Supplementary Figure 4A). Evaluation of the
effects of drug combination using the Calcusyn program
revealed clear synergistic effects on all three cell lines (data
not shown). In addition, BI 2536 and PKC412 produced syn-
ergistic growth-inhibitory effects on primary neoplastic
human MC (Online Supplementary Figure 4B) as well as on
primary neoplastic canine MC (Online Supplementary Figure
4C). In the FLT3-mutated acute myeloid leukemia cell line
MOLM-13, PKC412 and BI 2536 produced additive anti-
proliferative effects (Online Supplementary Figure S5). To
confirm that Plk-1 is involved in synergistic drug interac-
tions in HMC-1.1 and HMC-1.2 cells, we performed
experiments using Plk-1 siRNA and PKC412. In these
experiments, we were able to show that Plk-1 siRNA and
PKC412 exert cooperative apoptosis-inducing effects on
HMC-1.1 cells and HMC-1.2 cells (Online Supplementary
Figure 4D).

Plk-1 as a novel drug target in mastocytosis
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Discussion

Plk-1 is a serine/threonine kinase that has been implicat-
ed in the regulation of mitosis and identified as a potential
target in solid tumors and leukemias.24-28 It has also been
described that the Plk-1-targeting drug BI 2536 induces cell
cycle arrest and apoptosis in various neoplastic cells.29,30,43
Here, we describe that neoplastic MC display pPlk-1 and
that both BI 2536 and a Plk-1-specific siRNA induce
growth arrest and apoptosis in neoplastic MC. The effects

of BI 2536 were dose-dependent and seen in primary
human and canine MC, in the human MC line HMC-1,
and in the canine mastocytoma cell line C2.
SM is a heterogeneous disease involving MC and their

progenitors.1-7 The clinical picture, course, and prognosis
vary among patients depending on the SM variant.1-7,47-49
The prognosis of patients with aggressive SM and MC
leukemia is bad and responses to most drugs are poor.3-7,47-49
Therefore new drug targets and targeted drugs need to be
developed for these patients. In this study, we show that
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Figure 1. Expression and functional role of Plk-1 in neoplastic mast cells. (A) Detection of tryptase, Plk-1, and phosphorylated Plk-1 (pPlk-
1) in primary neoplastic mast cells (MC) in serial bone marrow sections from patients with indolent systemic mastocytosis (ISM; patient #2
and #5 in Online Supplementary Table S1), smoldering systemic mastocytosis (SSM; patient #16 in Online Supplementary Table S1) and
aggressive systemic mastocytosis (ASM; patient #11 in Online Supplementary Table S1) (magnification: right upper and left lower x100; all
other images: x40). (B) Immunocytochemical detection of pPlk-1 and Plk-1 in HMC-1.1 cells and HMC-1.2 cells using antibodies against Plk-
1 and pPlk-1 (magnification x100). Images were viewed under an Olympus BX50F4 microscope (Olympus, Hamburg, Germany) and pre-
pared using an Olympus DP11 camera and Adobe Photoshop CS2 software version 11.0 (Adobe Systems, San Jose, CA, USA) to adapt
brightness and contrast. Staining protocols are described in the text. (C) RT-PCR analysis of expression of Plk-1 mRNA in mononuclear blood
cells from three healthy controls (#1,#2,#3), bone marrow cells obtained from two patients with mast cell leukemia (MCL), HMC-1.1 cells
and HMC-1.2 cells. (D) Effects of Plk-1 siRNA on mitosis and viability in HMC-1.2 cells (upper panel) and HMC-1.1 cells (lower panel). Left
panels show the percentage of mitotic (gray bars) and apoptotic cells (black bars) after transfection with Plk-1 siRNA or luciferase siRNA.
Right panels show siRNA-induced knockdown of Plk-1 mRNA assessed by quantitative PCR. Plk-1 mRNA levels are expressed as percent
of Abl mRNA. Results represent the mean±standard deviation of three independent experiments. Asterisk: P<0.05.
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neoplastic MC in indolent SM, aggressive SM, and MC
leukemia display pPlk-1. Moreover, pPlk-1 was detectable
in the MCL cell line HMC-1. Interestingly, pPlk-1 was not
only expressed in the KIT D816V-positive subclone of
HMC-1.2, but also in HMC-1.1 cells lacking KIT D816V
suggesting that Plk-1 expression in neoplastic MC is not
dependent on a particular KIT mutation. This observation
is of interest because Plk-1 expression in chronic myeloid
leukemia is triggered by the disease-related oncoprotein
BCR/ABL.43 One explanation may be that KIT-indepen-
dent pro-oncogenic signaling pathways in neoplastic MC23

trigger Plk-1 expression. Alternatively, Plk-1 expression is
triggered by various oncogenic KIT mutants including KIT
V560G expressed in HMC-1.1 cells. Finally, Plk-1 may be
a lineage-related antigen expressed during differentiation
of MC. In this regard it is worth noting that Plk-1 was not
only expressed in neoplastic MC but also in other bone
marrow cells, including megakaryocytes and immature
granulo-monocytic cells, confirming its role as a regulator
of cell cycle progression in immature bone marrow cells. 
To confirm that Plk-1 is indeed a relevant growth regu-

lator and thus a potential target in neoplastic MC, we
applied a Plk-1 siRNA. In these experiments we were able
to show that the siRNA-induced knockdown of Plk-1 in
HMC-1.1 cells and HMC-1.2 cells resulted in apoptosis,
suggesting that Plk-1 is a potential therapeutic target in

neoplastic MC.
In line with this hypothesis, the Plk-1-targeting drug BI

2536 was found to inhibit the growth of neoplastic MC in
most patients as well as growth of all MC lines tested, i.e.
HMC-1.1, HMC-1.2, and C2 cells. The IC50 values for
human and canine MC were within the pharmacologically
achievable range of the drug. An interesting observation
was that the IC50 values for HMC-1.1 cells and HMC-1.2
cells were identical. By contrast, the IC50 values for pri-
mary neoplastic MC varied substantially among human
patients and among canine patients. One explanation for
the variable effects of the drug on growth of MC may be
molecular resistance to BI 2536. Alternatively, in these
patients, additional survival- and/or growth-related mole-
cules played a more important role in MC growth and sur-
vival. 
Plk-1 is involved in mitosis and cell cycle progression in

various cells and has been described to be expressed in
several myeloid leukemias and other neoplasms.24-28,43,50 We
were, therefore, interested in comparing the effects of BI
2536 in various myeloid leukemias. BI 2536 was found to
inhibit proliferation in all leukemic cell lines tested, with
comparable IC50 values. These data are in good agreement
with recently published results,49,50 although we found that
HL60 cells responded slightly better to BI 2536 than was
reported by Renner et al.50
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Figure 2. Effects of BI 2536 on 3H-thymidine uptake in neoplastic mast cells (MC). (A) Cell lines (HMC-1.1, HMC-1.2, C2), (B) primary human
neoplastic MC (indolent SM, ISM n=2; aggressive SM, ASM, n=1), and (C) primary canine neoplastic MC (mast cell tumor, MCT) were incu-
bated in control medium or with various concentrations of BI 2536, as indicated at 37°C for 48 h. After incubation, 3H-thymidine uptake
was measured. Results are expressed as percent of control. In Figure 2A, results represent the mean±standard deviation from five inde-
pendent experiments, in B and C, the mean±standard deviation of triplicate experiments are shown. 
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To study the mechanism(s) of action of BI 2536 on neo-
plastic MC, we examined drug-exposed cells for signs of
mitotic arrest and morphological and biochemical signs of
apoptosis. In these experiments, we found impressive and
unique morphological changes induced by BI 2536 in
HMC-1.1 cells, HMC-1.2 cells and C2 cells, indicating a
strong mitotic arrest, and consecutive apoptosis. In partic-
ular, whereas at an early time point (48 h) many drug-

exposed cells exhibited signs of mitosis, after 96 h most
cells exhibited clear signs of apoptosis. Similar results have
been reported for chronic myeloid leukemia cells.43 The
apoptosis-inducing effect of BI 2536 on both HMC-1 sub-
clones was confirmed by a TUNEL assay and caspase
cleavage. Together, these data show that inhibition of Plk-
1 by BI 2536 is associated with mitotic arrest and apopto-
sis, suggesting that BI 2536 may be an interesting drug for
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Figure 3. Effects of BI2536 on cell cycle distribution in neoplastic mast cells (MC). (A) HMC-1.1 cells,
(B) HMC-1.2 cells and (C) C2 cells were incubated in control medium (black bars) or 100 nM BI 2536
(gray bars) at 37°C for 48 h. Thereafter, cell cycle distribution was analyzed by flow cytometry. The per-
centages of cells in G0/G1-phase, G2/M-phase and S-phase, are shown. Results represent the
mean±standard deviation from three independent experiments. (D) HMC-1.1 cells, HMC-1.2 cells and
C2 cells were incubated in control medium (left panels) or BI 2536 (10 nM in HMC-1.1; 100 nM in HMC-
1.2 and C2; right panel) at 37°C for 48 h. Thereafter, cells were spun on cytospin slides and stained
with Wright-Giemsa. Slides were viewed under an Olympus BX50F4 microscope (Olympus, Hamburg,
Germany; magnification x 40). Images were prepared using an Olympus DP11 camera and Adobe
Photoshop CS2 software version 11.0 (Adobe Systems, San Jose, CA, USA) to adapt brightness and con-
trast. 

Figure 4. BI 2536 induces apoptosis in neoplastic mast cells (MC). (A) HMC-1.1 cells, HMC-1.2 cells, C2 cells, and (B) primary canine neo-
plastic MC were incubated in control medium or various concentrations of BI 2536 (as indicated) at 37°C for 48 h and 96 h. The percentages
of apoptotic cells and mitotic cells were quantified on Wright-Giemsa-stained cytospin preparations. Results in (A) represent the mean±stan-
dard deviation of three independent experiments. Results in (B) are from one experiment. (C) HMC-1.1 cells, HMC-1.2 cells and C2 cells were
cultured in control medium (left panel) or with 100 nM BI 2536 (right panel) for 48 h, then apoptotic cells were detected by a TUNEL assay.
(D) HMC-1.1 cells and HMC-1.2 cells were cultured in control medium and various concentrations of BI 2536. Western blotting was perfomed
using antibodies against cleaved caspases 3, 8, and 9, and β-actin. 
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the treatment of aggressive SM and MC leukemia.
An interesting observation in this study was that BI

2536-induced G2/M cell cycle arrest was more pro-
nounced in HMC-1.1 cells and C2 cells than in HMC-1.2
cells. This observation may be explained by the KIT
D816V mutation that is expressed in HMC-1.2 cells and
may introduce a relative resistance to the cell-cycle specif-
ic effects of BI 2536. Another remarkable observation was
that although cell cycle progression was differently affect-
ed by BI 2536 in HMC-1.1 cells and HMC-1.2 cells, the
drug produced growth inhibition with the same efficacy
and comparable IC50 values in both subclones. With regard
to apoptosis, the effects of BI 2536 were even more pro-
nounced in HMC-1.2 cells than in HMC-1.1 cells. These
data suggest that the primary mechanisms of action of BI
2536 on the HMC-1 subclones may differ in that the drug
primarily produces cell cycle inhibition with consecutive
apoptosis in HMC-1.1 cells, but primarily induces apopto-
sis and consecutive growth inhibition in HMC-1.2 cells. In
C2 cells, BI 2536 produced both major inhibition of cell
cycle progression and marked apoptosis.  
KIT is a key regulator of growth of normal and neoplastic

MC.5-10 Several studies and trials have, therefore, been ini-
tiated to explore the effects of KIT-targeting kinase
inhibitors in advanced SM.16-21 One promising agent is
PKC412/midostaurin.21 However, the effects of these drugs
in aggressive SM and MC leukemia are usually short-lived

and often followed by a relapse.21 Current research is,
therefore, seeking potential drug partners in order to define
optimal drug combinations that exert more profound
effects on neoplastic MC in SM. We exposed neoplastic
MC to combinations of PKC412 and BI 2536 and found
that the two drugs synergized with each other in inhibiting
the growth of neoplastic MC. Effects of the drug combina-
tion were seen in primary human MC and canine MC as
well as in HMC-1.1 cells, HMC-1.2 cells and C2 cells.
These data suggest that combinations of KIT inhibitors and
Plk-1 inhibitors may be an interesting approach to improve
therapy in aggressive SM and MC leukemia.
In summary, Plk-1 is expressed in neoplastic MC and

represents a potential new therapeutic target in aggressive
SM and MC leukemia. Clinical trials are now warranted to
test whether Plk-1 can also serve as a therapeutic target in
vivo in patients with aggressive SM and MC leukemia.
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