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Introduction

Systemic mastocytosis (SM) is a hematopoietic neoplasm
characterized by the expansion of neoplastic mast cells (MC)
and their infiltration in various internal organs.1-4 In patients
with advanced SM, including aggressive SM and mast cell
leukemia (MCL), MC infiltration leads to organ damage, and
the prognosis is grave.1-7 The response to conventional anti-
neoplastic drugs and chemotherapy is poor.1-7 In most of these
patients, neoplastic MC express the D816V-mutated variant
of KIT, which is constitutively active and is considered to be
a major transforming oncoprotein in neoplastic MC.8-11

Unfortunately, in contrast to wild-type KIT and some rare
KIT mutants, the KIT D816V mutant cannot be blocked by
pharmacologically meaningful concentrations of most avail-
able tyrosine kinase inhibitors (TKI), including imatinib.11-14

During the past few years, several TKI capable of targeting
the kinase activity of KIT D816V have been developed. These
drugs include the multi-kinase blocker midostaurin (PKC412)
and dasatinib.14-17 These agents are currently being tested in
clinical trials in advanced SM. However, neither dasatinib nor
midostaurin was found to induce long-lasting hematologic
remissions in patients with aggressive SM or MCL.18,19 In the

case of dasatinib, the failure to achieve remissions may be
explained by the short half-life of the drug. In the case of
midostaurin, multiple mechanisms as well as the pharmaco-
logical behavior of the drug and its metabolites may account
for the moderate efficacy. An important aspect of resistance
in advanced SM is that several KIT D816V-independent sig-
naling molecules and pathways are activated in neoplastic
MC, and contribute to abnormal growth and proliferation.18-20

Sometimes, the more malignant subclone may lack KIT
D816V, and TKI-treated patients may even relapse with a KIT
D816V-negative, drug-resistant leukemia.17 This observation
points to the need to target additional signaling nodes and
pathways in advanced SM.
A number of signaling molecules and pathways have been

implicated in drug resistance in advanced SM.20-22 Critical sig-
naling molecules may include Ras, Src-kinases such as Lyn,
Hck, or Fyn, or the TEK kinase Btk, which is considered to
contribute to KIT D816V-independent survival and prolifera-
tion of neoplastic MC.20-22 These additional signaling mole-
cules are preferentially activated in advanced SM and cannot
be blocked by most TKI, including midostaurin. Current
research is, therefore, focused on novel broadly acting TKI
partners that can be combined with midostaurin to achieve
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Patients with advanced systemic mastocytosis, including mast cell leukemia, have a poor prognosis. In these
patients, neoplastic mast cells usually harbor the KIT mutant D816V that confers resistance against tyrosine kinase
inhibitors. We examined the effects of the multi-kinase blocker ponatinib on neoplastic mast cells and investigated
whether ponatinib acts synergistically with other antineoplastic drugs. Ponatinib was found to inhibit the kinase
activity of KIT G560V and KIT D816V in the human mast cell leukemia cell line HMC-1. In addition, ponatinib
was found to block Lyn- and STAT5 activity in neoplastic mast cells. Ponatinib induced growth inhibition and
apoptosis in HMC-1.1 cells (KIT G560V+) and HMC-1.2 cells (KIT G560V+/KIT D816V+) as well as in primary neo-
plastic mast cells. The effects of ponatinib were dose-dependent, but higher IC50-values were obtained in HMC-1
cells harboring KIT D816V than in those lacking KIT D816V. In drug combination experiments, ponatinib was
found to synergize with midostaurin in producing growth inhibition and apoptosis in HMC-1 cells and primary
neoplastic mast cells. The ponatinib+midostaurin combination induced substantial inhibition of KIT-, Lyn-, and
STAT5 activity, but did not suppress Btk. We then applied a Btk short interfering RNA and found that Btk knock-
down sensitizes HMC-1 cells against ponatinib. Finally, we were able to show that ponatinib synergizes with the
Btk-targeting drug dasatinib to produce growth inhibition in HMC-1 cells. In conclusion, ponatinib exerts major
growth-inhibitory effects on neoplastic mast cells in advanced systemic mastocytosis and synergizes with
midostaurin and dasatinib in inducing growth arrest in neoplastic mast cells.
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better growth inhibition by blocking most signaling nodes
in the pro-oncogenic machinery of neoplastic MC.
The multi-kinase blocker ponatinib (AP24534) is an oral

TKI that has been developed as a potent BCR-ABL1
inhibitor.23 Ponatinib has inhibitory effects on a wide vari-
ety of kinase targets, including FLT3, KIT, fibroblast
growth factor receptor 1 (FGFR1), and platelet-derived
growth factor receptor α (PDGFRα).23-25 In addition, pona-
tinib has been described to block several downstream sig-
naling molecules, including Lyn.23-25
Recently, ponatinib was tested in 65 patients with

Philadelphia chromosome positive leukemia in a phase 1
clinical trial and was found to be highly active in heavily
pretreated patients.26 However, little is known about the
effects of ponatinib on growth of neoplastic MC. In the
present study, we examined the effects of ponatinib on
growth and survival of neoplastic MC and asked whether
the drug can produce synergistic growth-inhibtory effects
when combined with midostaurin.

Methods

Reagents
The reagents used in this study are described in the Online

Supplementary Material. Ponatinib (AP24534), dasatinib, and
midostaurin (PKC412) were purchased from Chemietek
(Indianapolis, IN, USA), and cladribine from Janssen Cilag
(Titusville, NJ, USA).

HMC-1 cells expressing or lacking KIT D816V
HMC-1 cells27 were kindly provided by Dr. JH Butterfield (Mayo

Clinic, Rochester, MA, USA) and were cultured as described in the
Online Supplementary Material.

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

KIT D816V+ indolent SM, five with KIT D816V+ aggressive SM,
and one with MCL and were isolated as described in the Online
Supplementary Material. The patients’ characteristics are shown in
Table 1. All patients gave written informed consent. The study
was approved by the local institutional review board and was con-
ducted in accordance with the declaration of Helsinki.

Western blotting
HMC-1 cells were incubated with ponatinib (0.001-1 mM),

midostaurin (0.05-0.1 mM), or control medium at 37°C for 4 h.
Thereafter, cells were harvested and western blotting was per-
formed as described14 using the antibodies shown in Online
Supplementary Table S1.

Measurement of 3H-thymidine uptake
In order to determine the growth-inhibitory effects of drugs,

HMC-1 cells and primary neoplastic cells were incubated with
various concentrations of ponatinib, midostaurin, dasatinib,
cladribine or combinations of drugs at fixed ratios of drug concen-
trations for 48 h. Thereafter, 3H-thymidine uptake was determined
as described in the Online Supplementary Material.

Analysis of cell cycle progression by flow cytometry
HMC-1 cells were incubated in control medium or medium

containing various concentrations of ponatinib for 24 h.
Thereafter, cell cycle distribution was analyzed as described in the
Online Supplementary Material.

Evaluation of drug-induced apoptosis  
HMC-1 cells were incubated with various concentrations of

ponatinib (0.001-1 mM) or control medium at 37°C for 24 h. The
percentage of apoptotic cells was quantified by morphological cri-
teria (light microscopy), cleavage of caspase 3 (western blot analy-
sis, flow cytometry or by an in situ terminal transferase-mediated
dUTP-fluorescence nick end-labeling (TUNEL) assay. The techni-
cal details are described in the Online Supplementary Material.  

Design and application of small interfering RNA 
Short interfering (si)RNA directed against Btk or luciferase

(Online Supplementary Table S2; Online Supplementary Material)
were transfected into HMC-1.2 cells as described elsewhere.20

Thereafter, cells were incubated in the presence or absence of 300
nM ponatinib for 24 h. The knockdown of Btk after siRNA trans-
fection was confirmed by western blotting. The percentage of
apoptotic cells was determined by light microscopy.

Statistical analysis
To determine the significance of differences in proliferation and

apoptosis in drug-exposed HMC-1 cells, Student’s t test was
applied. Results were considered statistically significant when the
P value was less than 0.05. Drug-interactions (additive, synergistic)
were determined by calculating the combination index (CI) values
using Calcusyn software (Calcusyn; Biosoft, Ferguson, MO).28 A
CI value of 1 indicates an additive effect, whereas a CI below 1
indicates synergistic drug effects.

Results

Ponatinib blocks the phosphorylation of key proteins 
in neoplastic mast cells

As assessed by western blotting, ponatinib was found to
inhibit the phosphorylation of KIT, Lyn and STAT 5 in
HMC-1.1 and HMC-1.2 cells (Figure 1A,B, Online
Supplementary Figure S1). In HMC-1.2 cells, relatively high
concentrations of ponatinib (1 mM) were required to inhibit
KIT-phosphorylation, suggesting that the D816V mutation
induces relative resistance against this drug. However, the

Table 1. Patients’ characteristics and response to ponatinib.
Age Gender Diagnosis KIT % of Response 

D816V MC in BM* to ponatinib
(proliferation, IC50)

#1 24 m ISM + 5% 0.5 mM
#2 63 f ISM + 25% 0.1-0.5 mM
#3 36 f ISM + 5% 0.1-0.5 mM
#4 57 m ISM-CMML + 10% 0.1-0.5 mM
#5 71 m ASM-CMML + 15% 0.01-0.05 mM
#6 61 w ASM + 90% 0.5-1 mM
#7 73 m ASM + 25% 0.1-0.5 mM
#8 73 m ASM + 90% 0.2-0.3 mM
#9 55 m ASM D816Y 60% 0.05-0.1 mM
#10 54 f MCL D816H 50% 0.05-0.1 mM
MC: mast cells; BM: bone marrow; m: male; f: female; ISM: indolent SM; ASM: aggressive SM,
MCL: mast cell leukemia; CMML: chronic myelomonocytic leukemia. The IC50 values were deter-
mined by 3H-thymidine uptake experiments performed with cells isolated from the BM. *Percent
values are based on immunohistochemical examinations using BM section material and an
antibody against MC tryptase.
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two other relevant signaling molecules examined, namely
p-Lyn and p-STAT5, were substantially down-regulated by
ponatinib at low concentrations (0.1 mM) in both subclones.
No effects of ponatinib on expression of p-Btk were seen.
Together, these results suggest that ponatinib may exert
antineoplastic effects (at pharmacological concentrations) in
neoplastic MC lacking or harboring KIT D816V. In KIT
D816V-positive subclones, at least some of the effect of
ponatinib may be exerted via KIT-independent targets.

Ponatinib inhibits the proliferation of HMC-1 cells 
and primary neoplastic mast cells
To explore the effects of ponatinib on the proliferation

of neoplastic MC, 3H-thymidine uptake experiments were
performed using HMC-1 cells and primary neoplastic MC.
As shown in Figure 2A, ponatinib inhibited the prolifera-
tion of both HMC-1 subclones in a dose-dependent man-
ner, with 100-fold higher IC50 values in HMC-1 cells har-
boring KIT D816V than in cells lacking KIT D816V. In pri-
mary KIT codon 816-mutated MC isolated from patients
with indolent SM, aggressive SM or MCL, ponatinib was
also found to inhibit proliferation, with IC50 values ranging
between 0.05 and 0.5 mM (Table 1, Figure 2B-2F). These
IC50 values correspond to IC50 values found in HMC-1.2
cells rather than to IC50 values obtained in HMC-1.1 cells.

Ponatinib induces cell cycle arrest and apoptosis 
in HMC-1 cells
To explore the mechanism of ponatinib-induced growth

inhibition, we measured the cell cycle and survival in
HMC-1 cells treated with ponatinib. Ponatinib was found
to induce a G1 cell cycle arrest in both HMC-1 subclones
(data not shown). Moreover, ponatinib induced apoptosis in
both HMC-1 subclones in a dose-dependent manner as
assessed by light microscopy. As expected, higher concen-
trations of ponatinib were required to induce apoptosis in
HMC-1.2 cells than in HMC-1.1 cells (Figures 3A,B). The
ponatinib-induced apoptosis in HMC-1 cells was con-
firmed by measuring an increase in cleaved caspase-3
(Figure 3C). Furthermore, ponatinib-induced apoptosis in
HMC-1 cells was confirmed by annexin V/propidium
iodide staining and flow cytometry (Figure 3D) as well as
by the TUNEL assay (Figure 3E).

Ponatinib cooperates with midostaurin and cladribine in
producing growth inhibition and apoptosis in HMC-1 cells
We next asked whether ponatinib would act synergisti-

cally with midostaurin in inhibiting the proliferation and
viability of neoplastic MC. As assessed by 3H-thymidine
uptake, a combination of suboptimal concentrations of
both compounds resulted in complete growth inhibition
in HMC-1 cells (Figure 4A,B). Furthermore, synergism was
demonstrable in primary neoplastic MC isolated from a
patient suffering from indolent SM-chronic myelomono-
cytic leukemia, in whom neoplastic monocytes also
express KIT D816V (Figure 4C) and MC derived from a
patient with aggressive SM (Figure 4D). As shown in
Figure 4E and 4F, synergistic drug interactions between
ponatinib and midostaurin were also observed when
apoptosis was analyzed as a “read out”. Synergistic drug
interactions were confirmed using Calcusyn software.
Examples of resulting CI values are shown in Online
Supplementary Figure S2. CI values of less than 1, indicating
synergistic drug effects, are highlighted by an asterisk in
Figure 4A-4F. As assessed by western blot analysis, the
combination of both compounds, when applied at subop-
timal combinations, resulted in dephosphorylation of KIT,
Lyn and STAT5 (Figure 4G). We also investigated whether
ponatinib would synergize with cladribine, a drug that has
been shown to exert clear antineoplastic effects in SM in
vitro and in vivo.29,30 As assessed by 3H-thymidine uptake, a
combination of these two drugs also resulted in synergistic
growth inhibition in HMC-1.2 cells (Online Supplementary
Figure S3).

Silencing of Btk with small interfering RNA enhances
the pro-apoptotic effect of ponatinib in HMC-1 cells
We have recently demonstrated that Btk plays a role in

KIT D816V-independent survival of neoplastic MC.20 In
the current study, ponatinib failed to inhibit p-Btk in
HMC-1 cells (Figure 1A). We therefore hypothesized that
an induced knock-down of Btk may potentiate the pro-
apoptotic effects of ponatinib in HMC-1 cells. To test this
hypothesis, HMC-1.2 cells were treated with siRNA
directed against Btk, and were then exposed to control
medium or ponatinib. Figure 5A shows that this combined
treatment resulted in inhibition of p-KIT and Btk.

K.V. Gleixner et al.
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Figure 1. Effects of ponatinib on phosphorylation of critical targets in
HMC-1 cells. (A, B). HMC-1.1 and HMC-1.2 cells were incubated with
various concentrations of ponatinib as indicated for 4 h. Thereafter,
cells were subjected to western blot analysis as described in the text
using antibodies directed against phosphorylated KIT (p-KIT), total
KIT, phosphorylated Lyn (p-Lyn), Lyn, phosphorylated Btk (p-Btk) or
Btk (A), or against phosphorylated STAT5 (p-STAT5) or STAT5 (B).
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Furthermore, we were able to demonstrate that ponatinib
synergizes with Btk-siRNA in inducing apoptosis in
HMC-1 cells (Figure 5B). This observation suggests that
pharmacological inhibitors of Btk may also represent suit-
able combination partners for ponatinib in advanced SM.
Since dasatinib has been described to block Btk,20 we final-
ly applied combinations of ponatinib and dasatinib.
Indeed, we found that both drugs exert synergistic
growth-inhibitory effects in HMC-1 cells (Figure 5C,D). 

Discussion

Ponatinib is a novel promising TKI that has been devel-
oped for the treatment of advanced drug-resistant chronic
myeloid leukemia.23 The target spectrum of ponatinib is
broad and includes KIT and several oncogenic down-
stream kinases. In patients with heavily pretreated
Philadelphia chromosome-positive leukemias, ponatinib
was found to be highly effective.26 In the current study, we
examined the effects of ponatinib on growth and survival
of neoplastic human MC. Our data show that ponatinib
exerts major growth-inhibitory effects in primary neoplas-
tic MC as well as in HMC-1 cells. Our data also suggest
that the KIT mutant D816V introduces partial resistance

against ponatinib, confirming previously published
results.25 Finally, our data show that ponatinib and
midostaurin as well as ponatinib and dasatinib synergize
with each other in producing growth-inhibitory effects on
neoplastic MC.
Various different studies have shown that ponatinib, at

low (nM) concentrations, inhibits the proliferation of
leukemic cells in patients with chronic myeloid
leukemia.23 In our experiments we were able to show that
ponatinib inhibits the proliferation of neoplastic MC
derived from advanced SM, including HMC-1 cells.
However, 100-fold higher concentrations of ponatinib
were required to inhibit the proliferation of HMC-1.2 cells
exhibiting KIT D816V compared to HMC-1.1 cells lacking
KIT D816V. This observation confirms those of a previous
study25 and suggests that the D816V mutant introduces
relative resistance against ponatinib. However, unlike
other TKI, such as imatinib or nilotinib, complete growth
inhibition of primary neoplastic MC expressing KIT
D816V, was still demonstrable using ponatinib at pharma-
cologically meaningful concentrations. This is best
explained by the additional effects of ponatinib on other
key signaling molecules, including Lyn and STAT5, known
to be expressed in activated form in these cells as well as
in HMC-1.1 and HMC-1.2 cells.20

Effects of ponatinib on neoplastic mast cells
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Figure 2. Ponatinib inhibits the proliferation of HMC-1 cells and primary neoplastic mast
cells. HMC-1.1 cells and HMC-1.2 cells (A) and primary neoplastic mast cells isolated from
the bone marrow of a patient suffering from indolent SM (ISM) (B), one with aggressive SM
- chronic myelomonocytic leukemia (ASM-CMML) (C), two with ASM (D, E), and one patient
with MCL (F), were incubated in control medium or in various concentrations of ponatinib
(0.001-1 mM) at 37°C for 48 h. After incubation, 3H-thymidine uptake was measured.
Results are expressed as percent of control and represent the mean±S.D. from three inde-
pendent experiments (A) or from triplicates of one typical experiment (B-F). Patients’ num-
bers refer to Table 1. 
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In a next step, we explored the mechanism of ponatinib-
induced growth inhibition in HMC-1 cells. Growth inhibi-
tion was accompanied by cell cycle arrest and by induc-
tion of apoptosis as assessed by light microscopy, flow
cytomery, the TUNEL assay, and analysis of caspase-3
cleavage. These data suggest that ponatinib exerts growth-
inhibitory effects on neoplastic MC through multiple
mechanisms, which points to a broad spectrum of relevant
(and responding) targets in these cells.
We have recently described that neoplastic MC in

advanced SM express several KIT-dependent and -inde-
pendent downstream signaling molecules, including acti-
vated (phosphorylated) Lyn, Btk and STAT5.20,31 In the cur-
rent study, ponatinib was found to inhibit p-Lyn and p-
STAT5 in both HMC-1 subclones at reasonable (and com-
parable) drug concentrations (nM range). A somehow sur-
prising result was that ponatinib failed to block p-Btk, a
kinase that has been shown to contribute to survival of
neoplastic MC.20 This observation prompted us to test
combinations between siRNA directed against Btk and
ponatinib in neoplastic MC. Since dasatinib has been
described to bind to Btk and to block Btk activity in neo-
plastic cells,32-34 we also examined the effects of a combina-

tion of ponatinib and dasatinib. Indeed, we found that
both drugs, when combined, exert synergistic growth-
inhibitory effects on neoplastic MC. All in all, our data
suggest that Btk is a relevant target mediating the syner-
gism between ponatinib and dasatinib, whereas syner-
gism between ponatinib and midostaurin may be best
explained by other differentially recognized targets, such
as Lyn which is blocked by ponatinib but not by
midostaurin.20
During the past few years, a number of different KIT-tar-

geting agents, including dasatinib and midostaurin, have
been tested in clinical trials with the aim of blocking malig-
nant MC growth in patients with aggressive SM and
MCL.17-19 With regards to Btk, dasatinib is of particular
interest. Indeed, it has been described that dasatinib blocks
Lyn and Btk activity in neoplastic MC.20 However, because
of its short half-life and side effects, dasatinib is not expect-
ed to exert major sustained clinical effects in patients with
advanced SM. Indeed, the first clinical studies with dasa-
tinib were rather disappointing.18 Midostaurin has recently
been described to counteract neoplastic cell growth in
patients with aggressive SM and MCL, and data from cur-
rently ongoing clinical trials are very encouraging.35

K.V. Gleixner et al.
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Figure 3. Ponatinib induces apoptosis in HMC-1 cells. (A). HMC-1.1 cells
and (B) HMC-1.2 cells were incubated in control medium or in various con-
centrations of ponatinib (HMC-1.1: 1–20 nM; HMC-1.2 cells: 0.2–1 mM),
as indicated, for 24 h. Thereafter, the percentage of apoptotic cells was
determined by light microscopy. (C). HMC-1.1 cells and HMC-1.2 cells
were incubated in control medium or in various concentrations of pona-
tinib (HMC-1.1:  0.02 or 0.05 mM; HMC-1.2: 1 or 5 mM) for 24 h. After incu-
bation, cells were subjected to western blot analysis using antibodies
directed against cleaved caspase-3 or b-actin (loading control). (D) HMC-
1.2 cells were incubated in control medium or in the presence of 1 mM
ponatinib for 24 h and thereafter analyzed by flow cytometry. (E) After 24
h of incubation in control medium or in medium containing 0.05 mM
(HMC-1.1) or 1 mM (HMC-1.2) ponatinib, apoptosis was determined by the
TUNEL assay, as described in the text.
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However, unfortunately, the effects of this drug are often
short-lived and are frequently followed by a relapse.17,19
Midostaurin may, therefore, not be very useful as a single
agent to treat patients with advanced SM.
The relative resistance against midostaurin may be due

to additional (KIT-independent) oncogenic molecules and
pathways that are activated in neoplastic MC and con-
tribute to the survival of neoplastic MC.20-22 These path-
ways are not inhibited by midostaurin and may, therefore,
contribute to disease progression despite treatment. A
combination between midostaurin and other agents, such
as ponatinib, could, therefore, be an interesting approach
to optimize therapy in these patients. 
Ponatinib may be a suitable combination partner for

midostaurin for several reasons. First, the target spectra of
the two drugs differ. Indeed, we were able to demonstrate
that midostaurin and ponatinib block a number of anti-
apoptotic kinases in HMC-1 cells, including p-KIT, p-Lyn
and p-STAT5, when applied as a drug combination even at
suboptimal concentrations. Furthermore, depending on
the presence and type of KIT mutations, ponatinib inhibits
KIT phosphorylation and thereby may contribute to sup-
pression of abnormal cell survival. We therefore investi-
gated whether the combination “midostaurin+ponatinib”
would act cooperatively or even synergistically in induc-
ing growth inhibition and cell death in neoplastic MC. We
were able to demonstrate that midostaurin and ponatinib
synergize with each other in inducing growth inhibition

Effects of ponatinib on neoplastic mast cells
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Figure 4. Ponatinib syn-
ergizes with midostaurin
in inducing growth arrest
and apoptosis in HMC-1
cells and primary neo-
plastic mast cells.  (A)
HMC-1.1 cells, (B) HMC-
1.2 cells, and primary
neoplastic MC (C) isolat-
ed from a patient suffer-
ing from indolent SM-
chronic myelomonocytic
leukemia (ISM-CMML)
and (D) primary MC cells
from a patient with
aggressive SM (ASM)
were incubated in con-
trol medium or in vari-
ous concentrations of
midostaurin (■-■), pona-
tinib (●-●), or a combina-
tion of both drugs (▲−
▲), for 48 h. Thereafter,
3H-thymidine incorpora-
tion was measured.
Results represent the
mean±SD of triplicate
experiments  and are
expressed in percent of
control. Patients’ num-
bers refer to Table 1. (E).
HMC-1.1 cells and (F)
HMC-1.2 cells were incu-
bated in the presence of
various concentrations
of midostaurin (gray
bars), ponatinib (open
bars), or with a combina-
tion of both drugs (black
bars) for 24 h.
Thereafter, the percent-
ages of apoptotic cells
were determined by light
microscopy. Results rep-
resent the mean±SD of
three independent
experiments. Asterisks
in (A-F) indicate a combi-
nation index (CI) <1
determined by Calcusyn
software. (G) HMC-1.2
cells were incubated
with midostaurin (0.05
or 0.1 mM), ponatinib
(0.125 or 0.25 mM) or a
combination of both
drugs for 4 h. Thereafter,
cells were subjected to
western blot analysis
using antibodies against
p-KIT, KIT, p-Lyn, Lyn, p-
STAT5 or STAT5. 
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and apoptosis in HMC-1 cells. We were also able to show
that the two drugs applied, ponatinib and midostaurin,
exert strong cooperative effects on phosphorylation of
common targets such as KIT or STAT5. We therefore
hypothesize that synergistic drug interactions on cell pro-
liferation and viability result from both the cooperative
effects on common targets and the inhibitory effects on
kinases differentially recognized by either midostaurin or
ponatinib. 
We then investigated whether ponatinib also exerts

growth-inhibitory effects on primary neoplastic MC. As
for HMC-1.2 cells, growth inhibition of primary neoplas-
tic MC was observed in all samples examined, with IC50

values <0.5 mM in KIT D816V+ patients. Notably, in half of
the patients analyzed (5 out of 10), including two patients
with aggressive SM, even 100 nM of ponatinib induced
significant growth arrest. This is of particular interest,
since in a dose escalation study, 45 mg daily (correspond-
ing to a mean peak plasma concentration of 145 nM) was
the dose recommended for further clinical trials.26 We also
examined combinations of ponatinib and midostaurin on
primary patient-derived cells. Again, we were able to
show that both drugs cooperate with each other in block-
ing the proliferation of primary neoplastic MC. Since
these two drugs, ponatinib and midostaurin, differ in their
structure, their target spectrum, and in known (reported)
side-effect profiles, a combination may be a potent and
better tolerated treatment option for patients with aggres-
sive SM or MCL. These findings are promising since the
response to chemotherapy and targeted drugs in patients
with aggressive SM or MCL is usually poor, which points
to the need to develop new antineoplastic agents and ther-
apeutic concepts. The question is how to apply ponatinib

in patients with advanced SM. One reasonable maneuver
may be to administer ponatinib in patients with midostau-
rin-resistant disease, with the hope that the remaining
(often KIT D816V-negative17) subclones respond better to
ponatinib than to midostaurin. Another possibility could
be to combine ponatinib and midostaurin directly in
patients with advanced SM. Our data would be in favor of
such an approach. However, for the moment, this possibil-
ity remains hypothetical. In fact, clinical trials using pona-
tinib as a single agent in advanced SM are now warranted
in order to document clinical activity in these patients,
before combination trials can be planned.      
Our study shows that the multi-kinase inhibitor pona-

tinib exerts anti-neoplastic effects on HMC-1 cells and pri-
mary neoplastic MC derived from patients with advanced
SM. In addition, ponatinib was found to potentiate the
effects of midostaurin, a drug that is currently used quite
successfully to treat patients with aggressive SM or MCL.
Whether combinations of ponatinib and midostaurin or
ponatinib and dasatinib can be used in vivo in patients with
aggressive SM and MCL and can produce synergistic
effects remains at present unknown.
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Figure 5. Btk knock-down sensi-
tizes HMC-1.2 cells against pona-
tinib. (A, B) HMC-1.2 cells were
treated with an siRNA directed
against Btk or with a control siRNA
directed against luciferase (Luc) in
the absence of fetal calf serum
(FCS) for 4 h. Thereafter, cells were
resuspended in medium contain-
ing FCS and were kept in the pres-
ence or absence of ponatinib (0.3
mM) for 24 h and were harvested.
(A) Western blot analysis was per-
formed using antibodies directed
against p-KIT, KIT, Btk or b-actin
(loading control). (B) The percent-
age of apoptotic cells was deter-
mined by light microscopy. Results
are expressed as percent of con-
trol and represent the mean±SD
from three independent experi-
ments. (C) HMC-1.1 cells and (D)
HMC-1.2 cells were incubated in
control medium or in various con-
centrations of ponatinib (■-■),
dasatinib (●-●), or a combination
of both drugs (▲−▲), for 48 h.
Thereafter, 3H-thymidine incorpora-
tion was measured. Results repre-
sent the mean±SD of triplicate
experiments and are expressed in
percent of control. Asterisks indi-
cate a combination index (CI) <1
determined by Calcusyn software.
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