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The ETV6-NTRK3 (EN) fusion gene which encodes a chimeric tyrosine kinase was first identified by clon-
ing of the t(12;15)(p13;q25) translocation in congenital fibrosarcoma (CFS). Since then, EN has been also
found in congenital mesoblastic nephroma (CMN), secretory breast carcinoma (SBC) and acute myelog-
enous leukemia (AML). Using IMS-M2 and M0-91 cell lines harboring the EN fusion gene, and Ba/F3 cells
stably transfected with EN, we demonstrated that PKC412, also known as midostaurin, is an inhibitor of
EN. Inhibition of EN activity by PKC412 suppressed the activity of it downstream molecules leading to
inhibition of cell proliferation and induction of apoptosis. Our data for the first time suggested that
PKC412 could serve as therapeutic drug for treatment of patients with this fusion.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The ETV6-NTRK3 (EN) fusion gene which encodes a chimeric
tyrosine kinase was first identified by cloning of the
t(12;15)(p13;q25) translocation in congenital (or infantile) fibro-
sarcoma, a mesenchymal malignancy of very young children [1].
Since then, EN has been also found in congenital mesoblastic ne-
phroma [2], secretory breast carcinoma [3] and acute myelogenous
leukemia (AML) [4].

ETV6 (also known as TEL) is an ETS family transcription factor
thought to play a major role in early hematopoiesis and angiogen-
esis [5,6]. The ETV6 gene has also been identified as a fusion part-
ner in leukemia-associated chimeric proteins, such as ETV6-PDGFR
[7], ETV6-AML1 [8,9], ETV6-JAK2 [10], ETV6-ARG [11], and others
[12]. The NTRK3 gene (also known as TRKC) encodes the transmem-
brane surface receptor for neurotrophin-3 involved in growth,
development, and cell survival in the central nervous system [13].

In general, EN fusion transcripts encode the N-terminal pointed
(PNT) domain of ETV6 which is responsible for polymerization [14]
fused to the C-terminal protein tyrosine kinase (PTK) domain of
NTRK3. This fusion protein is similar in structure to other ETV6 chi-
meric PTKs [1]. Until now, two types of this fusion gene were
found. The first one is detected in the non-hematological magli-
nancies in which the chimeric transcript encoded exon 1 to exon
5 of the ETV6 gene fused to nucleotide (nt) 1741 of NTRK3 gene.

* Corresponding author. Address: Department of Medical Genome Sciences, The
University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo 108-8639, Japan. Fax:
+81 3 5449 5298.

E-mail address: kk086406@mgs.k.u-tokyo.ac.jp (H.T. Chi).

0006-291X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.bbrc.2012.10.087

The second one is detected in leukemia in which the chimeric tran-
script encoded exon 1 to exon 4 of ETV6 gene fused to nt 1741 of
NTRK3 gene.

In general, native NTRK3 requires an extracellular ligand bind-
ing of neurotrophin 3 prior to its dimerization and autophosphory-
lation [15-19]. However, when fused to ETV6, the extracellular
ligand binding domain of NTRK3 is abrogated and ETV6-NTRK3 by-
passed this requirement, still keep itself autophosphorylation.
Interestingly, in vitro and in vivo experiments have shown that
the EN fusion protein has potential transforming activity in several
cell lineages including fibroblast [20], hematopoietic cells [21], and
breast epithelial cells [3].

The important role of EN in oncogenesis has been well known.
However, specific treatment for patients expressing EN has not
been achieved. Patients of congenital fibrosarcoma, congenital
mesoblastic nephroma and secretory breast carcinoma have been
considered as a good prognosis and rarely metastases [22-24].
Unfortunately, patients of leukemia seem to be poor prognosis.
Two patients harboring EN have been reported no response to che-
motherapy treatment suggesting it as a refractory leukemia
[25,26]. Therefore, finding novel therapeutic treatment for leuke-
mia patients harboring EN is extremely necessary.

We hypothesized that inhibition of EN could be an effective
therapeutic strategy in treatment of patients harboring EN. In this
report, we tested the potential therapeutic utility of the small mol-
ecule inhibitor PKC412 as an option for treatment of leukemias
associated with EN fusion. PKC412 also known as midostaurin is
the broad spectrum inhibitor of serine-threonine/tyrosine-protein
kinases including protein kinase C (PKC), vascular endothelial
growth factor receptor (VEGFR), fms-like tyrosine kinase (FLT3),
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platelet-derived growth factor receptor (PDGFR) and the stem cell
factor, c-KIT [27,28]. Currently, PKC412 is used in phase IIB clinical
trials for treatment of acute myeloblastic leukemia (AML) patients
with FTL3 mutations [29] with minimal side-effect suggesting the
utility of PKC412 for treatment.

2. Materials and methods
2.1. Plasmid construction

The construct of AML type of EN was described somewhere [30].

2.2. Cell lines, culture conditions and transfection

Experiments were conducted using two EN-positive AML cell
lines: IMS-M2 and M0-91. IMS-M2 cell line was established from
the bone marrow cells taken from a 59-year-old female with
AML (FAB-M2), with chromosome abnormalities of 48,XX,add(6)
(q27),48, der(12)t(12;15)(p13;q25)inv(12)(p13;q15),der(15) t(12;15)
(p13;925), +der(15)t(12;15)(p13;q25), ETV6-NTRK3 fusion gene
[4,25] and the type A NPM1 mutation [31]. M0-91, an AML-MO de-
rived cell line, has recently been identified as a cell line expressing
the ETV6-NTRK3 fusion gene by Gu et al. [32]. MOLM-13 and Jurkat
cells were used as controls for evaluating PKC412 anti-proliferation
effect.

All cell lines were grown in RPMI 1640 medium (Sigma-Aldrich,
Japan K.K., Tokyo, Japan) supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (JRH Biosciences, Lenexa, KS, USA),
100 IU/ml penicillin, and 0.1 mg/ml streptomycin (Nakalai Tesque,
Kyoto, Japan) in a humidified incubator of 5% CO, at 37 °C. The Ba/
F3 cells (ATCC, Manassas, VA, USA), maintained in RPMI 1640 med-
ium supplemented with 10% FBS and 10 ng/ml of recombinant
mouse interleukin 3 (IL-3; R&D Systems, Minneapolis, MN) were
transfected with AML type of EN construct by lipofectamine (Invit-
rogen) according to the manufacturer’s instructions. Transfected
cells were selected in medium containing mouse IL-3 and 1 mg/
ml G418 (GIBCO BRL, Gaithersburg, MD, USA) for 2 weeks and sub-
sequently subjected to limiting dilution to isolate single clones.

2.3. Reagents

PKC412, midostaurin was purchased from Sigma-Aldrich Japan
(Tokyo, Japan) and dissolved in dimethylsulfoxide (DMSO). Con-
trolled cells were cultured with the same concentration of carrier
DMSO as used in the highest dose of reagents. The concentration
of DMSO was kept under 0.1% throughout all the experiments to
avoid its cytotoxicity.

2.4. Cell proliferation assays

Proliferation was determined by trypan blue dye exclusion test.
Cells in suspension were seeded in six-well plates at a density of
1 x 10° cells/ml in the presence of different concentrations of
PKC412 for 3 days. In control wells, DMSO instead of PKC412 was
added. After the treatment, 10 pl of the cell suspension was mixed
with 10 pl of 0.4% trypan blue, and alive cells were counted man-
ually using a hemacytometer. Results were calculated as the per-
centage of the values measured when cells were grown in the
absence of the reagent. All experiments were performed in
triplicate.

2.5. Western Blot analysis

The western Blot analysis was described in previous report [33].
Immunoprecipitation (IP) was performed as described previously

[34]. Protein samples were electrophoresed through polyacryl-
amide gel and transferred to Hypond-P membrane (Amersham,
Buckinghamshire, UK) by electro-blotting. After washing, the
membrane was probed with following antibodies and antibody-
binding was detected using enhanced chemiluminescence (ECL)
(Amersham). The following antibodies were purchased from Cell
Signaling Technology Japan (Tokyo, Japan): Phospho-p44/42 Map
kinase (Thr202/Tyr204), phospho-Akt (Ser473), XIAP, Bcl-2, cas-
pase-3, PARP, AKT, p44/42 MAPK, phospho-IKappaBalpha (Ser 32/
36), and p-STAT5 (Y694). a-TrkC (C-14), STAT5 (C-17), and NFkB
p52 (C-5), survivin (sc-17779), anti-rabbit IgG-HRP (sc-2317),
and anti-mouse IgG-HRP (sc-2031) antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phosphotyrosine
4G10 was from Upstate Biotechnology (Lake Placid, NY, USA).
Anti-actin (A2066) was from Sigma-Aldrich.

2.6. Wright-Giemsa staining

For fragmented nuclei and condensed chromatin assessment,
cells at a density of 1 x 10° cells/ml were treated with 100 nM
PKC412. After 24 h incubation, cells were harvested and fixed onto
slides by using a cytospin (Shandon, Shandon Southern Products
Ltd., Cheshire, UK). Cells then were stained with Wright-Giemsa
solution. Morphology of cells was observed under an inverted
microscope.

2.7. DNA fragmentation assay

IMS-M2 cells were treated with or without 100 nM PKC412 for
24 h. Cells then were collected and total genomic DNA (gDNA) was
extracted with a standard protocol. For DNA fragmentation assay,
10 pg gDNA of each sample was blotted and electrophoresed on
1.2% agarose gel. DNA fragmentation was observed under UV light.

2.8. Statistical analysis

All data were expressed as the mean + standard deviation. Sta-
tistical analyses were done using Student’s t-test, in which
p <0.05 was the minimum requirement for a statistically signifi-
cant difference.

3. Results

3.1. PKC412 inhibits EN fusion tyrosine kinase in hematopoietic Ba/F3
cells

We evaluated the transforming property of EN in hematopoietic
Ba/F3 cells. EN construct was stably transduced in Ba/F3 cells
(Fig. 1A). Stable Ba/F3 cell line was assessed for IL-3 independent
growth as a surrogate for transformation (Fig. 1B). EN effectively
conferred IL-3 independence to Ba/F3 cells, whereas, Ba/F3 cells
transduced with empty vector underwent apoptosis in the absence
of IL-3.

To determine whether PKC412 inhibited EN activity, we have
used the assay based on the work of Daley and Baltmore [35].
The transfected Ba/F3 cells were treated with or without 100 nM
PKC412 for 72 h. Then cell proliferation assay was done to account
for the inhibitory effect of reagent. 100 nM PKC412 significantly
inhibited the cell proliferation of transfected Ba/F3 cells (Fig. 1C).
To confirm whether the cell growth inhibition of PKC412 in trans-
fected Ba/F3 cells is due to the lost of EN phosphorylation, we then
checked the phosphorylation of EN in transfected Ba/F3 cells trea-
ted with or without 100 nM PKC412 for 8 h. As expected, the phos-
phorylation of this fusion protein was decreased by PKC412
treatment (Fig. 1D), suggesting that PKC412 inhibited the cell pro-
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Fig. 1. PKC412 inhibits EN fusion tyrosine kinase in hematopoietic Ba/F3 cells. EN confers IL-3 independent growth to Ba/F3 cells. Successful transduction of EN construct (A)
into Ba/F3 cells could induce IL-3 independent growth of Ba/F3 cells (B). 100 nM PKC treatment strongly inhibited the cell proliferation of EN-transfected Ba/F3 cells (C) and

the activation of EN (D).
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Fig. 2. Growth inhibition of EN-positive cell lines by PKC412. Panel A showed the anti-proliferation effect of PKC412 in cell lines harboring EN. Cell lines including IMS-M2,
MO0-91, MOLM-13 and Jurkat at a density of 1 x 10° cells/ml were treated with 10, 20, 40, 60, 80, 100 nM PKC412 or DMSO alone (0 nM PKC412) as control for 72 h. The
number of alive cells was counted after trypan blue exclusion test. Results were calculated as the percentage of the control values. Panel B showed the effect of PKC412 on

inhibition of EN activity in M0-91 and IMS-M2 cells after 8 h treatment.

liferation of transfected Ba/F3 cells by inhibiting the phosphoryla-
tion of EN. Altogether, the data demonstrate that EN could be a tar-
get of PKC412.

3.2. Growth inhibition of EN-positive cell lines by PKC412

Next we tested the inhibitory effect of PKC412 in a more clini-
cally relevant system by performing a dose-response analysis
using EN-positive cell lines including IMS-M2 and M0-91. Cell pro-
liferation was evaluated using the trypan blue exclusion test and
was confirmed by WST assay [36]. The growth of IMS-M2 and
MO0-91 cells was significantly inhibited in a dose-dependent man-
ner by PKC412 treatment (Fig. 2A). However, the inhibitory effect
of PKC412 obtained in MOLM-13 cells is more sensitive than in
EN-positive cells. In contrast, the proliferation of EN-negative Jur-

kat cells seems to be not affected even at 100 nM PKC412 treat-
ment (Fig. 2A).

To confirm whether PKC412 inhibited EN activity in EN-positive
cell lines, we checked the phosphorylation status of EN in both two
cell lines after 8 h treated with different concentration of PKC412.
The results showed that PKC412 significantly inhibited EN phos-
phorylation in M0-91 and IMS-M2 cells in a dose-dependent man-
ner (Fig. 2B). The data confirmed that EN is a target of PKC412.

3.3. Effect of PKC412 on AKT, MAPK, and STAT5 phosphorylation

To check whether PKC412 inhibits phosphorylation of AKT,
MAPK and STAT5, we measure the phosphorylation status of these
molecules after treated with 100 nM PKC412. The phosphorylation
of the AKT, MAPK and STAT5 was significantly inhibited by PKC412
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Fig. 3. Effect of PKC412 on EN-mediated signaling pathway Cells expressing EN have been treated with 100 nM PKC412 for 8 h. Total cell lysates were prepared and subjected
to western blot analysis. Panel A showed that p-STATS, p-AKT and p-MAPK were suppressed by PKC412 treatment. Panel B showed that EN could induce the activation of NF-
kB pathway in EN-transfected Ba/F3 cells. PKC412 treatment could suppress the activation of p-IkBa and p52 in transfected Ba/F3 (C) and M0-91 cells (D).

(Fig. 3A). These results are consistent with previous reports that EN
is the upstream molecule of Ras-MAPK and PI3K-AKT pathways
[37].

3.4. PKC412 suppresses the activity of NFB

The EN-mediated signaling pathways controlling the cell prolif-
eration and survival is not fully understood. In this study, we have
shown that EN could induce the activation of NFxB. Introduction of
EN construct into the Ba/F3 cells increases the phosphorylation of
IxBo and the activation of p52 (Fig. 3B).

To test whether PKC412 treatment could affect on the activity of
NFxB, M0-91 and Ba/F3 expressing EN cells were treated with
PKC412 and subjected to western blot analysis. PKC412 treatment
suppressed the phosphorylation of IxBa and the expression of p.52
in both EN-transfected Ba/F3 (Fig. 3C) and M0-91 (Fig. 3D) cells. In
addition, treatment with DHMEQ, an inhibitor of NFxB, could sup-
press the proliferation of IMS-M2, M0-91 and EN-transfected Ba/
F3 cells (data not shown). It suggests that NFxB pathway might
also play an essential role in EN-inducing transformation.

3.5. PKC412 induces apoptosis in EN-positive cells

To determine whether PKC412 induces apoptosis in these cells,
we have checked the appearance of some apoptotic markers in
IMS-M2 after PKC412 treatment by western blot. As a result,
100 nM PKC412 treatment for 24 h induced the activation of cas-
pase-3 (Fig. 4A, the top row) and subsequently inactive the activity
of PARP (Fig. 4A, the bottom row). Moreover, PKC412 treatment
showed the inhibition of survivin, XIAP and Bcl-2 expression
(Fig. 4B). The PKC412-induced apoptosis is further supported by
the morphology findings that PKC412 treatment show the DNA
damage (Fig. 4C) and appearance of apoptotic bodies in IMS-M2

cells (Fig. 4D). Overall, the PKC412-induced cell death in IMS-M2
is apoptosis.

4. Discussion

Small molecule tyrosine kinase inhibitors, such as imatinib
(Gleevec) or gefitinib (Iressa), are efficacious in treating certain hu-
man malignancies and solid tumors associated with dysregulation
of tyrosine kinases. For example, imatinib has been successfully
applied in clinical treatments of BCR-ABL-associated chronic mye-
logenous leukemia (CML), and activating mutations of c-KIT-asso-
ciated gastrointestinal stromal cell tumors (GIST) [38,39]. In this
report, we evaluated PKC412 as an inhibitor of activating EN. We
observed that PKC412 effectively inhibits EN-dependent growth
of Ba/F3 cells, as well as kinase activity and activation of down-
stream signaling effectors. Moreover, similar results were obtained
in inhibition of EN-positive human cell lines by PKC412. The sensi-
tivity to PKC412 is different among cell lines. MOLM-13 cells which
harboring FLT-3 mutation showed more sensitive to PKC412 than
EN-positive cell lines (Fig. 2A). It has been reported that PKC412
inhibits the growth of cancer cells with IC59 from 200-700 nM
[40] comparing with ICso obtained in EN-positive cell lines
(60 nM) indicating that PKC412 could be a potential therapeutic
reagent for treating this kind of cancers. However, in vivo experi-
ments need to be done to test the effect of PKC412 on animal
model.

The strength in the utility of PKC412 as a novel small molecule
inhibitor in the treatment of EN-associated leukemia is that
PKC412 is currently being evaluated in human clinical trials for
treatment of AML associated with FLT3 with minimal effects,
whereas no other EN inhibitors have been reported in the litera-
ture, to our knowledge, to be efficacious and well tolerated in pa-
tients. This brings much promise to patients who receive current
highly aggressive therapies such as high-dose chemo or radio-ther-
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Fig. 4. PKC412 induces apoptosis in EN-positive cells IMS-M2 cells were treated with 100 nM PKC412 for 24 h. Cell lysates were subjected to western blot analysis with
caspase-3 and PARP antibody. The results showed that treatment with PKC412 induced the cleavage of caspase-3 and PARP (A). 8 h treatment with PKC412 resulted in
suppression of XIAP, survivin and Bcl-2 expression (B). Panel C showed the result of DNA fragmentation and panel D showed the morphological changes of IMS-M2 cells by
PKC412 treatment. The arrow showed the appearance of apoptotic body in IMS-M2 cells after 24 h treating with PKC412.

apy followed by autologous transplantation of hematopoietic stem
cells.

EN has also been identified in human congenital fibrosarcoma
[1], congenital mesoblastic nephroma [2], and secretory breast car-
cinoma [3]. Therefore, our findings that the small molecule tyro-
sine inhibitor PKC412 inhibits EN activation may have
therapeutic implications in the treatments of not only hematopoi-
etic malignancies but also solid tumors associated with EN fusion.
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