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Up-Regulation of PLK-1 and Twist-1

Min Soo Kim"*, Gyoung Mi Kim"*, Yun-Jeong Choi', Hye Joung Kim?, Yoo-Jin Kim**, and Wook Jin

It has been suggested that activation of receptor PTKs is
important for leukemogenesis and leukemia cell response
to targeted therapy in hematological malignancies includ-
ing leukemia. PTKs induce activation of the PI3BK/Akt/mTOR
pathway, which can result in prevention of apoptosis. Here,
we describe an important role of the TrkC-associated mo-
lecular network in the process of leukemogenesis. TrkC
was found to be frequently overexpressed in human leu-
kemia cells and leukemia subtypes. In U937 human leuke-
mia cells, blockade of TrkC using small hairpin RNA
(shRNA) specific to TrkC or K562a, a specific inhibitor of
TrkC, resulted in a significant decrease in growth and sur-
vival of the cells, which was closely associated with re-
duced mTOR level and Akt activity. In addition, TrkC en-
hances the survival and proliferation of leukemia, which is
correlated with activation of the PI3K/Akt pathway. Moreo-
ver, TrkC significantly inhibits apoptosis via induction of
the expression of PLK-1 and Twist-1 through activation of
AKT/mTor pathway; therefore, it plays a key role in leuke-
mogenesis. These findings reveal an unexpected physio-
logical role for TrkC in the pathogenesis of leukemia and
have important implications for understanding various
hematological malignancies.

INTRODUCTION

There is growing evidence of involvement of multiple protein-
tyrosine kinase (PTK) oncogenes, such as PDGFR, c-kit, and
FLT3, their immediate downstream targets, and/or of proteins
regulating their function in hematologic malignancies. Mutations
of upstream receptors such as FLT3 (20-30%), KIT (7-17%),
and FMS (12%), have been documented in acute myleloid
leukermia (AML) and in myelodysplasic syndrome (MDS). Fur-
thermore, these mutations may cause activation of the PISK/
Akt/mTOR pathway, which can result in prevention of apoptosis
(Christiansen et al., 2005; Dong et al., 1995; Kiyoi et al., 1998;
Padua et al., 1998; Shimada et al., 2006). Moreover, it has been
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suggested that coactivation of receptor PTKs is important to
leukemia development and may affect the leukemia cell re-
sponse to targeted therapy (Stommel et al., 2007).

TrkC, a member of the tropomyosin-related kinase (Trk) fami-
ly of neurotrophin receptors, and its neurotrophin ligand (NT-3)
primarily regulate growth, differentiation, and survival of neu-
rons (Huang and Reichardt, 2003; Segal, 2003). TrkC is also
highly expressed in good-prognosis neuroblastomas as well as
medulloblastomas, and has been shown to be integrally in-
volved in neuroblastoma biology (Grotzer et al., 2000; Segal et
al., 1994; Yamashiro et al., 1997). Furthermore, although clas-
sical activation of TrkC occurs via receptor multimerization in
response to ligand binding, TrkC activation in human tumors
seems to be largely attributable to over-expression of the full-
length protein. TrkC have also been found in several nonneural
cell types (medullary thyroid carcinoma, breast cancer, colon
cancer, lung cancer, liver cancer, prostate cancer) and may
also play a crucial role in the initiation, progression, and metas-
tasis of many tumors in humans (Chen-Tsai et al., 2004;
Grotzer et al., 2000; Hisaoka et al., 2002; Jin et al., 2007; 2010;
2011; McGregor et al., 1999; Satoh et al., 2001). Importantly,
there is increasing evidence of the involvement of TrkC in
leukemogenesis. The breakpoints of t(12;15)(p13;925), which
result in ETV6-NTRK3, have also been identified in a case
report of adult AML and breast cancer (Eguchi et al., 1999;
Tognon et al., 2002). This rearrangement generates a gene
fusion encoding the sterile oo motif domain of the ETV6 (TEL)
transcription factor linked to the PTK domain of the neurotro-
phin-3 receptor NTRK3 (TrkC) (Knezevich et al., 1998). The
resulting ETV6-NTRK3 (EN) protein functions as a chimeric
PTK with a potent transforming activity (Liu et al., 2000; Wai et
al., 2000). Moreover, TrkC activation in AML patients attributa-
ble to overexpression of TrkC and shown a clear correlation of
TrkC expression pattern and the FAB classification (Li et al.,
2009). These results indicate that TrkC activation/overex-
pression may also play a crucial role in leukemogenesis. How-
ever, relatively little is known about the mechanisms of onco-
genesis mediated by TrkC activation/overexpression in leuke-
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mogenesis. In this manuscript, we identified a molecular and
functional network present in leukemogenesis that regulates
and coordinates with TrkC. Surprisingly, we find that TrkC is
mainly present in the leukemia and acted as a key regulator of
PLK-1/Twist-1 through activation of PISK/AkYmTOR pathway.
Our studies provide molecular insights into leukemogenesis
and have important implications to hematological malignancies
including leukemia.

MATERIALS AND METHODS

Cell culture and reagents

Human leukemia cell lines (KG-1, HL-60, Meg01, KU812, CCRF-
HSB2, NB4, K252, CCRF-SB, Jurkat, ML-1, and U937) were
maintained in RPMI 1640 (Gibco) supplemented with 10%
heat-inactivated fetal bovine serum at 37°C in a humidified 5%
CO:. incubator. The protein kinase inhibitor K252a was pur-
chased from Calbiochem (USA).

Plasmids

Each of the two shRNA-encoding oligonucleotides against
human TrkC were designed and verified to be specific for TrkC
by BLAST searches against the human genome (Supplemen-
tary Table 1). The human TrkC-shRNA insert was subcloned
into the pLKO lentiviral vector. A control shRNA that did not
match any known human coding cDNA was used as a control.

Antibodies and Western blotting

We conducted western blotting as previously described (Jin et
al., 2010). Antibodies were obtained from the following compa-
nies: anti-TrkC, anti-PLK-1, anti-Twist-1, anti-mTOR and anti-
phospho-mTOR from Abcam (USA); anti-PARP, anti-caspase-
3 and anti-phospho-Akt from Cell Signaling Technology (USA);
anti-B-actin from Sigma-Aldrich (USA).

Reverse transcription-PCR reactions

Total RNA was extracted using Qiazol reagent (Qiagen, Inc.,
USA). Reverse transcription was conducted using a one-step
RT-PCR kit according to the manufacturer’s instructions (Qia-
gen, Inc). The forward and reverse primers were GCACA
TTGACTTTGGGGACT and ACTGGCCAGCAGAGTAGGAA
for human mTOR, CTCTCCCAAATGCTCCACAT and TCCGG
TACATGATGCTTTCA for human TrkC, and GACCCCTTC
ATTGACCTCAAC and CTTCTCCATGGTGGTGAAGA for
human GAPDH. PCR products were separated on 1% agarose
gels and visualized by ethidium bromide.

Quantitative RT-PCR

The primer sequences are listed in the supplemental experi-
mental procedures (Supplementary Table 2). Total RNA was
isolated using RNeasy Mini Kits (Qiagen) according to the
manufacturer’s instructions and reverse transcribed with hexa-
nucleotide mix (Roche). The resulting cDNA was used for PCR
using the SYBR-Green Master PCR mix and the Tagman mas-
ter PCR mix (Applied Biosystems) and performed in triplicate.
PCR and data collection were conducted using a 7900HT Fast
Real-Time PCR System (Applied Biosystems). All quantifica-
tions were normalized to the endogenous control 185 RNA.
The relative quantitation value for each target gene was com-
pared to the calibrator for that target and expressed as 27,

Cell growth and cell viability assay

U937 control-shRNA, U937 TrkC-shRNAs cells, or U937 cells
treated with/without K252a were plated in six-well plates (1 x

178 Mol. Cells

10° cells/well), cultured, and counted. Each data point repre-
sents the mean of cells counted in three dishes. The cell viabili-
ty assays were performed using MTT, which determines the
mitochondrial activity in living cells. Briefly, cells were plated in
96-multiwell plates at a density of 1 x 10* cells/well and 100 pl
DMEM containing MTT (0.5 mg/ml) was then added to each
well and incubated in CO, at 37°C for 3 h. After the incubation
period, the media were removed and the cells were washed
twice with phosphate buffered saline (PBS). Living cells can
transform the tetrazolium ring into dark blue insoluble formazan
crystals solubilized with dimethyl sulfoxide (DMSO), which can
be quantified at 570 nm using an enzyme-linked immunosor-
bent assay (ELISA) reader.

Analysis of apoptosis by annexin staining

U937 control-shRNA, U937 TrkC-shRNA cells, and U937 cells
treated with K252a were seeded at a density of 1 x 10° cells/ml
in 60 mm culture dishes and incubated for 24 h in a CO, incu-
bator. Apoptosis was determined using an Annexin-V apoptosis
detection kit (BD Pharmingen™) according to the manufactur-
er's protocol. Flow cytometric data of 10,000 cells/sample were
acquired using a FACS Calibur system (Becton Dickinson,
USA). Data were analyzed using the computer program Win
MDI 2.8.

Microarray data analysis

To compare the expression levels of TrkC in the various hema-
tological malignancies, the correlations between the gene ex-
pression profiles of TrkC and the gene expression profiles of
tumors from patients with leukemia in the Queen’s University
database (GSE13204) were determined (Haferlach et al., 2010).
The TrkC gene levels in the Queen’s University dataset were
then extracted and averaged in patients with leukemia. ANOVA
was performed, and boxplot graphs of gene expression were
plotted using GraphPad Prism v 5.0 (GraphPad Software, Inc.).
The one-way ANOVA significance for each plot was P < 0.0001.

RESULTS

Leukemia cells aberrantly express TrkC

Given the lack of effect of TrkC on leukemogenesis, we at-
tempted to use existing gene expression signatures (GESs) of
various types of leukemia to uncover possible connections
between TrkC expression and leukemia pathogenesis. We
sought to understand the relatedness of TrkC and leukemia
pathogenesis in a large cohort of leukemia samples (2,143
patients) (Haferlach et al., 2010). The TrkC gene expression
profiles derived from many tumors displayed a high correlation
to leukemia and hematological malignancies. TrkC expression
was more significantly upregulated in Acute Lymphoblastic
Leukemia (ALL), Acute Myeloid Leukemia (AML), and Chronic
Lymphocytic Leukemia (CLL) than in healthy bone marrow
specimens. However, the expression of TrkC in MDS, and CML
did not change when compared to healthy bone marrow spe-
cimens and the correlation between TrkC expression and
CML/MDS was not significant (Fig. 1A). Interestingly, TrkC ex-
pression showed greater upregulation in ALL subtypes than in
healthy bone marrow specimens (Fig. 1B). Next, we evaluated
TrkC expression in a panel of leukemia cell lines by immunob-
lotting analysis. TrkC was highly expressed in human leukemia
cell lines. In contrast, normal bone marrow samples (NBM) had
low to undetectable TrkC levels (Fig. 1C). Our data support the
role of TrkC as a leukemogenesis enforcer and further indicate
that it may function to induce leukemia progression.
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. Fig. 1. TrkC is overexpressed in
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0.0001. "P < 0.0001 as determined
by a Student’s ttest. (B) TrkC gene
expression is correlated with human
Acute Lymphoblastic Leukemia (ALL)
subtypes. The gene expression data
were plotted as box plots of the
mean expression of the TrkC gene.
The TrkC gene level was extracted
from the dataset and averaged in
each tumor. Values represent the log2
ratio over control. The one-way ANOVA
significance for each plot was P <
0.0001. P < 0.0001 as determined
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by a Student's ttest. (C) The expression of TrkC protein in a panel of human normal bone marrow (NBM) and leukemia cell lines was ex-
amined by immunoblotting analysis. The endogenous f-actin level was measured as an internal control. NBM, Normal bone marrow.
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Fig. 2. Suppression of TrkC expression with stable
TrkC-shRNA reduces cell proliferation. (A) The ex-
pression of TrkC was examined by RT-PCR in U937
cells stably expressing control-shRNA, TrkC-shRNA
#1, and TrkC-shRNA #2. GAPDH was used as a
loading control. (B) The population doubling of U937
control-shRNA and U937 TrkC-shRNAs cells. Each
data point represents the mean of cells counted in
three dishes. (C) The population doubling of U937
cells with or without treatment of K252a. U937 cells

-4

§ were grown in 6-well plates and treated with K252a
(100 nM) or vehicle control [dimethyl sulfoxide (DMSO)]
for five days. Each data point repre-sents the mean of
cells counted in three dishes.
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TrkC enhances growth of leukemia cells by induction of
PIBK/Akt/mTOR pathways

Leukemia cells, but not normal bone marrow samples, ex-
pressed high levels of TrkC, suggesting that this protein may be
a promising molecular therapeutic target for the treatment of
leukemia. To determine the necessity of TrkC in the regulation
of leukemogenesis, we used a lentivirus to stably express
shRNA against TrkC in leukemia cells. As shown in Fig. 2A,

http://molcells.org

TrkC shRNAs partially suppressed the expression of endogen-
ous TrkC (i.e., an 70% reduction). Moreover, we tested whether
inhibition of TrkC expression in U937 cells affected their prolife-
ration in vitro. Stable knockdown of TrkC by shRNA reduced
proliferation of U937 cells when compared with control shRNA
transfected cells (Fig. 2B), demonstrating the important role of
endogenous TrkC in the regulation of leukemia proliferation. In
addition, to determine whether TrkC is an important mediator of
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Fig. 3. Loss of TrkC leads to loss of cell viability. (A) Cleavage of procaspase-3 and PARP of U937 control-shRNA or U937 TrkC-shRNA cells
was analyzed by Western blotting. (B) Cell viability of U937 cells after treatment with K252a (100 nM) or vehicle control [dimethyl sulfoxide
(DMSO)] was determined by MTT assay. Experiments were performed and the results shown reflect the mean and standard mean error
(SEM) of each group. The experiments were repeated three times with similar results. “P < 0.0001 as determined by a Student's ttest. (C)
Cleavage of procaspase-3 and PARP of U937 cells with or without treatment with K252a was analyzed by Western blotting. (D) Representa-
tive FACS histograms indicating the percentage of apoptotic U937 cells after treatment with K252a as determined by binding of FITC-
conjugated Annexin V. FACS analyses were conducted 24 h after culture. Right columns, mean number of Annexin V-positive cells expressed
as a percentage of total cells. (E) Representative FACS histograms indicating the percentage of apoptotic U937 control-shRNA or U937 TrkC-
shRNA cells as determined by binding of FITC-conjugated Annexin V. FACS analyses were conducted 24 h after culture. Right columns,
mean number of Annexin V-positive cells expressed as a percentage of total cells.

the tumorigenic potential of U937 cells, we examined whether cantly increased the activation of caspase-3 and the cleavage
the pharmacological inhibition of TrkC by K252a, an inhibitor of of PARP (an endogenous substrate of caspase-3) when com-
Trk (NTRK) tyrosine kinases, would influence the ability of pared to U937 control-shRNA cells. Moreover, we examined
U937 cells to proliferate. U937 cells that were not treated with whether pharmacological inhibition of TrkC with K252a, an
K252a proliferated well, whereas U937 cells treated with K252a inhibitor of Trk (NTRK) tyrosine kinases, would influence the
had significantly lower growth. These findings suggest that the ability of U937 cells to survive and proliferate by MTT assay.
tyrosine kinase activity of TrkC affects U937 cell survival (Fig. Indeed, U937 cells treated with K252a grew more slowly than
20). the parental cells (Fig. 3B). Moreover, U937 cells treated with

K252a significantly increased the activation of caspase-3 and
TrkC inhibits apoptosis of leukemia the cleavage of PARP when compared to untreated K252a (Fig.
To further identify the inhibition mechanism of apoptosis of 3C). To further characterize the inhibition of apoptosis by TrkC,
TrkC, we investigated the activation of caspase-3 and cleavage we assessed the translocation of phosphatidylserine using
of PARP. As shown in Fig. 3A, U937 TrkC-shRNA cells signifi- annexin V. As shown in Figs. 3D and 3E, the numbers of early
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apoptosis cells (annexin V-positive) increased by up to 5-fold in
U937 cells treated with K252a and U937 cells expressing TrkC-
shRNA, but they were markedly decreased in untreated U937
cells or U937 control-shRNA cells. These findings suggest that
Inhibition of caspase-3 activation and the cleavage of PARP by
TrkC inhibits apoptosis.

TrkC inhibits apoptosis of leukemia through activation of
Akt/mTOR pathway

Akt or protein kinase B (Akt/PKB), a serine/threonine protein
kinase, has emerged as a crucial regulator of widely divergent
cellular processes involved in leukemic cell biology, including
apoptosis, proliferation, differentiation, and metabolism (Min et
al., 2003). Moreover, mTOR serine/threonine kinase belongs to
two multi-protein complexes, referred to as mMTORC1 and mTORC2.
mTOR-generated signals play critical roles in leukemic cell
biology by controlling mRNA translation of genes that promote
proliferation and survival (Evangelisti et al., 2011).

To better understand the mechanism underlying enhance-
ment of the growth of leukemia cells by TrkC, we examined
whether TrkC expression affects PIBK/AkmTOR pathways.
During immunoblotting analysis, Akt and mTOR phosphoryla-
tion levels were markedly reduced in U937 TrkC-shRNA cells
when compared to U937 control-shRNA cells. Interestingly,
mTOR expression levels were also markedly reduced in U937
TrkC-shRNA cells when compared to U937 control-shRNA
cells (Fig. 4A). Because TrkC knockdown reduced the total
mTOR expression level, we examined transcriptionally regu-
lated mToR expression in U937 control-shRNA or TrkC-shRNA
cells. TrkC knockdown significantly reduced mTOR mRNA
levels (Fig. 4B), suggesting that TrkC regulates mTOR expres-
sion at the transcriptional level. Moreover, U937 cells treated
with the Trk inhibitor K252a significantly reduced P-mTOR,
mTOR, and P-Akt expression levels (Fig. 4C). Finally, inhibition
of tyrosine kinase activity of TrkC by treatment with K252a sig-
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Fig. 4. TrkC regulates Akt activity and directly regulates its
downstream target, mTOR. (A) The expression of phos-
pho-Akt, phosphor-mTOR, and mTOR was examined in
U937 control-shRNA or U937 TrkC-shRNA cells by immu-
noblotting. B-actin was used as a loading control. (B) The
relative expression level of mRNAs encoding mTOR in
U937 control-shRNA or U937 TrkC-shRNA cells, as deter-
mined by real-time PCR. The endogenous GAPDH mRNA
level was measured as an internal control. (C) The expres-
sion of phospho-Akt, phosphor-mTOR, Akt, and mTOR of
U937 cells with or without treatment with K252a. The U937
cells were grown and treated with K252a (100 nM) or ve-
hicle control [dimethyl sulfoxide (DMSO)]. (D) The relative
expression level of mMRNAs encoding mTOR of U937 cells
with or without treatment by K252a, as determined by real-
time PCR. The endogenous GAPDH mRNA level was
measured as an internal control.

4mToR
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nificantly reduced mToR mRNA levels (Fig. 4D), suggesting
that tyrosine kinase activity of TrkC regulates mTOR expres-
sion at the transcriptional level, and affects U937 cell survival.

TrkC induces PLK-1 and Twist-1 expression

PLK-1 is overexpressed in AML, and its inhibition selectively
reduces proliferation and induces apoptosis of leukemic cells
(Ikezoe et al., 2009). In addition, PLK-1 inhibition or depletion
using pharmacological and siRNA approaches decreases the
phosphorylation of two mToR substrates in AML cells (Renner
et al,, 2010) and PLK-1 expression in leukemia cells is regu-
lated through a PI3K- and p38-dependent pathway (Tang et al.,
2008). Another novel key prognostic factor in leukenogenesis,
Twist-1, is overexpressed in CML patients who later develop
cytogenetic resistance to imatinib, whereas Twist-1 overexpres-
sion is involved in the resistance phenotype (Cosset et al.,
2011). Also, Akt/protein kinase B (PKB)-mediated Twist1 phos-
phorylation promotes epithelial-mesenchymal transition (EMT)
and breast cancer metastasis by modulating its transcriptional
target TGF-B2, leading to enhanced TGF-§3 receptor signaling
(Xue et al., 2012).

To further understand the functional requirement of endo-
genous TrkC in leukemia cells, we evaluated whether TrkC
regulates PLK-1 and Twist-1, identified as being activated at
the beginning of leukemogenesis. In the present study, we
found that U937 TrkC-shRNA cells led to systematic decreased
expression of PLK-1 and Twist-1 (Fig. 5A) when compared to
U937 control-shBRNA cells. In addition, ML-1 TrkC-shRNA and
Meg01 TrkC-shRNA cells markedly reduced PLK-1 and Twist-1
expression when compared to ML-1 or Meg01 control-shRNA
cells (Supplementary Figs. S1A and S2A). Similar results were
obtained when U937, ML-1, and Meg01 cells were treated with
K252a, an inhibitor of Trk tyrosine kinases. The inhibition of
TrkC activation by K252a treatment significantly reduced PLK-1,
and Twist-1 expression (Fig. 5B, Supplementary Figs. S1B, and

Mol. Cells 181



TrkC Promotes Survival and Growth of Leukemia Cells
Min Soo Kim et al.

U937 w 2 - « 157 .
- 1 2 1
shTrkC H 3
—_— <
c M # Z 10 Z 1.0
£ 5
3 w»
2 2
= B
@ _—
0.0 0.0
#1 #2 #1 #2
shTrkC shTrkC
U937 U937y
B ** 15
1.5+ e i
s
U937 = =
— <« 2 o
K252a (100nM) - + Z 1.0 IE
E -
- g Z osl |
” . 0.5 -5
s ®
- : é =
0.0 0.0
K252a(100nM) - + K252a(100nM) - +
U937 ues7
C 1.5 1.5
% % § ¥
U937 B K]
2 10 z 1.0
LY294002 (50puM) - + nE: - IE 4
a z
o 0.5 F 0.5
= s
v >
- < p-actin = x
0.0 0.0
LY294002 (50.M) - + LY294002 (50M) - +

U937 U937

Fig. 5. TrkC induces leukemogenesis by upregulating PLK-1 and Twist-1 as downstream targets. (A) The relative expression levels of PLK-1,
and Twist-1 was examined with immunoblotting and quantitative RT-PCR in U937 control-shRNA or U937 TrkC-shRNA cells. The data are
reported as the mean + SEM. **P < 0.05 as determined by the Student’s ttest. (B) The relative expression levels of PLK-1, and Twist-1 was
examined with immunoblotting and quantitative RT-PCR in U937 cells after K252a treatment. The data are reported as the mean + SEM. **P
< 0.05 as determined by a Student’s ttest. (C) The relative expression levels of PLK-1, and Twist-1 was examined with immunoblotting and
quantitative RT-PCR in U937 cells after LY294002 treatment. The data are reported as the mean + SEM. **P < 0.05 as determined by a Stu-

dent’s ttest.

S2B). Next, we examined whether activation of PIBK/Akt/mTOR
pathway by TrkC regulates PLK-1 and Twist-1 expression. The
inhibition of Akt activation of U937, ML-1, and Meg01 cells by
Akt inhibitor (LY294002) significantly reduced PLK-1, and
Twist-1 expression (Fig. 5C, Supplementary Figs. S1C, and
S2C). These results further suggest that TrkC induces the proli-
feration and survival of leukemia cells through regulation of
Twist-1 and PLK-1.

DISCUSSION
TrkC is now believed to play an important part in human can-

cer; accordingly, a better understanding of the involvement of
TrkC in leukemogenesis is obviously the first step in taking full

advantage of its use as a target for hematological malignancies.
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Previous work has demonstrated expression of TrkC is ele-
vated in AML patients and TrkC expression always occurred
concomitantly with TrkB (Li et al., 2009). Whereas previous
work has demonstrated a clear correlation of TrkC expression
pattern in AML patients, how TrkC functionally and mechanisti-
cally involve in leukemogenesis are poorly understood. In the
present study, we demonstrated that the expression of TrkC is
elevated in human leukemia patients and leukemia cell lines. In
contrast to previous study (Li et al., 2009), TrkC was significant-
ly upregulated in ALL, AML, and CLL samples when compared
to healthy bone marrow samples. These results provide evi-
dence that TrkC may plays an important role in leukemogene-
sis. Also, inhibition of TrkC expression by shRNA results in
significantly slower growth. In addition, the tyrosine kinase ac-
tivity of TrkC leads to the continuous proliferation of leukemia

http://molcells.org



cells, and plays an important role in the activation of Akt and
mTOR expression. Moreover, TrkC induces total mTOR ex-
pression at the transcriptional level. Deregulation of the
PIBK/Ak/mTOR pathway has been reported in all major types
of epithelial cancers (Hawkins et al., 2006; Manning and
Cantley, 2007) and leukemia (Park et al., 2010). Many of the
events elicited via PIBK/Akt/mTOR pathways have direct effects
on survival pathways and hematologic malignancies. Akt acti-
vation is induced in the course of signal transduction by growth
factors or insulin and is involved in many cellular processes,
such as cell growth and survival, glucose metabolism, and
transcriptional regulation (Song et al., 2005). Moreover, the
signaling pathway involving PI3-kinase, Akt, and mTOR kinas-
es, which is stimulated by survival signals to block apoptosis,
also inhibits autophagy. Specifically, when survival signals are
insufficient, the PI3K signaling pathway is downregulated and

autophagy and/or apoptosis may be induced (Park et al., 2010).

In addition, promotion of cell migration requires Akt activation in
melanoma (Fenouille et al., 2012) and aberrant regulation of
survival pathways can contribute to uncontrolled cell growth
and lead to leukemia (Renner et al., 2010), and our data sug-
gest that in leukemia, deregulation of the PISK/Akt/mTOR
pathway can be caused by the overexpression of TrkC.

PLK-1 and Twist-1 have been identified as being activated
upon entrance into leukemogenesis. PLK-1 is a serine/thre-
onine kinase that plays an essential role in mitosis, in the main-
tenance of genomic stability, and in cell cycle progression in
normal and neoplastic cells. PLK-1 is also overexpressed in
human tumors and has prognostic potential in cancer, indicat-
ing its involvement in carcinogenesis and its potential as a the-
rapeutic target (Ikezoe et al., 2009). Moreover, PLK-1 inhibitors
counteract cell cycle progression and growth in solid tumors or
hematologic malignancies (Renner et al., 2010). Furthermore,
PLK-1 expression in leukemia cells is regulated through a
PI3K- and p38-dependent pathway (Gleixner et al., 2010; Tang
et al., 2008). Twist is upregulated in several types of epithelial
cancers, including breast, prostate, and gastric carcinomas
(Puisieux et al., 2006). Also, Twist transcriptionally upregulates
AKT2 in breast cancer cells, leading to increased migration and
invasion (Cheng et al., 2007). Moreover, cells expressing Twist-
1 display inefficient p53 upregulation in response to DNA dam-
age induced by y-irradiation or the genotoxic drug adriamycin,
which influences the activation of p53 target genes such as
p21"4" and Bax, and leads to aberrant cell-cycle regulation and
inhibition of apoptosis (Vichalkovski et al., 2010). In addition,
Twist leads to the acquisition of stem cell characteristics
through EMT, and Twist expression in highly metastatic mam-
mary carcinoma cells specifically induces their ability to metas-
tasize from the mammary gland to the lung. These results sug-
gest that Twist-1 is associated with the metastatic process
(Mani et al., 2008). Twist-1 was recently used as a powerful
biomarker for early detection of TKI resistance. Specifically, it
was found to be overexpressed in CML diagnostic samples of
patients who later developed cytogenetic resistance to imatinib,
even those without any detectable resistance mechanism
(Ikezoe et al., 2009). Our data demonstrated that knockdown of
TrkC or treatment with K252a almost completely inhibited PIK1
and Twist-1 expression. In summary, our results suggest that
TrkC is a physiologically critical regulator of the growth and
survival of leukemia cells. Moreover, TrkC, through its regula-
tion of PLK-1 and Twist-1 by activation of AkYmTOR pathway,
serves as a master enforcer of the fate of leukemia cells, and
that inhibition of TrkC may have a notable impact on leukemo-
genesis. Therefore, the role of TrkC in leukemogenesis de-
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serves further attention.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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