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Montelukast, a cysteinyl leukotriene receptor
antagonist, inhibits the growth of chronic
myeloid leukemia cells through apoptosis
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Abstract. The clinical outcome for patients with chronic
myeloid leukemia (CML) has improved significantly with the
introduction of tyrosine kinase inhibitors (TKIs). However,
their curative potential appears limited, probably as a conse-
quence of TKI-resistant leukemic stem cells (LSCs) that
persist as a result of aberrant pathways independent of the
well-established oncoprotein Bcr-Abl. One such pathway
involves signaling through leukotrienes (LTs), bioactive
compounds that have been suggested to play a role in several
other malignancies. Cysteinyl LT1 receptor (CysLT1R) has
beenreported to be overexpressed in a number of solid cancers,
and blocking of this receptor with the antagonist montelukast
(treatment approved for bronchial asthma) has resulted in the
killing of cancer cells. We recently demonstrated that monte-
lukast, alone or in combination with imatinib, can effectively
reduce the growth of CML cells, while normal bone marrow
cells were left unaffected. Herein, we further investigated the
importance of CysLTIR for the survival of CML cells and
the mechanisms by which montelukast induces cell death.
Knockdown of the CysLTIR of K562 cells with siRNA
reduced their growth by 25%. Montelukast had no effect
on these cells, while it killed more than 50% of CysLT1R-
expressing cells. Growth inhibition exerted by imatinib was
unaffected by CysLTI1R status. Montelukast-induced killing
of K562/JURL-MK1 CML cells was paralleled by Bax
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overexpression, cytochrome c release, PARP-1 cleavage, and
caspase-3 activation, an event further increased in a setting
where montelukast was added to imatinib. Wnt/B-catenin
signaling was activated by CysLT1R and we observed that
montelukast could induce proteins in this pathway, a finding
of relevance for LSC survival. Thus, montelukast, employed
at in vivo-like concentrations, induces the killing of CML
cells through apoptotic pathways and may provide an addi-
tional, novel therapeutic possibility in CML.

Introduction

Chronic myeloid leukemia (CML) is a malignancy char-
acterized by a reciprocal translocation (9:22) resulting in
the Philadelphia chromosome, which triggers the formation
of the fusion oncoprotein Ber-Abl. This is a constitutively
active tyrosine kinase with leukemogenic properties, required
for the pathogenesis of CML (1). The inhibition of Bcr-Abl
by imatinib and other tyrosine kinase inhibitors (TKIs) has
fundamentally improved the outcome for patients with CML
in the chronic phase (2,3). However, leukemic stem cells
(LSCs) seem to be capable of surviving even after continuous,
long-term TKI administration and the discontinuation of TKI
in most cases leads to disease recurrence. Thus, there is a need
to improve current CML therapy and to focus on therapeutic
options that may lead to eradication of LSCs, and total cure.
Other signaling pathways, in addition to that of Bcr-Abl, have
been found to be aberrantly expressed in CML cells and may
thus be crucial for the survival and maintenance of LSCs.
Such pathways include Wnt/f-catenin signaling, the tumor
suppressor gene PML, Forkhead box subgroup O transcription
factors, sonic hedgehog signaling, prosurvival protein Bcl2
and JAK/STAT signaling (4).

Formation of bioactive leukotrienes (LTs), which have
a recognized role in inflammatory processes (5), is another
pathway suggested to be involved in initiation and mainte-
nance of LSCs (4). In mice, the arachidonate 5-lipoxygenase
(5-LO) gene (Alox5), active in an early stage of LT synthesis,
has been reported to be upregulated in CML LSCs rendering
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them resistant to TKI treatment. While the presence of Alox5
is crucial for LSCs, it did not significantly affect the func-
tions of normal hematopoietic stem cells (6,7). In the human,
5-LO converts arachidonic acid into the intermediate LTA4,
for further metabolism into LTB, and the cysteinyl (Cys)
containing leukotrienes LTC,, LTD, and LTE,. The biological
actions of CysLTs are mediated through activation of CysLT1
and CysLT2 receptors (8). Overexpression of the cysteinyl LT1
receptor (CysLT1R) has been reported in renal cell carcinoma
and cancer of the bladder, prostate, testes, brain, breast and
colorectal region (9-13). High expression of CysLTIR in breast
and colorectal cancer is associated with poor prognosis (9,12).
Cysteinyl leukotriene signaling is involved in many tumori-
genesis cancer-related processes: proliferation, migration,
invasion, angiogenesis, genome instability, deregulation of
cellular energetics and apoptosis (11).

Montelukast is a selective oral CysLT1R antagonist,
approved in clinical practice for several years as a safe and
effective treatment for patients with asthma and allergic
rhinitis (14). In addition, a role in apoptosis induction has
recently been highlighted in several malignancies. Montelukast
inhibits the growth of urological, colorectal and renal cell
carcinoma by induction of apoptosis (10,15-17). Montelukast
was found to induce reduced colony formation, apoptosis and
Gl arrest in colon cancer cells and decreased the growth of
mouse xenografts (18). In neuroblastoma cell lines, montelu-
kast induced caspase-dependent apoptosis and cell cycle arrest
in the subGl phase (19). Montelukast also was found to inhibit
the cell migration and invasion of human glioblastoma cells by
suppressing MMP-2 and MMP-9 activities (20).

Our group has previously described that human CML cells
have a high capacity to synthesize bioactive LTs and that LTs
are capable of stimulating normal myeloid progenitor cell
growth (21,22). Recently, we also showed that physiological
concentrations of the CysLT1R antagonist montelukast, alone
or together with imatinib, induced a clear and dose-dependent
inhibition of the growth of human CML cells, while normal
bone marrow cells and fibroblasts were unaffected (23).
Herein, we further analyzed the mechanisms underlying the
cytotoxic activity exerted by montelukast on CML cells by
assessing its relation to receptor expression and induction of
key proteins linked to apoptotic events.

One of the pathways that CysLT1 signaling modifies is
Whnt/B-catenin signaling. This pathway has been shown to
be important for development and survival of CML LSCs
and potentially represents a therapeutic target in CML treat-
ment (24,25). Herein, we showed that montelukast can indeed
alter Wnt/B-catenin signaling, indicating that inhibition of
[-catenin could be a key downstream mechanism for this
compound in CML.

Materials and methods

Cell lines and inhibitors. CML cell lines (K562 and JURL-
MKI1) were obtained from Leibniz-Institute DSMZ-German
Collection of Microorganisms and Cell Cultures (Braunschweig,
Germany) and maintained in RPMI-1640 medium with 10%
FBS, 2 mM L-glutamine (Invitrogen; Thermo Fisher Scientific,
Inc., Carlsbad, CA, USA) Pen Strep (Gibco; Thermo Fisher
Scientific, Inc.). The CysLT1R antagonist montelukast and
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imatinib were purchased from Selleck Chemicals (Houston,
TX, USA).

Proliferation assay. Cell proliferation of JURL-MKI1 cells was
measured using the MTT cell proliferation assay according to
the manufacturer's instructions as previously described (23).
Cells were seeded in triplicate in flat-bottomed 96-well plates
at 30,000 cells/well and treated for 72 h in the presence of
1 uM montelukast and/or 0.1 imatinib gM.

SiRNA knockdown of CysLTIR expression. K562 cells
were transfected with 100 nM CysLTIR siRNA (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for 96 h
using Dharmafect. Stealth RNAi negative control duplexes
(Invitrogen; Thermo Fisher Scientific, Inc.) were used as a
negative control for transfection. Ablation of CysLT1R by
siRNA was validated using western blotting as described
below. Non-transfected cells, cells transfected with CysLT1R
siRNA or Stealth RNAi negative control duplexes were
transferred to a 96-well plate and treated with 2 and 3 yM
montelukast or 1 yM imatinib for 24 h and cell viability was
tested with trypan blue staining.

Analysis of apoptotic morphology and cytochrome c staining.
K562 cells were treated with 2 yuM montelukast for 24 and
48 h. Imatinib (1 yuM)-treated cells were used as a positive
control for induction of apoptotic morphology. Cells (20,000)
were resuspended in 100 xl PBS and cytospinned onto glass
sides at 26 x g for 4 min. Glass slides were fixed in ice-cold
methanol for 3 min followed by ethanol gradient (100, 85 and
70%) for 2 min each and kept at -20°C. Nuclear morphology
of cells was examined by staining with 4,6'diamidino-2-phe-
nylindole dihydrochloride (DAPI) (Vector Laboratories, Inc.,
Burlingame, CA, USA). Apoptosis was defined by the pres-
ence of fragmented nuclei. In total, 200 cells were counted and
the percentage of apoptotic cells was presented.

In order to analyze the release of cytochrome ¢ from mito-
chondria, K562 cytospins were blocked with buffer (3% BSA,
0.2% Triton X-100, 10 mM HEPES, pH 7.4) for 60 min and
stained with the primary antibody against cytochrome ¢ (Cell
Signaling Technology, Danvers, MA, USA) for 16 h at 4°C.
Cytospins were incubated with Alexa 488 secondary antibody
(Invitrogen; Thermo Fisher Scientific) and counterstained
with DAPI for nuclear visualization. Fluorescence microscope
Axio Imager.Z2 (Zeiss AG, Oberkochen, Germany), equipped
with a 100-W mercury lamp, a CCD camera (C4742-95,
Hamamatsu) was used.

Analysis of caspase activation. Active caspase-3 level
(a marker of cells undergoing apoptosis) was measured in
K562 cells treated with 2 and 4 uM montelukast for 24 h with
PE Active Caspase-3 Apoptosis kit (BD Biosciences, San
Jose, CA, USA) according to manufacturer's protocol by flow
cytometry, using a CyAn ADP Analyzer (Beckman Coulter,
Inc., Brea, CA, USA). The results were analyzed with FlowJo
software, version 9.4.11 (Tree Star, Inc., Ashland, OR, USA).
In order to ascertain whether cell death induced by montelu-
kast is caspase-dependent, we treated cells with Z-VAD with
or without montelukast. Cells were pretreated with 50 uM
Z-VAD for 30 min and then montelukast (2 M) was added and
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treated for additional 72 h. Cell viability was measured using
the MTT cell proliferation assay, as previously described (23).

Western blot analysis. To assess apoptosis induction, K562 and
JURL-MKI1 cells were treated with 2, 3 or 5 M montelukast
for 8 h. Alterations in Wnt/f3-catenin signaling were examined
in K562 cells treated with 30 nM montelukast for 15, 60, 90
and 180 min. Whole-cell lysates were prepared in RIPA buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NacCl, 0.5% Igepal, 5 mM
EDTA and 0.1% SDS) and western blot analysis was performed
as previously described (23). The following primary antibodies
were used: CysLT1R (120500; Cayman Chemicals, Ann Arbor,
MI, USA); PARP1 (H250; sc-7150; Santa Cruz Biotechnology);
Bax (2772), p-catenin (9582), phospho-f-catenin (9561),
BTrCP (4394; all from Cell Signaling Technology); c-myc
(ab56; Abcam, Cambridge, UK). Antibody against 3-tubulin
(T7816; Sigma-Aldrich, Stockholm, Sweden) was used as
control of equal loading. IR-Dye-linked secondary antibodies
(926-32211 and 926-68070; LI-COR Biosciences, Lincoln,
NE, USA) were used to image bands on the Odyssey platform.

Ubiquitination of B-catenin. Whole-cell lysates of K562
cells treated with 30 nM montelukast were obtained at 15,
60 and 90 min as described above. Lysates were subjected to
immunoprecipitation using magnetic Dynabeads Protein A
(10006D; Invitrogen; Thermo Fisher Scientific, Inc.) and anti-
[-catenin antibody (610154; BD Transduction Laboratories,
San Jose, CA, USA), according to the manufacturer's instruc-
tions. Binding between [-catenin and B-TrCP was analyzed by
immunoblot analysis as described above.

Statistical analysis. All statistical analyses were performed
using Prism Software (GraphPad Software, Inc., La Jolla, CA,
USA) and the statistical significance of data was determined as
"P<0.05; P<0.01; ""P<0.001 (as indicated in the figures). For
comparison between two groups, either a paired or unpaired
t-test (Student's t-test) was used. When three or more groups
were compared, ANOVA followed by Tukey HSD post-hoc
test was used. All values are expressed as the mean + standard
error of the mean (SEM).

Results

CysLTIR expression and importance for montelukast cyto-
toxicity. We previously showed clear expression of CysLTIR
in K562, KU812 and KCL22 CML cells (23). To show the
importance of CysLTIR for the growth of CML cells, the
receptor was knocked down using siRNA in K562 cells.
After 96 h, this knockdown reduced the receptor expres-
sion by approximately 80%, while control cells showed
maintainence of receptor expression (Fig. 1A). Depletion of
CysLTIR resulted in a 25% decrease in K562 cell growth,
as compared to the control cells and to cells exposed to non-
target siRNA (P=0.05) (Fig. 1B). Next, untransfected cells
and cells transfected with CysLTIR siRNA or non-target
siRNA were treated with montelukast or imatinib for 24 h.
The growth of cells with knocked-down CysLT1 receptor
was unaffected by 2 xM montelukast, while this receptor
antagonist significantly reduced the viability of both cell
lines exposed to non-target siRNA (by 50%) and control cells
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Figure 1. Importance of the CysLT1 receptor for montelukast toxicity.
(A) K562 cells were transfected with 100 nM CysLTIR siRNA or non-target
siRNA for 96 h and knockdown of CysLTIR was validated using western
blotting. Control cells, cells transfected with non-target siRNA (negative
control) or CysLTIR siRNA were treated with montelukast (2 or 3 uM) (B)
or 1 uM imatinib (C) for 24 h and cell viability was examined by trypan blue
staining. Data, mean + SEM of three technical replicates. “P<0.001.

without siRNA (by 54%) (Fig. 1B). Using 3 #M montelukast,
62% of control cells and 63% of cells with non-target sSiRNA
died, but only 14% of cells exposed to CysLTIR siRNA.
Imatinib-induced inhibition of cell growth was similar in all
three cell subpopulations (Fig. 1C).

Montelukast induces the apoptosis of K562 and JURL-MK-1
cells. To understand the mechanism by which montelukast
induces growth prevention in CML, cell morphology was
examined in the K562 cells. Montelukast induced apoptotic
morphology in 22% of K562 cells after 24 h and in 32% after
48 h of treatment. Imatinib was used as a positive control and
induced apoptotic morphology in 32% and 35% cells after 24
and 48 h, respectively (Fig. 2).

Next, cytochrome c release from mitochondria was exam-
ined. Treatment with montelukast, as well as with imatinib,
caused cytosol localization of cytochrome ¢ (Fig. 3A). Release
of cytochrome c leads to activation of caspases and cleavage
of the caspase-3 substrate PARP-1. Montelukast treatment
resulted in PARP-1 protein cleavage in the K562 cells. Ratio of
cleaved vs. full length PARP-1 increased in a dose dependent
manner (Fig. 3B). Furthermore, we observed a dose-dependent
increase in proapoptotic Bax protein signal in K562 cells upon
montelukast treatment (Fig. 3B). The growth of JURL-MK1
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Figure 2. Analysis of apoptotic morphology. (A) K562 cells were treated with montelukast 2 M or imatinib 1 M, and nuclear morphology of cells was
examined with DAPI staining. (B) The percentage of cells displaying apoptotic morphology after 24 and 48 h of treatment was quantified in 200 cells. Data,

mean + SEM of three technical replicates. ““P<0.001.
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Figure 3. Montelukast induces apoptosis in K562 and JURL-MKI1 cells. (A) Cytochrome c release was examined by immunofluorescence staining of K562
cells after treatment with 2 #M montelukast or 1 M imatinib for 24 h. Blue, DAPI staining of nucleus; green, cytochrome c. (B) PARP-1 cleavage and
expression of proapoptotic Bcl-2 family member Bax was examined in K562 cells treated with montelukast; cleavage of PARP-1 was quantified. (C) Growth
inhibitory effects on JURL-MKI cell line by imatinib and montelukast, administered as single drug or in combination. Data, mean of three independent
experiments + SEM. Treatment with montelukast was compared with untreated control, while combination treatment with imatinib and montelukast was
compared with imatinib alone. (D) PARP-1 cleavage was examined in JURL-MKI1 cells treated with montelukast; cleavage of PARP-1 was quantified. The

illustrated blots are representative of at least two separate experiments. “"P<0.01; ““P<0.001.
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Figure 4. Caspase-3 activation in the K562 cell line. (A) K562 cells were
treated with 2 or 4 M montelukast with or without imatinib for 24 h, and
caspase-3 activity was analyzed by flow cytometry. (B) Representative flow
cytometry histogram showing cellular caspase 3-activity in montelukast
and/or imatinib-treated K562 cells. Data shown are one representative out
of three replicates. (C) K562 cells were pretreated with 50 uM Z-VAD for
30 min followed by 2 M montelukast for an additional 72 h. Cell viability
was measured using the MTT cell proliferation assay and is expressed as
the percentage of cell survival compared to the control. Data, mean of three
independent experiments = SEM. "P<0.05; ““P<0.001.

cells was significantly inhibited by montelukast, and when
combined with imatinib the receptor antagonist induced further
growth inhibition (Fig. 3C). PARP-1 protein was also cleaved
in JURL-MK-1 cells treated with montelukast (Fig. 3D).
Montelukast (4 xM) also induced significant caspase-3 activa-
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Figure 5. Montelukast induces alterations in the Wnt/B-catenin signaling
pathway. (A) K562 cells were incubated with 30 nM montelukast, and cell
extracts were analyzed by western blotting using phospho f3-catenin and c-myc
antibodies. (B) K562 cells were incubated with 30 nM montelukast, and whole
lysate was subjected to immunoprecipitation (IP) using 3-catenin antibody. Anti
B-TrCP antibody was used to detect binding between [3-catenin and -TrCP.

tion (Fig. 4A and B). Imatinib, which was used as a positive
control for apoptosis induction, activated caspase-3 but when
used in combination with 4 pM montelukast, caspase-3 was
further activated. Moreover, the caspase inhibitor Z-VAD
was able to partially (although not statistically significant
according to ANOVA test) inhibit montelukast-induced cell
death (Fig. 4C).

Montelukast induces alterations of Wnt/f3-catenin signaling.
In the absence of Wnt signaling, B-catenin is phosphorylated
and polyubiquitinated by p-TrCP, leading to degradation by
the proteasome. Montelukast treatment induced phosphory-
lation of f-catenin in a time-dependent manner, as well as
decreased expression of downstream target c-myc (Fig. 5A).
Immunoprecipitation with f3-catenin revealed that montelu-
kast enhanced the interaction between [-catenin and ubiquitin
ligase B-TrCP (Fig. 5B).

Discussion

The cysteinyl LT1 receptor (CysLT1R) has been reported
to be overexpressed in several carcinomas, a finding often
linked to an inferior clinical prognosis (9,12). The action of
CysLTI1R can be blocked through antagonist binding to the
receptor (10,18).

In the present study, we examined whether the expression of
CysLTI1R is crucial for the toxic effect exerted by the CysLT1R
antagonist montelukast. Previously, we demonstrated that this
antagonist has a clear inhibitory effect on the growth of the CML
cell lines K562, KUS812 and KCL22, with IC,, concentrations
ranging between 1 and 2 uM. CysLT1R was expressed in all
three cell lines (23). This indicates that an adequate presence of
the receptor might be a prerequisite for the toxic, or cell inhibi-
tory effect of the antagonist. In order to prove our hypothesis,
we knocked down the CysLT1R receptor in K562 cells utilizing
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siRNA. When suppressing the receptor montelukast induced
only minor effects on the survival of these CML cells, excluding
off-target effects of the antagonist. In contrast, imatinib showed a
consistent growth inhibitory effect on the CML cells, regardless
of their CysLTIR receptor status. Moreover, we also showed that
the presence of CysLT1R appears to be of importance for the
overall survival of K562 cells, since cells with siRNA CysLT1R
had a reduced viability by approximately 25%. It is important
to note that the knockout was not complete; approximately 20%
of the receptor was still detectable after knockdown. This may
provide an explanation why 75% of the K562 cells remained
alive, in spite of (relative) CysLTIR absence.

Several studies performed in different malignancies
have shown that montelukast is able to induce cell apop-
tosis (10,15-19). In order to further understand the mechanisms
behind montelukast-induced cytotoxicity in CML we exam-
ined the morphology of K562 cells. Montelukast caused
prominent apoptotic morphology of the cell nuclei, similar to
that induced by imatinib, which we used as a positive control.
It is known that the proapoptotic Bax protein is overexpressed
and the mitochondrial membrane permeabilized at an early
stage of apoptosis, leading to release of cytochrome ¢ and
activation of caspases (26). We noted that montelukast, in a
dose-dependent manner, induced an overexpression of Bax.
We further observed cytochrome c release from cells treated
with montelukast, as well as from cells treated with imatinib.
Montelukast also caused PARP-1 cleavage and caspase-3
activation in a dose-dependent manner. Importantly, when
montelukast was added to imatinib, a significant increase in
caspase activation was observed, compared to when imatinib
was added alone. These results are in line with our previous
observation, that addition of montelukast to imatinib induced
additional inhibitory growth effects on CML cell lines and on
primary CML patient cells (23). In addition to K562 we also
assessed the CML cell line JURL-MKI1 and again observed
cleavage of the PARP-1 protein upon montelukast treatment.
This indicates that apoptosis induction is not specific only for
the K562 cell line but it is activated in other CML cell lines as
well in response to montelukast treatment.

Various downstream signaling pathways are activated by
CysLTIR in other malignancies (11,27). Ligand binding to
CysLTIR induces [-catenin nuclear translocation, transloca-
tion and activation of NF-kB, activation of transcription factor
cAMP response element-binding protein (CREB), activation
of the Ras/Raf/MEK/ERK pathway leading to proliferation,
migration and survival. To better understand the mechanism
of action of montelukast we aimed to ascertain whether
montelukast alters these pathways in the CML cell line K562.
Canonical Wnt pathway's downstream effector f-catenin
is required for the progression of CML and maintenance of
LSCs (25,28,29). In active Wnt/B-catenin signaling [3-catenin
is translocated into the nucleus where it activates the transcrip-
tion of c-myc, survivin, and cyclin D1 resulting in proliferation
of cells (29). Therefore genetic and pharmacologic inhibition
of B-catenin can eradicate imatinib-resistant CML LSCs (25).
If Wnt/B-catenin signaling is negatively regulated, cytoplasmic
[-catenin is phosphorylated and marked with ubiquitin medi-
ated by p-transducin-repeat-containing protein (B-TrCP) for
proteasome-dependent degradation (29). Montelukast induced
phosphorylation of B-catenin, decreased expression of c-myc
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and enhanced interaction of f-catenin and §-TrCP. Although
the full mechanisms remain to be elucidated, these observa-
tions suggest that montelukast is able to inhibit Wnt/B-catenin
signaling. We observed no alterations in NF-«B, CREB or
Ras/Raf/MEK/ERK pathway as a result of montelukast treat-
ment (data not shown).

Taken together, our results indicate that addition of monte-
lukast to imatinib may be a promising, novel clinical treatment
option in CML, perhaps particularly beneficial for individual
CML patients presenting with CysLT overexpression.
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