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NK-cell leukemia is a clonal expansion of
NK cells. The illness can occur in an
aggressive or chronic form. We studied
cell lines from human and rat NK-cell
leukemias (aggressive NK-cell leukemia)
as well as samples from patients with
chronic NK-cell leukemia to investigate
pathogenic mechanisms. Here we report
that Mcl-1 was overexpressed in leukemic
NK cells and that knockdown of Mcl-1
induced apoptosis in these leukemic cells.
In vitro treatment of human and rat NK

leukemia cells with FTY720 led to
caspase-dependent apoptosis and de-
creased Mcl-1 expression in a time- and-
dose-dependent manner. These biologic
effects could be inhibited by blockade of
reactive oxygen species generation and
the lysosomal degradation pathway. Lip-
idomic analyses after FTY720 treatment
demonstrated elevated levels of sphin-
gosine, which mediated apoptosis of leu-
kemic NK cells in vitro. Importantly, sys-
temic administration of FTY720 induced

complete remission in the syngeneic Fi-
scher rat model of NK-cell leukemia.
Therapeutic efficacy was associated with
decreased expression of Mcl-1 in vivo.
These data demonstrate that therapeu-
tic benefit of FTY720 may result from
both altered sphingolipid metabolism
as well as enhanced degradation of a
key component of survival signaling.
(Blood. 2011;118(10):2793-2800)

Introduction

Large granular lymphocyte (LGL) leukemia is a clonal disease represent-
ing a spectrum of biologically distinct lymphoproliferative diseases
originating either from mature T cells (CD3�) or NK cells (CD3�).
Both CD3� and CD3� LGLs function as cytotoxic lymphocytes. The
2008 World Health classification of mature T- and NK-cell neoplasms
continues to distinguish T-cell LGL leukemia (T-LGL leukemia) from
aggressive NK-cell leukemia based on their unique molecular and
clinical features. Furthermore, a new provisional entity of chronic
lymphoproliferative disorder of NK cells (also known as chronic
NK-cell lymphocytosis or chronic NK-LGL leukemia) was created to
distinguish it from much more aggressive NK-cell leukemia.1 Both
aggressive NK-cell leukemia and chronic NK-cell leukemia display
CD3�CD56� immunophenotype.1 Aggressive NK-cell leukemia is a
fatal illness which pursues a very malignant clinical course characterized
by refractoriness to conventional chemotherapy, and a short median
survival time of 2 months.2-4 There are no effective therapies for this
disorder and pathogenetic mechanisms remain undefined. FTY720 has
recently shown preclinical activity in hematologic malignancies. At low
nanomolar concentrations, FTY720 becomes phosphorylated in vivo
and acts as a potent agonist for sphingosine 1 phosphate receptors. In
this capacity, as an immunomodulatory drug, FTY720 was recently
approved by the Food and Drug Administration for treatment of
multiple sclerosis, based on phase 3 efficacy data.5 In contrast, at
high micromolar dosages, FTY720 has shown antitumor activity,
inducing apoptosis of leukemic cells through a PP2A-dependent
mechanism.6,7

Here we report biologic activity of FTY720 in chronic and
aggressive NK-cell leukemia. FTY720 induced apoptosis of leuke-
mic NK cells by degrading Mcl-1 through a lysosomal rather than a
proteosomal pathway. Lipidomic experiments demonstrated in-
creased levels of proapoptosis sphingosine in leukemic cells after
FTY720 treatment. Previously, we used the Fischer rat NK-cell
leukemia model to demonstrate efficacy of nanoliposomal cer-
amide. Using this animal model, we show here that FTY720
induced complete remission of aggressive NK-cell leukemia.

Methods

Reagents and cell culture

FTY720 was synthesized and supplied in powder form by the Organic
Synthesis Core facility in the Penn State Hershey Cancer Institute following
methods as previously described.8 GAPDH Ab and cathepsin B Ab were
purchased from Cell Signaling Technology Inc. Mcl-1 Ab (S-19) was
purchased from Santa Cruz Biotechnology. For Western blotting, 12%
precasted Nupage electrophoresis gels were obtained from Invitrogen, and
ECL reagent was purchased from Amersham Biosciences Inc. Human
NKL cells (kindly provided by Dr Howard Young, National Cancer
Institute) were grown in RPMI 1640 medium supplemented with 20% FBS
plus 100 IU/mL IL-2. RNK-16 cells (kindly provided by Dr Craig
Reynolds, National Cancer Institute) were cultured in RPMI 1640 supple-
mented with 10% FBS.
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Patient characteristics and preparation of PBMCs

All patients met the clinical criteria of NK-cell leukemia with increased
numbers (� 80%) of CD3�CD56� NK cells in the peripheral blood. Nine
patients had chronic NK-cell leukemia while one patient had aggressive
NK-cell leukemia. Patients received no treatment at the time of sample
acquisition. Peripheral blood specimens from these patients were obtained
and informed consents signed for sample collection according to a protocol
approved by the Institutional Review Board of Penn State Hershey Cancer
Institute. Buffy coats from 8 age- and sex-matched normal donors were also
obtained from the blood bank of Milton S. Hershey Medical Center
(College of Medicine, Penn State University). PBMCs were isolated by
Ficoll-Hypaque gradient separation, as described previously.9 Cell viability
was determined by trypan blue exclusion assay with � 95% viability in all
the samples. NK cells from additional 11 age- and sex-matched healthy
donors were isolated by a negative selection process (StemCell Technolo-
gies), as described previously.10 The purity of freshly isolated
CD3�CD56� cells (2 � 105/sample in triplicate) in each of the samples
was determined by flow cytometric assay by detecting positive staining of
the CD56 marker for NK cells. The purity for normal purified NK cells was
between 85% and 90%.

In vitro apoptosis and cell viability assay

Apoptosis was determined by 2-color flow cytometry with annexin V
(5 �L/sample; BD Pharmingen) and 7-amino-actinomycin D (7-AAD;
10 �L/sample) staining using 5 � 105 cells per sample. The percentage-
specific apoptosis was calculated using the following: apoptosis (%) � %
annexin V–FITC-positive in assay well. Cell viability was performed using
the CellTiter 96 Aqueous One Solution assay kit (Promega).10 The relative
viable cell number was determined by reading the plates at 490-nm
wavelength in a Synergy HT Multi-Detection microplate reader (Bio-Tek).

Mcl-1 expression: Western blot

Purified NK cells from 5 chronic NK-cell leukemia patients as well as
10 pooled normal NK cells from age- and sex-matched healthy donors were

isolated by a negative selection process (StemCell Technologies). RNK-
16 cells (5 � 106) or patients’ PBMCs (CD3�CD56� � 80%) treated with
different doses of FTY720 at different times were lysed in buffer
containing: 150mM NaCl, 1% Nonidet P-40, 0.5% deoxycholic acid, 0.1%
SDS, 50mM Tris, and protease inhibitor cocktail (Sigma-Aldrich). Lysate
was then used for Western blotting with Mcl-1 Ab.

Mcl-1 shRNA-mediated protein knockdown

The pLKO.1-based lentiviral shRNA targeting human Mcl-1,
TRCN0000005517, and pLKO.1-based scrambled control shRNA vector
were purchased from Open Biosystems. The plasmids were prepared with
the plasmid maxi kit and transfected in HEK293FT cells (Invitrogen) with
the transfection reagent (Invitrogen) to produce lentiviral particles. NKL, a
human NK-cell leukemia cell line, was infected with the concentrated
lentiviral stocks in the presence of 8 �g/mL polybrene for 24 hours and then
changed to RPMI 1640 medium for an additional 48 hours. Protein lysates
were collected for Western blot analysis of Mcl-1 expression and apoptosis
assays were performed.

Cathepsin B release assay: isolation of cytosol

Lysosomal integrity was assessed by estimation of the amount of cathepsin
B translocated to the cytosol during lysosomal stress. Cytosolic extraction
was performed using a Subcellular Protein Fractionation Kit (Thermo
Scientific). The cytosolic fraction lysate was then used for Western blotting
with a cathepsin B Ab.

Confocal studies

To verify cell accumulation of FTY720 into RNK16 cells, cells were plated
at 2.0 � 104 per well in 8-well chamber slides and allowed to grow
overnight. RNK-16 cells were treated with 5�M FTY720 for 2 hours.
Cellular nuclei were counterstained with Hoechst 33258; Lysotracker and
MitoTracker Deep Red 633 (Molecular Probes) were used as markers for
lysosome and mitochondria, respectively, following the manufacturer’s
instructions. FTY720 delivery and accumulation was evaluated by confocal
microscopy at �63 magnification for Lysotracker costaining or at �40
magnification for MitoTracker costaining (Leica Microsystems).

Lipid quantification by mass spectroscopy

RNK-16 cells were treated with DMSO or 10�M FTY720 for 6, 16, and
24 hours. Sphingolipids from these cells were then analyzed by electros-
pray ionization–tandem mass spectrometry (ESI-MS/MS) based on the
method described previously.11 Briefly, 5 � 106 of cells were homogenized
by sonication in a 10mM Tris buffer (pH � 7.2). These samples then were
subjected to lipid extraction by the use of chloroform/methanol/water as
originally described by Bligh and Dyer12 after internal standards had been
added (C17-sphingosine-1-phosphate, C17-sphingosine, C17-sphinganine,
C17-sphinganine-1-phosphate, C12-ceramide). Sphingoid bases and 1-
phosphates were separated by HPLC (Agilent 1100) with a C18-reverse
phase column, and ceramide was separated on a LC-NH2-amino column
before detection via multiple reaction monitoring (MRM) and quantifica-
tion with an inline ABI 4000 mass spectrometer (a hybrid quadrupole-ion
trap mass spectrometer; Applied Biosystems). The peak areas for the
different sphingolipid subspecies were quantified according to the internal
standards and normalized to cell numbers.

Animal studies

Animal experimentation was performed according to protocols approved by the
Institutional Animal Care and Use Committee at the Pennsylvania State College
of Medicine. Male F344 rats of approximately 6 weeks of age were obtained
from Charles River Laboratories. One million RNK-16 cells, an in vivo NK-cell
leukemia cell line (provided by Dr Craig Reynolds, National Cancer Institute),
were IP transplanted into each of F344 rats. Five weeks after inoculation,
leukemic rats were then injected intraperitoneally with 4.5 mg/kg FTY720 or
PBS every day over a 4-week treatment period. Rats losing 20% body weight
were most likely affected by NK-cell leukemia and were euthanized.At necropsy,
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Figure 1. FTY720 induces apoptotic cell death in leukemic NK cells in a
dose-dependent manner. (A) Human NKL cell line was treated with 5, 10, and
15�M FTY720 or DMSO for 24 hours, then cells were assayed for apoptosis by flow
cytometry. (B) Rat RNK-16 cell line was treated with 2.5, 5, and 10�M FTY720 or
DMSO for 24 hours then cells were assayed for apoptosis by flow cytometry.
(C) PBMCs from one acute NK-cell leukemia patient (no. 1) and 3 chronic NK-cell
leukemia patients (nos. 2, 3, 4) were treated with 2.5, 5, and 10�M FTY720 or DMSO
for 18 hours, then cells were assayed for apoptosis by flow cytometry. *P � .05,
**P � .005, and ***P � .0005 indicate significant differences of FTY720-treated cells
versus DMSO-treated cells (Student t test).
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spleens were dissected, weighed, and fixed in 4% paraformaldehyde and
embedded in paraffin, and sections (4 microns) were generated for histologic
analysis and immunohistochemical staining. Mononuclear cells were isolated
from blood, BM, and spleen using Ficoll-Hypaque density gradient centrifuga-
tion,13 and used for quantification of CD3�CD8a� NK cells by flow cytometry.
PerCP-conjugated mouse anti–rat CD8a and FITC-conjugated mouse anti–rat
CD3 were purchased from BD Pharmingen.

Statistical analysis

Differences among 2 treatment groups were statistically analyzed using a
2-tailed Student t test for statistical analyses. The Kaplan-Meier survival
curves were plotted to evaluate the survival of leukemic rats; the log-rank
(Mantel-Cox) test was used to analyze the statistical difference between the
FTY720 and PBS-treated leukemic or normal rats. A statistically significant
difference was reported with P indicated where applicable. Data are
reported as the mean � SE from at least 3 separate experiments.

Results

FTY720 triggers caspase-dependent apoptotic cell death in
leukemic but not normal NK cells

FTY720 exerts apoptotic effects in some human leukemic cells in
vitro.6,7 Therefore, we wanted to determine whether it can induce
apoptosis in leukemic NK cells. Initial experiments demonstrated
that FTY720 produced dose-dependent apoptotic cell death in
NKL, an aggressive human NK-cell leukemia cell line (Figure 1A)
and RNK-16, an aggressive rat NK leukemia cell line (Figure 1B).
We thought it important to validate the apoptotic effect of FTY720

observed in cell lines in patient samples. Indeed, we found that
FTY720 induced apoptosis in PBMCs from one aggressive NK-
cell leukemia patient and 3 chronic NK-cell leukemia patients
(CD3�CD56� � 80%, Figure 1C). Because limited material was
available from patients with aggressive NK-cell leukemia, we used
aggressive NK-cell leukemia cell lines throughout the remainder of
the manuscript for further mechanistic studies. Such experiments
showed that FTY720 resulted in time-dependent apoptosis of NKL
(supplemental Figure 1A, available on the Blood Web site; see the
Supplemental Materials link at the top of the online article),
RNK-16 (supplemental Figure 1B), as well as PBMCs from
3 chronic NK-cell leukemia patients (CD3�CD56� � 80%, supple-
mental Figure 1C). In contrast, treatment with 10�M FTY720 had
no effect on viability of normal PBMCs (supplemental Figure 2A),
and did not induce apoptosis in normal NK cells (supplemental
Figure 2B). Moreover, we demonstrated that the FTY720-induced
apoptosis in patients’ PBMCs occurred via cleavage of caspase
3 and PARP, the hallmarks of caspase-dependent apoptosis (supple-
mental Figure 3A). Furthermore, inhibition of caspase activity via
z-VAD-fmk could block FTY720-induced cell death in leukemic
NK cells, suggesting that the apoptosis by FTY720 was caspase-
dependent (supplemental Figure 3B).

FTY720-induced apoptosis in leukemic NK cells is dependent
on degradation of Mcl-1 and not activation of PP2A

To further investigate the mechanism of FTY720-induced apopto-
sis, we focused our attention on Mcl-1, which plays an important
role in apoptosis resistance in leukemic T LGL cells.13 Leukemic
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Figure 2. Mcl-1 plays an essential role in survival of leukemic NK cells and is degraded by FTY720. (A) Increased expression of Mcl-1 in NK-cell leukemia. Proteins were
isolated from PBMCs of 5 individual patients with chronic NK-cell leukemia (CD3�CD56� cells � 80%), or pooled enriched NK cells (CD3�CD56� 80%-95%) from 10 normal
human donors, then resolved in the SDS-PAGE gel loading buffer in a boiling water bath for 5 minutes. Western blot analysis was performed for detection of Mcl-1. GAPDH was
used as a loading control. (B) Knockdown of Mcl-1 induces apoptosis in leukemic NK cells. Human NKL cells were infected with the concentrated PLKO.1 Mcl-1 shRNA or
scramble shRNA lentiviral stocks for 48 hours, and then apoptosis assay was performed. *P � .05 indicates significant difference in apoptosis of Mcl-1 shRNA-infected cells
compared with control shRNA-infected cells (Student t test). (Inset) Western blot analysis was performed for Mcl-1 in the control shRNA or Mcl-1 shRNA-infected NKL cells
48 hours after infection. The equal loading of protein was confirmed by probing with GAPDH Ab. (C) Dose-dependent reduced expression of Mcl-1 after FTY720 treatment.
Western blot analysis was performed for Mcl-1 after 24-hour treatment of RNK-16 cells or PBMC cells from an NK-cell leukemia patient, with 2.5, 5, and 10�M FTY720. Data
are representative of 3 independent experiments on RNK-16 cells or PBMCs from 3 chronic NK-cell leukemia patients. (D) Time-dependent decreased expression of Mcl-1
after FTY720 treatment. Western blot analysis was performed for Mcl-1 after treatment of RNK-16 cells with 10�M FTY720 for 6 and 24 hours, or PBMC cells from an NK-cell
leukemia patient with 5�M FTY720 for 2 and 6 hours. Data are representative of 3 independent experiments on RNK-16 cells or PBMCs from 3 chronic NK-cell leukemia patients.

THERAPEUTIC EFFICACY OF FTY720 IN NK-CELL LEUKEMIA 2795BLOOD, 8 SEPTEMBER 2011 � VOLUME 118, NUMBER 10

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/118/10/2793/1316064/zh803611002793.pdf by guest on 08 June 2024



NK cells expressed high levels of Mcl-1 whereas normal NK cells
did not (Figure 2A). Furthermore, efficient shRNA-mediated
knockdown (80%) of Mcl-1 (Figure 2B inset) resulted in a 5.5-fold
increase in apoptosis in the human NKL cell line (Figure 2B). We
found that FTY720 treatment of leukemic NK cells led to signifi-
cant reduction in Mcl-1 protein levels in a dose- and time-
dependent fashion (Figure 2C-D). Down-regulation of Mcl-1 by
FTY720 did not occur at the transcriptional level (supplemental
Figure 4). Therefore, we investigated protein turnover pathways in
leukemic NK cells. Notably, bafilomycin A1, a lysosomal inhibitor,
but not MG132, a proteosomal inhibitor, restored Mcl-1 expression
in FTY720-treated cells (Figure 3A), and rescued FTY720 induced
cell death (Figure 3B). These data lend support to the hypothesis
that FTY720 might down-regulate Mcl-1 via the lysosomal degra-
dation pathway. Indeed, we demonstrated in a dose-dependent
manner release of lysosomal enzyme cathepsin B, the most
abundant cysteine protease in the lysosome, to cytosol in RNK-
16 cells following FTY720 treatment (Figure 3C). Furthermore,
colocalization of NBD-FTY720 and Lysotracker Red in RNK-
16 cells confirmed that FTY720 accumulation occurs in cellular
lysosomes but not in mitochondria at 2 hours after treatment,
implicating FTY720 as a direct cause of lysosomal membrane
permeabilization (LMP) in leukemic NK cells (Figure 3D). In
addition, NAC, a reactive oxygen species (ROS) scavenger, can
also restore Mcl-1 expression (supplemental Figure 5A) and rescue
FTY720-induced apoptosis (supplemental Figure 5B) in RNK-
16 cells, supporting the notion that FTY720 decreased expression
of Mcl-1 via ROS production.

Previous studies had determined that FTY720-induced apopto-
sis in leukemic cells was PP2A-dependent.6,7 In contrast, pretreat-
ment with okadaic acid, a specific PP2A inhibitor, did not result in
inhibition of FTY720-induced cell death in either patient leukemic
cells (supplemental Figure 6A) or rat RNK-16 cells (supplemental
Figure 6B); furthermore, direct measurement of PP2A phosphatase
activity showed no change in human NKL cells on FTY720
treatment (supplemental Figure 6C). These data show that FTY720
induced apoptosis in leukemic NK cells is not dependent on
activation of PP2A.

Lipidomic analyses demonstrate increased levels of
proapoptotic sphingosine after FTY720 treatment of leukemic
NK cells

Lipidomic analyses to determine the effects of FTY720 on
sphingolipid metabolites are limited to one study. That report
demonstrated increased levels of proapoptotic lipid sphingosine in
endothelial cells after FTY720 treatment.14 Therefore, to investi-
gate an additional mechanism for FTY720-induced apoptosis in
leukemic NK cells, we were interested in evaluating the sphingo-
lipid metabolites in leukemic NK cells after FTY720 treatment.
Importantly, we found that levels of the proapoptotic sphingolipid,
sphingosine, but not ceramide, were increased in FTY720-treated
RNK-16 cells in a time-dependent manner (Figure 4A). Prosur-
vival lipid sphingosine 1-phosphate (S1P) levels were not signifi-
cantly altered (data not shown). Moreover, administration of
sphingosine led to an increase in apoptosis in PBMCs from
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Figure 3. FTY720 down-regulates Mcl-1 expression
via lysosomal degradation. RNK-16 cells were pre-
treated with 50nM bafilomycin A1 or 6.25nM MG132 for
30 minutes then exposed to 20�M FTY720 for 3 hours,
then Western blot was performed to examine Mcl-1
expression (A) or cells were assayed for cell viability by
MTT (B). (C) Dose-dependent increased expression of
cathepsin B after FTY720 treatment. Western blot analy-
sis was performed for cathepsin B in cytosolic fraction of
RNK-16 cells after 24-hour treatment with 2.5, 5, and
10�M FTY720. ImageJ software was used to analyze
the ratio of densitometry of cathepsin B to GAPDH as
labeled in the bottom of Western blot images. (D) Confo-
cal microscopic image of RNK-16 cells after 2 hours of
treatment, showing that yellow staining indicating NBD-
FTY720 (green) colocalized with cellular lysosome (top
panel, red, magnification: �63) but not mitochondria
(bottom panel, red, magnification: �40). Cellular nucleus
was stained with (Hoechst 33258 blue).
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3 chronic NK-cell leukemia patients (CD3�CD56� � 80%, Figure
4B) or RNK-16 cells (Figure 4C); although to a lesser extent than
treatment with FTY720 (Figure 4B-C). Of interest, treatment of
leukemic NK cells with sphingosine did not alter Mcl-1 expression
(data not shown). These data indicate that induction of apoptosis by
FTY720 in leukemic NK cells may be partially mediated by the
accumulation of endogenous sphingosine.

Therapeutic efficacy of FTY720 in a rat model of NK-cell leukemia

We further tested FTY720 in a Fischer F344 rat NK-cell
leukemia model, which has been established as an important
experimental model for the study of NK-cell leukemia progres-
sion and for evaluation of therapeutics.15-17 This animal model
closely resembles human aggressive NK-cell leukemia based on
morphologic, functional, and clinical criteria.16 One million
RNK-16 cells from in vivo NK-cell leukemic cell line were IP
transplanted into each of 6-week-old male Fischer rats. At
4 weeks after transplantation, the animals displayed early signs
of leukemia, including weight loss, rough hair coat and in-
creased level of neutrophils as reported previously.15 By week 5,
circulating blasts, anemia, thrombocytopenia, and splenomegaly

were observed. These leukemic rats were then injected IP with
4.5 mg/kg FTY720 or PBS every day over a 4-week treatment
period. Animals died within the next 1 to 2 weeks if treated with
PBS (Figure 5A). The median survival in PBS-treated group was
41 days compared with 51 days in FTY720-treated group
(Mantel-Cox test, P � .0001; Figure 5A). Importantly, 5 of 16
leukemic rats treated with FTY720 had maintenance of normal
blood counts without circulating blasts suggesting achievement
of complete clinical remission (Figure 5B). The remaining
11 leukemic rats treated with FTY720 had transient improve-
ment, as evidenced by reduction of white blood cell counts and
maintenance of platelet counts 2 weeks after treatment (data not
shown). Subsequently, however, blast counts rose and animals
died within the following week. To further determine remission
status, the 5 responsive animals were euthanized 1, 18, 18, 18,
and 39 days after cessation of the treatment. At necropsy, we
found these rats had normal levels of CD3�CD8a� NK cells in
the blood, marrow, and spleen, thereby documenting complete
remission (Figure 5C). Of interest, even in the 11 leukemic rats
not achieving remission, FTY720 treatment resulted in a
significant reduction of NK cells in these tissues, although to a
lesser extent (Figure 5C). Examination of spleen sections from
rats responsive to FTY720 showed normal splenic histology
(supplemental Figure 7A). In contrast, leukemic rats not achiev-
ing remission showed leukemic NK-cell infiltration of the red
pulp and depletion of the white pulp (supplemental Figure 7A).
Moreover, we found that Mcl-1 was significantly ablated in the
spleens of responsive rats, indicating that it may be a unique target
of FTY720 in NK-cell leukemia (supplemental Figure 7B). These
data suggest that in vivo therapeutic efficacy of FTY720 may be a
consequence of modulation of Mcl-1 signaling which led to
resolution of leukemic cell infiltration. Previously, we demon-
strated that nanoliposomal ceramide induced complete remission in
this rat model by targeting survivin.17 FTY720 treatment of NKL or
RNK-16 cells in vitro had no effect on level of survivin protein
(data not shown). Given that FTY720 and C6-ceramide have
distinct cellular targets in leukemic NK cells, we were interested in
examining whether combining these 2 drugs would enhance
therapeutic efficacy in leukemic NK cells in vitro. Indeed, we
found that treatment with the combination of FTY720 and nanoli-
posomal C6-ceramide induced apoptosis with a synergistic effect in
NKL cell line and with an additive effect in RNK-16 cells
(supplemental Figure 8). These data provide a rationale for further
investigating such combined treatment in vivo, using the preclini-
cal Fischer rat model of NK-cell leukemia.

Discussion

Our studies show that FTY720 led to apoptosis in leukemic
NK cells from patients with chronic NK-cell leukemia and from
NK-cell leukemia cell lines in vitro as well as complete remission
in a rat model of aggressive NK-cell leukemia. There is an urgent
unmet need for development of new therapeutics for both NK-cell
leukemia. This is particularly important for aggressive disease.
Combination chemotherapy is usually not successful in achieving
remission and median survival is only a few months for this fatal
illness. We found that FTY720 induced apoptosis in NK-cell
leukemia by 2 mechanisms: degradation of prosurvival protein
Mcl-1 and altered sphingolipid metabolism resulting in accumula-
tion of proapoptotic sphingosine. We focused first on the effect of
FTY720 on expression of Mcl-1, which has been reported to play

B

0

20

40

60

80

100
DMSO
FTY720
sphingosine

6               24            6             24             6             24     h

ap
op

to
si

s 
(%

)

patient #8                 patient #9               patient #10

A

**

*
*** *

**

***

***
*** ***

0

10

20

30

40

50

0                      6                      16                   24    h

** *
*

pm
ol

/1
0(5

) c
el

ls

ceramide
sphingosine

0
20
40
60
80

100

ap
op

to
si

s 
(%

)C

*
**

***

**

RNK-16

Figure 4. FTY720 increased production of apoptosis-inducing lipid sphin-
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an essential survival role in T-LGL leukemia13 Interestingly, we
found that Mcl-1 is also highly expressed in human leukemic
NK cells while it is undetectable in normal NK cells (Figure 2A).
Moreover, we also showed that efficient knockdown of Mcl-1 led
to 5.5-fold increase of apoptosis in leukemic NK cells, demonstrat-
ing the important survival role of Mcl-1 in leukemic NK cells.

Because FTY720 did not affect transcription of Mcl-1, we
examined whether Mcl-1 was degraded by FTY720 in leukemic
NK cells. Having demonstrated this to be the case, we next
examined mechanisms of degradation. A widely accepted mecha-
nism for regulation of Mcl-1 expression after death stimulus
activation involves proteosomal degradation.18 However, a proteo-
somal inhibitor, MG132, had no effect on the reduced levels of
expression of Mcl-1 protein and apoptotic cell death produced by
FTY720 treatment, suggesting that degradation of Mcl-1 by
FTY720 was not through proteosomal pathway. Interestingly, we
found that FTY720 was delivered to lysosome of leukemic
NK cells only 2 hours after treatment. In addition, a lysosomal
inhibitor, bafilomycin A1, was able to block both Mcl-1 reduction
and cell death induced by FTY720, suggesting that the lysosome is
the organelle tightly linked with FTY720’s induction of apoptosis
in leukemic NK cells. Lysosomes are acidic organelles containing a
wide spectrum of hydrolytic enzymes that have a major role in
intracellular protein recycling. Cathepsins are the most abundant
lysosomal enzymes. Lysosomes and lysosomal cathepsins are
believed to be involved in terminal steps of necrotic and autophagic
cell death,19 and more recently also in apoptosis.20 A key step in this
pathway is LMP, which is followed by the release of lysosomal
cathepsins into the cytosol.20 Once cathepsin is released from the
lysosomes into the cytoplasm, it may cleave some target proteins to
enhance cell death.21 Antiapoptotic proteins including Mcl-1 are
substrates for cathepsin.22 Therefore, we hypothesize that release of
lysosomal cathepsins on LMP might be responsible for Mcl-1

degradation by FTY720 in leukemic NK cells. Indeed, we showed
that cathepsin B was released to cytosol on FTY720 treatment
(Figure 3C). Alternatively, Mcl-1 plays a role in the stabilization of
the mitochondrial membrane via its binding and sequestering of
proapoptotic Bcl-2 family members.23,24 Thus, the induced lyso-
somal destabilization by FTY720 in leukemic NK cells might
result in cleavage of the proapoptotic Bcl-2 protein Bid,25 followed
by a decrease in the antiapoptotic protein Mcl-1 and mitochondrial
membrane permeabilization.

To further investigate how FTY720 triggers lysosomal degrada-
tion pathway, we examined the influence of FTY720 on oxygen
species (ROS) because of the fact that lysosomes are particularly
sensitive toward oxidative stress.26 Production of ROS after
FTY720 treatment had been shown previously in hepatocellular
carcinoma.27 Indeed, we showed that a free radical scavenger NAC
restored Mcl-1 expression and rescued FTY720-induced apoptosis
in leukemic NK cells. These data suggest that FTY720 regulation
of Mcl-1 expression occurs through a novel mechanism involving
ROS production.

We were also interested in examining sphingolipid metabolism
after FTY720 treatment of leukemic NK cells. Sphingolipids are
key components of the lipid bilayer of membranes and also are vital
second messengers involved in cell survival, proliferation, and
apoptosis within a cell.28 The balance between sphingolipid
metabolites S1P and ceramide/sphingosine (CER/SPH), the up-
stream precursors of S1P, is believed to provide a rheostat
mechanism that determines whether a cell proliferates or undergoes
apoptosis.29 In contrast to the growth-inhibitory and proapoptotic
effects of ceramide and sphingosine, S1P, which is produced by
phosphorylation of sphingosine in a reaction catalyzed by sphin-
gosine kinase, promotes cell growth and survival.30,31 Previously, it
had been shown that high micromolar doses of FTY720 can inhibit
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sphingosine kinase 1 activity, leading to accumulation of sphin-
gosine.14,32 Depending on the cell lines and experimental proce-
dures used, sphingosine has been shown to mediate apoptosis as a
putative second messenger via activation of JNK and p38 and
inhibition of ERK/MAPK, PKC, and Akt.33-37 Importantly, we
found increased levels of sphingosine but not ceramide, in leuke-
mic NK cells treated with FTY720. Sphingosine led to increase in
apoptosis in leukemic NK cells but to a much lesser extent than
treatment with the same dose of FTY720 (Figure 4B-C). These data
suggest that efficacy of FTY720 in NK-cell leukemia might also be
attributed in part to altered sphingolipid metabolism.

We have previously shown that targeting survivin by nanolipo-
somal ceramide induced complete remission in F344 rat NK-cell
leukemia model.17 Mitochondrial survivin was a critical ceramide
target responsible for the efficacy of liposomal ceramide therapeu-
tics.17 Interestingly, FTY720 targeted Mcl-1 but not survivin
expression, indicating a unique mechanism causing apoptosis of
leukemic NK cells. Furthermore, sphingolipidomics profiling (Fig-
ure 4A) showed that ceramide levels were not altered by FTY720
treatment, suggesting FTY720 therapeutics in NK-cell leukemia is
independent of ceramide/survivin signaling. Because these thera-
peutics target different components of survival signaling and
because we found that treatment with both FTY720 and C6-
ceramide nanoliposome had additive/synergistic effects on leuke-
mic NK cells, it will be interesting to investigate such combined
therapies in this animal model of NK-cell leukemia.
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