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The potent bioactive sphingolipid media-
tor, sphingosine-1-phosphate (S1P), is
produced by 2 sphingosine kinase isoen-
zymes, SphK1 and SphK2. Expression of
SphK1 is up-regulated in cancers, includ-
ing leukemia, and associated with cancer
progression. A screen of sphingosine ana-
logs identified (2R,3S,4E)-N-methyl-5-(4�-
pentylphenyl)-2-aminopent-4-ene-1,3-
diol, designated SK1-I (BML-258), as
a potent, water-soluble, isoenzyme-
specific inhibitor of SphK1. In contrast to
pan-SphK inhibitors, SK1-I did not inhibit
SphK2, PKC, or numerous other protein

kinases. SK1-I decreased growth and
survival of human leukemia U937 and
Jurkat cells, and enhanced apoptosis
and cleavage of Bcl-2. Lethality of SK1-I
was reversed by caspase inhibitors and
by expression of Bcl-2. SK1-I not only
decreased S1P levels but concomitantly
increased levels of its proapoptotic pre-
cursor ceramide. Conversely, S1P pro-
tected against SK1-I–induced apoptosis.
SK1-I also induced multiple perturba-
tions in activation of signaling and
survival-related proteins, including di-
minished phosphorylation of ERK1/2 and

Akt. Expression of constitutively active
Akt protected against SK1-I–induced
apoptosis. Notably, SK1-I potently
induced apoptosis in leukemic blasts iso-
lated from patients with acute myeloge-
nous leukemia but was relatively sparing
of normal peripheral blood mononuclear
leukocytes. Moreover, SK1-I markedly
reduced growth of AML xenograft
tumors. Our results suggest that specific
inhibitors of SphK1 warrant attention as
potential additions to the therapeutic ar-
mamentarium in leukemia. (Blood. 2008;
112:1382-1391)

Introduction

Sphingosine-1-phosphate (S1P), a potent lipid mediator produced
from sphingosine by sphingosine kinases (SphKs), regulates many
processes important for cancer progression, including cell growth
and survival.1 In contrast to S1P, its precursors, sphingosine and
ceramide, are associated with growth arrest and induction of
apoptosis.2 Thus, the balance between these interconvertible sphin-
golipid metabolites has been viewed as a cellular rheostat determin-
ing cell fate.3 Numerous studies have shown that perturbations in
the S1P/ceramide rheostat are involved in the regulation of
resistance to chemotherapy and radiation therapy of neoplastic
cells, including those of hematopoietic origin.2,4,5

Two SphK isoenzymes, SphK1 and SphK2, have been described
that, although sharing many features,6,7 exhibit distinct functions.
SphK1 promotes cell growth and survival,8-11 whereas SphK2, when
overexpressed, has opposite effects.12,13 SphK1 is a key enzyme that
regulates the S1P/ceramide rheostat.12,14,15 Indeed, S1P and SphK1 have
long been implicated in resistance of both primary leukemic cells and
leukemia cell lines to apoptosis induced by commonly used cytotoxic
agents.3,16-18 Non–isoenzyme-specific inhibitors of SphKs, such as
L-threo-dihydrosphingosine (safingol) and N,N-dimethylsphingosine
(DMS), are cytotoxic to leukemia cells.18,19 Interestingly, multidrug-
resistant HL-60 myelogenous leukemia cells were more sensitive to
DMS than the parental cells.18 Moreover, SphK1 activity was lower in
HL-60 cells sensitive to doxorubicin or etoposide than in MDR
(multidrug resistance protein)–1- or MRP1 (multidrug resistance protein
1)–positive HL-60 cells. Enforced expression of SphK1 in sensitive
HL-60 cells blocked apoptosis, whereas down-regulation of SphK1

overcame chemoresistance by inducing mitochondria-dependent apopto-
sis.10 These observations take on added significance in light of evidence
that MDR expression is a strong prognostic indicator in acute myelog-
enous leukemia (AML)20 and that the MDR phenotype, which com-
monly arises after treatment of AML with anthracyclines or plant-based
alkaloids, is thought to represent an obstacle to successful chemo-
therapy. In addition, resistance of K562 human chronic myeloid
leukemia cells to imatinib, an inhibitor of Bcr-Abl tyrosine kinase,
correlated with expression of SphK1 and generation of S1P, whereas
down-regulation of SphK1 increased sensitivity to imatinib-induced
apoptosis in resistant cells.21 Thus, the development of effective and
specific inhibitors of SphK1 might prove useful not only in diminishing
levels of prosurvival S1P, but also in potentiating ceramide generation, a
process that mediates, at least in part, the proapoptotic actions of certain
cytotoxic agents.22-24 Here we describe a potent, water-soluble inhibitor
of SphK1, SK1-I, that triggers multiple perturbations in activation of
various signaling and survival-related proteins. SK1-I markedly induced
apoptosis in human leukemic cell lines as well as blasts obtained from
patients with AML and inhibited growth of AML xenograft tumors.

Methods

Materials

SK1-I, (2R,3S,4E)-N-methyl-5-(4�-pentylphenyl)-2-aminopent-4-ene-1,3-
diol (BML-258), was synthesized as the HCl salt by BIOMOL International
(Plymouth Meeting, PA) and will be described elsewhere. Sphingosine and
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N,N-dimethylsphingosine were obtained from BIOMOL International.
[�-32P]ATP (3000 Ci/mmol [111 � 1012 bq/mmol]) was purchased from
Perkin Elmer (Boston, MA). Boc-D-FMK (BOC), Z-VAD-FMK (ZVAD),
and etoposide were from EMD Biosciences (San Diego, CA). Terminal
deoxynucleotidyl transferase Br-dUTP nick end labeling (TUNEL) kit for
flow cytometry was from Sigma-Aldrich (St Louis, MO). TUNEL kit for
immunohistochemistry was from Roche Applied Science (Indianapolis,
IN). FITC-labeled annexin V/propidium iodide staining kit for apoptosis
was from BD Biosciences (San Jose, CA).

Cells and cell culture

U937 human histiocytic leukemia and Jurkat acute T-cell leukemia cells
were obtained from ATCC (Manassas, VA). Cells were cultured and
maintained in logarithmic growth phase in RPMI 1640 medium supple-
mented with L-glutamate, penicillin, streptomycin, and 10% fetal bovine
serum (Invitrogen, Carlsbad, CA),25 unless indicated otherwise. U937 cells
stably overexpressing Bcl-2, Bcl-xL, constitutively active Akt (Myc-tagged
myristoylated Akt), and their empty vector counterparts were obtained
and cultured in the presence of the appropriate selection antibiotics exactly
as described.23

Leukemic blasts were obtained with informed consent from 2 acute
myelogenous leukemia (AML) patients undergoing routine diagnostic
aspirations with approval from the Institutional Review Board of Virginia
Commonwealth University. Informed consent was obtained in accordance
with the Declaration of Helsinki. The characterization of the 2 patient
samples was as follows: patient no. 1, FAB (French-American-British)
subtype M2, no known fusion or mutant proteins, no known chromosome
abnormalities; patient no. 2, FAB subtype M4, no known fusion or mutant
proteins, inversion of chromosome 16.

Samples, which contained 85% blasts in each case, were separated by
centrifugation over Ficoll/Hypaque (specific gravity: 1.077-1.081; Sigma-
Aldrich) at 400g at room temperature. The interface layer, containing
primarily blasts, was removed using a sterile Pasteur pipette, and resus-
pended in medium containing 10% FBS. Cells exhibited more than8 95%
viability by trypan blue exclusion and were cultured as described.25

Peripheral blood mononuclear leukocytes were isolated similarly from
healthy donors.

RNA interference

U937 cells were transfected with 100 pmol RNAi oligonucleotides targeted
to SphK1 (sequence targeted: GGGCAAGGCCTTGCAGCTC) and nontar-
geting control siRNA (nonspecific random sequence) obtained from Qiagen
(Valencia, CA). Transfections were performed with the Amaxa Nucleofec-
tor (program V-001) with Cell Line Nucleofector Kit V (Amaxa, Cologne,
Germany) according to the manufacturer’s instructions.

Expression and activity of sphingosine kinases

HEK 293 cells were cultured in DMEM containing 10% fetal bovine serum
and transfected with V5-His-pcDNA3.1 vector (Invitrogen), V5-His-tagged
human SphK1, or V5-His-tagged human SphK2 using Lipofectamine
PLUS (Invitrogen) as previously described.26 Cells were then cultured for
2 days and lysed by freeze-thawing, and SphK1 activity was determined
with [�-32P]ATP (10 �Ci [0.37 MBq], 1 mM, containing 10 mM MgCl2)
and sphingosine in 0.25% Triton X-100, which inhibits SphK2.27 SphK2
activity was determined with sphingosine added as a complex with
4 mg/mL BSA in the presence of 1 M KCl, conditions in which SphK2
activity is optimal and SphK1 is strongly inhibited.27 Labeled S1P was
extracted and separated by TLC on silica gel G60 with chloroform/acetone/
methanol/acetic acid/H2O (10:4:3:2:1, vol/vol) as solvent. Radioactive
bands corresponding to S1P were quantified with a FX Molecular Imager
(Bio-Rad, Hercules, CA). SphK-specific activity is expressed as picomole
of S1P formed per minute per milligram of protein.

Western blot analysis

Cells were resuspended in cell lysis buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 1% Nonidet P40, 0.5% sodium deoxycholate, 1 mM PMSF, 5 �g/mL

leupeptin, 5 �g/mL aprotinin, 1 mM DTT). Equal amounts of protein
(60 �g) were separated by 10% sodium dodecyl sulfide–polyacrylamide gel
electrophoresis (SDS-PAGE) and then transblotted to nitrocellulose. Blots
were incubated with primary antibodies (1:1000) overnight in Tris-buffered
saline (TBS) containing 5% nonfat dry milk and 0.1% Tween 20 followed
by anti–rabbit HRP-conjugated IgG (1:10 000; Jackson Immunoresearch
Laboratories, West Grove, PA). Immunocomplexes were visualized by
enhanced chemiluminescence (Pierce, Rockford, IL) with Kodak (Roches-
ter, NY) or Phenix Research Products (Candler, NC) X-ray film. Western
blots were quantitated using AlphaEaseFC 4.0.0 software from Alpha
Innotech (San Leandro, CA).

The following were used as primary antibodies: phospho-p44/42 MAP
kinase (Thr202/Tyr204) antibody, phospho-p38 MAP kinase (Thr180/
Tyr182) antibody (Cell Signaling, Beverly, MA), phospho-JNK (Thr183/
Tyr185) antibody, Bcl-xS/L antibody (S-18; Santa Cruz Biotechnology,
Santa Cruz, CA), antihuman Bcl-2 (Dako, Carpinteria, CA), Mcl-1
antibody, anti–caspase-3, and anti–caspase-9 (BD PharMingen, San Diego,
CA), and anti-PARP (BIOMOL International).

Protein kinase profiling

Effects of SK1-I on the activity of various protein kinases was assessed by
SelectScreen Kinase Profiling (Invitrogen Drug Discovery Solutions,
Madison, WI). Briefly, assays were performed in 384-well plates using a
fluorescence resonance energy transfer (FRET)–based kinase assay system
with peptide substrates containing 2 fluorophores that make up a FRET pair,
in the absence or presence of 5 �M SK1-I and at an ATP concentration of
Kmapp for each protein kinase. The development reagent contains a protease
that specifically digests nonphosphorylated peptide and produces a fluores-
cent signal. Coumarin fluorescence and the fluorescein FRET signal were
monitored at 445 nm and 520 nm, respectively. The coumarin emission
excites fluorescein by FRET in the uncleaved (phosphorylated) substrate
peptide only. Reactions containing unphosphorylated peptide and kinase in
the absence of ATP and stoichiometrically phosphorylated peptide served as
0% and 100% phosphorylation controls, respectively. Raw fluorescence
values were corrected for background. Reaction end points were calculated
as emission ratios of coumarin fluorescence divided by the fluorescein
FRET signal. These ratios were then normalized to the ratio obtained with
the 100% phosphorylation control.

Annexin V/PI assays for apoptosis

Cells were stained with annexin V–fluorescein isothiocyanate and propidium
iodide (PI) and then evaluated for apoptosis by flow cytometry according to the
manufacturer’s protocol (BD PharMingen). Briefly, 106 cells were washed twice
with phosphate-buffered saline (PBS) and stained with 5 �L annexin V–fluores-
cein isothiocyanate and 5 �L PI (50 �g/mL) in buffer containing 10 mM
HEPES, pH 7.4, 140 mM NaOH, and 2.5 mM CaCl2 for 15 minutes at room
temperature in the dark. The apoptotic cells were determined using a Coulter
Epics-XL-MCL cytofluorometer with the EXPO32 Flow Cytometry analytic
program (Beckman Coulter, Fullerton, CA). The percentages in the lower right
quadrant correspond to early apoptotic cells (annexin V–positive), whereas
percentages in the upper right quadrant correspond to late apoptotic cells
(annexin V– and PI-positive; see Figure 2).

DNA strand break detection by TUNEL assay

Cells (106) were fixed with 1% (wt/vol) paraformaldehyde on ice for
15 minutes, washed twice with PBS, and permeabilized in 70% ethanol on
ice for 30 minutes. Cells were washed and resuspended in a DNA labeling
solution containing terminal deoxyribonucleotide transferase and bromode-
oxyuridine (BrdU) and incubated at 37°C for 1 hour according to the
manufacturer’s instructions (Sigma-Aldrich). Cells were then incubated
with anti–BrdU-fluorescein antibody in the dark for 30 minutes at room
temperature and analyzed using a Coulter Epics-XL-MCL cytofluorometer
with the EXPO32 Flow Cytometry analytic program (Beckman Coulter).

Mass spectrometric analysis of sphingolipids and metabolites

Cells were washed extensively with cold PBS and pelleted by centrifuga-
tion at 2000g for 10 minutes. An aliquot of cells was taken for DNA and
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protein measurements. To the rest, internal standards were added
(0.5 nmol each C12-SM, C12-Cer, C12-GlcCer, C12-LacCer, C17-
sphingosine, C17-sphinganine, C17-sphingosine 1-phosphate,
C17-sphinganine-1-phosphate, and C12-Cer-phosphate; Avanti Polar
Lipids, Alabaster, AL), lipids extracted, and individual ceramide acyl
chain species quantified by liquid chromatography, electrospray ioniza-
tion-tandem mass spectrometry (ESI-MS/MS, 4000 QTRAP; Applied
Biosystems, Foster City, CA) as described previously.28

Xenograft tumor model

All experiments involving animals were approved by the Virginia Common-
wealth University (VCU) Institutional Animal Care and Use Committee
(IACUC). U937 cells (2 � 106, suspended in 100 �L sterile PBS) were
injected into 2 sites on both flanks of 6-week-old CB17 severe combined
immunodeficient (SCID)/beige mice (Taconic Farms, Germantown, NY)
and allowed to grow to palpable tumors for 7 days. When tumors reached a
volume of 50 to 100 mm3, animals were randomly assigned to 2 groups that
were injected intraperitoneally with 200 �L saline or SK1-I (20 mg/kg) on
7 consecutive days. Tumor measurements were made daily with calipers,
and tumor volume was calculated using the formula: (� � [length in
millimeters] � [width in millimeters2]/6. At the end of the experiment, the
animals were killed and the tumors removed, fixed in formalin, and
embedded in paraffin or frozen in liquid nitrogen. Formalin-fixed sections
were stained with hematoxylin-eosin, or with antibodies against Ki-67
(Novocastra, Newcastle, United Kingdom). Antibody binding was detected
by immunohistochemistry and peroxidase-conjugated species-specific sec-
ondary antibodies and visualized with 3,3-diaminobenzidine. Paraffin
sections were dewaxed, rehydrated, and proteinase K–treated before
permeabilization. Frozen sections were stained with a fluorescein TUNEL
labeling kit followed by counterstaining with DAPI. Slides were analyzed
by fluorescence microscopy.

Statistical analysis

Experiments were repeated at least 3 times with consistent results. For each
experiment, data from triplicate samples were calculated and expressed as
the mean plus or minus standard deviation (SD). The significance of
differences between experimental conditions was determined using the
Student t test for unpaired observations.

Results

SK1-I is a potent and selective inhibitor of SphK1 but not
SphK2

Currently, no structural information is available for SphKs to allow
use of computational docking methods for the rational design of
inhibitors. Therefore, an alternative approach is to use information
obtained from inhibitor studies to design more potent and selective
inhibitors. Various chemically synthesized short-chain sphingosine
and dihydrosphingosine analogs have previously been investigated
as inhibitors of SphK.29-32 It was found that replacement of the
alkyl chain with a phenyl ring or substituting fluorine for the
3-hydroxyl group yielded potent SphK inhibitors. Moreover,
analogs with a 4,5-trans double bond were generally superior
inhibitors.30 Based on these earlier observations, we synthesized
(2R,3S,4E)-N-methyl-5-(4�-pentylphenyl)-2-aminopent-4-ene-1,3-
diol (Figure 1A) and examined its effects on recombinant SphK1
and SphK2 (Figure 1B-E). This water-soluble sphingosine analog
potently inhibited SphK1 activity in a dose-dependent manner
(Figure 1C) with 60% to 70% inhibition at 5 �M. As previously
reported,6,29 N,N-dimethylsphingosine (DMS) also inhibited SphK1
activity, albeit with less potency. Importantly, in contrast to DMS,
which also inhibits SphK27 and ceramide kinase,33 our compound
did not inhibit recombinant SphK2 (Figure 1C,E) or ceramide

kinase (data not shown). Because of its specific inhibitory effect on
SphK1, this compound is hereafter referred to as SK1-I.

Lineweaver-Burk analysis revealed that SphK1 activity was
inhibited competitively by SK1-I with a Ki value of approximately
10 �M (Figure 1D), nearly identical to the Km for sphingosine.
SK1-I was not phosphorylated by either SphK1 or SphK2 (data not
shown). Because DMS and several other pan-SphK inhibitors also
inhibit protein kinase C34 and potentially other kinases,35,36 it was
important to examine the effects of SK1-I on protein kinases.
A protein kinase activity screen was used that contained several
different recombinant protein kinases, a fluorescently labeled
polypeptide substrate, and ATP at the Kmapp for each kinase. SK1-I
did not significantly inhibit any of the protein kinases including
2 different members of the PKC family, PKC� and PKC�, PKA,
Akt1, ERK1, EGFR, CDK2, IKK�, or CamKII� (Figure 1F).
Hence, SK1-I is unique among known SphK inhibitors in view of
its isoenzyme selectivity, water solubility, and lack of effect on
protein kinases.

SK1-I potently inhibits growth of human leukemia cells

Previous studies have shown that the pan-SphK inhibitor DMS
markedly induces apoptosis of U937 and Jurkat T cells.3,17,29,37,38

As shown in Figure 2A, a concentration of SK1-I as low as 5 �M
significantly decreased growth of U937 cells cultured in the
presence of 10% serum, which was evident after 72 hours of
culture. T-lymphoblastic Jurkat cells were even more sensitive to
SK1-I, as a concentration of 5 �M inhibited growth by 50% and
10 �M completely prevented cell growth (Figure 2B). Similarly,
10 �M SKI-1 decreased growth of other leukemia cell lines,
including promyelocytic HL-60, Molt-4 T-cell leukemia, and
K-562 CML cells by 50%, 70%, and 90%, respectively, within
48 hours of treatment.

Similar to the effects of treatment with SK1-I and in agreement
with studies in other leukemic cell lines,10,21 down-regulation of
SphK1 expression with siRNA targeted to a unique sequence,
which reduced SphK1 protein and mRNA levels by more than 60%
(Figure 2C), markedly reduced the rate of growth of U937 cells
cultured in the presence of either 2% or 10% serum (Figure 2C).
Together, these findings are consistent with the notion that specific
inhibition of SphK1 by pharmacologic or genetic means signifi-
cantly inhibits the growth of human myeloid and lymphoid
leukemia cells.

SK1-I induces apoptosis in human leukemia cells

Inhibition of SphK with DMS or down-regulation of SphK1
expression has been associated with induction of apoptosis in many
cell types, including human leukemia cells.3,10,18,19 Thus, we next
examined the effects of SK1-I on apoptosis of U937 cells using
flow cytometry to monitor cells expressing phosphatidylserine on
the outer plasma membrane by annexin V staining and PI as a
measure of membrane permeability. There was a time- and
concentration-dependent increase in apoptosis of U937 cells upon
exposure to SK1-I (Figure 2D). As shown in Figure 2E, the
majority of the cells were early apoptotic and a very small
percentage were necrotic (PI-positive only). These results corre-
lated closely with the occurrence of DNA strand breaks, as
determined by TUNEL assays (Figure 2F). Moreover, similar to
down-regulation of SphK1, which inhibits cell growth more
effectively when cells are cultured in the presence of lower
concentrations of serum (Figure 2C), U937 cells were more
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susceptible to SK1-I–induced apoptosis when the serum concentra-
tion was reduced (Figure 2G).

Functional roles of caspase activation and Bcl-2 cleavage in
SK1-I–induced cell death

It has previously been demonstrated that down-regulation of
SphK1 in HL-60 cells with siRNA10 or inhibition of SphK with
DMS in Jurkat cells39 is sufficient to trigger activation of execu-
tioner caspase-3 as well as cleavage of PARP, hallmarks of
apoptosis. Similarly, concomitant with induction of apoptosis,
treatment of U937 cells with SK1-I increased activation of
caspases-3 and -9 and induced cleavage of poly-ADP ribose
polymerase (PARP; Figure 3A,B). Furthermore, exposure to SK1-I
for 16 to 24 hours resulted in cleavage of Bcl-2 (Figure 3B), an
antiapoptotic protein that prevents mitochondrial dysfunction. On
the other hand, levels of Mcl-1, an antiapoptotic protein that plays a
key role in the survival of malignant hematopoietic cells,40 were
not significantly altered (Figure 3A,B). Next, we investigated the
functional roles of caspase activation and Bcl-2 cleavage in
SK1-I–induced lethality. Pretreatment of U937 cells with the
pan-caspase inhibitors ZVAD and BOC significantly attenuated
SK1-I–induced apoptosis as well as that induced by the DNA-
damaging agent etoposide (Figure 3C). Furthermore, ectopic
expression of Bcl-2 completely protected against SK1-I–induced

lethality and expression of Bcl-xL reduced cell death by 60%
(Figure 3D). Together, these findings indicate that the lethality of
SK1-I is primarily mediated via the intrinsic mitochondrial path-
way, an event opposed by Bcl-2.

Because SphK1 is a critical regulator of the balance between
proapoptotic ceramide and antiapoptotic S1P,8,10 the effect of SK1-I
on levels of these sphingolipid metabolites was determined by
high-performance liquid chromatography ESI-MS/MS.28 SK1-I
treatment caused a 50% decrease in total cellular S1P (Figure 4A),
without altering levels of sphingosine or dihydrosphingosine
(sphinganine), with a concomitant increase in total cellular cer-
amide and a decrease in sphingomyelin (Figure 4A). The most
abundant ceramide species in U937 cells was 24:1 (Figure 4A).
SK1-I treatment increased levels of C16:0 and C24:1 ceramide
species by 3- and 2-fold, respectively, but had no significant effects
on other ceramide species (Figure 4A).

To confirm that the apoptotic effects of SK1-I were due to its
ability to inhibit SphK1, S1P add-back experiments were carried
out. Consistent with the reduction in levels of S1P by SK1-I,
apoptosis induced by SK1-I was diminished by addition of
exogenous S1P in a dose-dependent manner (Figure 4B). Collec-
tively, these findings indicate that SK1-I induces apoptosis in
human leukemia cells by inhibiting SphK1 and production of S1P
with a concomitant increase in ceramide.

Figure 1. SK1-I is a specific SphK1 inhibitor.
(A) Chemical structures of sphingosine, SK1-I (2-amino-
3[2-(4-pentylphenyl)ethyl-1-ene]1,3-propanediol), and
DMS (N,N-dimethylsphingosine). (B) HEK 293 cells were
transiently transfected with vector, V5-hSphK1 or V5-
hSphK2. Cell lysates were prepared and equal amounts
of proteins were resolved by SDS-PAGE and analyzed
by Western blotting with anti-V5 antibody. Blots were
stripped and reprobed with antiactin as a loading control.
(C) SphK1 and SphK2 activities in cell lysates were
measured with 10 �M sphingosine in the absence or
presence of the indicated concentrations of either SK1-I
or 10 �M DMS. SphK1 activity was determined in the
presence of Triton X-100 and SphK2 activity was mea-
sured in the presence of high salt concentrations, condi-
tions that favor SphK1 and SphK2, respectively. Data are
expressed as percentage SphK activity measured in the
absence of inhibitor. *P � .01. (D,E) Lineweaver-Burk
plots. SphK1 and SphK2 activity was measured with
increasing concentrations of sphingosine and the indi-
cated concentrations of SK1-I. Regression analysis re-
vealed a Km of 10 plus or minus 2 �M, Vmax of 38 000
plus or minus 2000 pmol/min per milligram of protein,
and Ki of 10 plus or minus 5 �M for SphK1 (D) and Km of
12 plus or minus 1 �M and Vmax 8100 plus or minus
300 pmol/min per milligram of protein for hSphK2 (E),
without significant inhibition by SK1-I. (F) Effects of SK1-I
on activity of the indicated protein kinases were as-
sessed by SelectScreen Kinase Profiling as described in
“Methods.” Data are expressed as percentage of control
activity (in the absence of SK1-I) and are averages of
2 independent measurements.
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Apoptosis induced by SK1-I is associated with inactivation of
ERK1/2 and Akt survival signals

Abundant evidence indicates that the mitogen-activated protein
kinases (ERK1/2, JNK, and p38 MAPK) and Akt play a critical role
in leukemia cell fate.41 Treatment of U937 cells with SK1-I caused
a rapid and marked decrease in phosphorylation of ERK1/2 and Akt
(Figure 5A-C). These deactivations of survival signaling were
sustained up to 2 hours in the presence of low concentrations of
serum (Figure 5A), whereas in the presence of 10% serum, the
attenuation of p-ERK1/2 and p-Akt levels was gradually overcome
(Figure 5B) and was dependent on the concentration of SK1-I
(Figure 5C). Furthermore, a transient increase in p38 phosphoryla-
tion was observed at 5 minutes followed later by a less robust
activation (Figure 5A,B). In addition, JNK activation and c-Jun
phosphorylation were also detected at later times (Figure 5A,B).
Because SK1-I profoundly deactivates Akt, it was of interest to
determine its role in the lethal effects of SK1-I. Overexpression of
constitutively active myristoylated Akt in U937 cells significantly

attenuated apoptosis induced by SK1-I at a concentration less than
15 �M (Figure 5D), suggesting that deactivation of Akt might be
one of the factors contributing to the apoptotic effects of SK1-I.

Primary human AML blasts are highly sensitive to apoptosis
induced by SK1-I

To examine the effectiveness of SK1-I on primary AML specimens,
parallel studies were performed in leukemic blasts obtained from
bone marrow aspirates of 2 patients with AML (FAB subtype M2).
Treatment of blasts with increasing concentrations of SK1-I
revealed enhanced sensitivity to apoptosis induction compared
with U937 and Jurkat cell lines. Both patient samples exhibited a
marked increase in apoptosis when exposed to SK1-I for 24 hours
and 40% to 50% apoptosis was observed with 7.5 �M SK1-I as
revealed by annexin V/PI analysis (Figure 6A). In agreement with
previous results,42 less than 10% of blasts exhibited apoptosis in the
absence of treatment, which is very similar to apoptosis of normal
peripheral blood mononuclear cells. Notably, SK1-I had a much

Figure 2. SK1-I and siSphK1 decrease cellular prolif-
eration and viability. (A) U937 cells or (B) Jurkat cells
(105 cells/mL) were cultured in medium containing 10%
serum in the absence or presence of the indicated
concentrations of SK1-I. Cell numbers were determined
with a Coulter counter model Z1 (Beckman Coulter).
(C) Knockdown of SphK1 by siRNA reduces cell growth.
U937 cells were transiently transfected siRNA targeted to
SphK1 (�) or siRNA control (�). Cells (105 cells/mL)
were then cultured in medium containing 10% (top panel)
or 2% (middle panel) serum for the indicated times and
cell numbers determined with a Coulter counter. (Bottom
panel) Equal amounts of cell lysate proteins (60 �g) from
duplicate cultures were separated by SDS-PAGE and
immunoblotted with anti-SphK1 antibody. Blots were
stripped and probed with actin antibody to ensure equal
loading and transfer. SphK1 mRNA levels were normal-
ized to actin and the ratio relative to siControl
from 3 independent experiments is shown. *P 	 .05.
(D-G) SK1-I promotes apoptosis. U937 cells cultured in
10% serum were treated without or with 10, 15, or 20 �M
SK1-I for the indicated times (D) or with 20 �M SK1-I for
24 hours (E) and stained with annexin V/PI, and apopto-
sis was determined by flow cytometry. Early apoptotic
cells are annexin V positive, late apoptotic cells are both
annexin V and PI positive, whereas necrotic cells are PI
positive only. (F) Duplicate cultures were treated with the
indicated concentration of SK1-I for 24 hours, and the
fraction of TUNEL-positive cells was determined.
(G) U937 cells were cultured in medium containing 2%
serum in the absence or presence of 10 �M SK1-I for
24 hours and then stained with annexin V/PI, and
apoptosis was determined by flow cytometry. The percent-
ages in the lower right quadrant correspond to early
apoptotic cells (annexin V positive), whereas percent-
ages in the upper right quadrant correspond to late
apoptotic cells (annexin V/PI-positive).
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less pronounced effect on the survival of normal peripheral blood
mononuclear cells (Figure 6B). These results suggest that primary
human AML cells, reported to overexpress SphK1,43 are more
susceptible to SK1-I than continuously cultured leukemia cell lines,
whereas SK1-I is relatively sparing of normal peripheral blood
mononuclear leukocytes.

Antileukemic activity of SK1-I in vivo

We next evaluated the ability of SK1-I to inhibit tumor growth of
leukemia cells in xenografts in immunodeficient mice, a model that
has been extensively used to facilitate development of several new

treatment modalities.44 U937 cells subcutaneously injected into the
flanks of SCID/beige mice rapidly gave rise to exponentially
growing tumors. When tumors reached a volume of 50 to 100 mm3,
mice were injected intraperitoneally with saline or SK1-I
(20 mg/kg) daily. As can be seen in Figure 7A, SK1-I significantly
decreased tumor growth. After 7 days, the mean volume of the
U937 tumors in mice treated with SK1-I was more than 50%
smaller than the tumors in the saline-treated mice (control group
mean 
 747 mm3, SK1-I group mean 
 332 mm3; P 	 .001).
Tumor weights at autopsy of SK1-1–treated mice were also
significantly lower (Figure 7B). Mice treated with SK1-I did not

Figure 3. Caspase inhibitors and overexpression of
Bcl-2 protect against apoptosis induced by SK1-I.
U937 cells were treated without or with 10 �M SK1-I
(A) or 20 �M SK1-I (B) for the indicated times. Cell
lysates were prepared and equal amounts of proteins
(20 �g) analyzed by Western blotting with the indicated
antibodies. Blots were stripped and reprobed with anti–
Mcl-1 to ensure equivalent loading and transfer. (C) U937
cells were pretreated for 30 minutes without or with
20 �M Boc-D-FMK (BOC) or Z-VAD-FMK (ZVAD) and
then treated with 20 �M SK1-I or 10 �M etoposide. After
4 hours, apoptosis was determined by flow cytometric
analysis of annexin V/PI-stained cells. *P � .01.
(D) U937 cells stably expressing vector, Bcl-2, or Bcl-xL
were treated with the indicated concentrations of SK1-I
for 8 hours. Apoptosis was determined by flow cytometric
analysis of annexin V/PI-stained cells. Insets show over-
expression of Bcl-2 and Bcl-xL by immunoblotting.

Figure 4. SK1-I decreases S1P and increases cer-
amide levels and S1P protects against SK1-I–
induced apoptosis. (A) U937 cells were treated without
or with 20 �M SK1-I for 6 hours. Lipids were extracted
and sphingosine (So), sphinganine (Sa), sphingosine-1-
phosphate (SoP), sphinganine-1-phosphate (SaP), and
ceramide species were determined by ESI-MS/MS. Data
are means of triplicate determinations and are expressed
as picomole of lipid per microgram of DNA. Numbers
indicate fatty acid chain length followed by the number of
double bonds. C16DH indicates C16-dihydroceramide.
(B) U937 cells were treated without or with SK1-I (10, 15,
20 �M) in the absence and presence of S1P (1, 10 �M)
for 4 hours. Cells were stained with annexin V/PI and
apoptosis was determined by flow cytometry. *P � .01.
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show signs of wasting and the body weights after 7 days were not
significantly different from controls.

As expected, tumors from saline-treated mice stained strongly
with Ki67, indicating a tumor composition of highly proliferating
cells with very few apoptotic cells stained by TUNEL (Figure 7C).
In contrast, immunohistochemical analysis of tumors from SK1-I–
treated mice revealed many apoptotic cells as determined by
nuclear fragmentation (TUNEL staining) and condensed nuclei
(Figure 7C). SK1-I also drastically reduced mitotic cells in the
tumors (Figure 7C). These results indicate that SK1-I has potent
antileukemic activity in vivo.

Discussion

Ample evidence indicates that in many types of cancers, S1P
production is dysregulated leading to abnormal cell growth and
survival signaling.5,45 SphK1 is overexpressed in a variety of solid
tumors46 and also in AML.43 Moreover, bcr/abl, a common genetic
aberration in chronic myelogenous leukemia and a poor prognostic
indicator for at least 20% of patients with acute lymphocytic
leukemia, has been shown to up-regulate SphK1 expression.47 It
was recently shown that SphK1 expression can predict sensitivity
of leukemia cells to daunorubicin.48 Hence, SphK1 is now consid-
ered a potential target for pharmacologic intervention, particularly
in leukemic cells where its level correlates with chemoresistance

Figure 5. SK1-I alters survival signaling. (A-C) U937
cells were cultured in medium containing 2% serum in
the presence of 10 �M SK1-I for the indicated times (A);
in medium containing 10% serum in the presence of
20 �M SK1-I for the indicated times (B); or with the
indicated concentrations of SK1-I for 5 minutes (C).
Equal amounts of lysate proteins were resolved by
SDS-PAGE and analyzed by Western blotting with anti-
bodies against pAkt, Akt, p-ERK1/2, ERK1/2, p-p38,
p-ATF-2, p-JNK, and p-cJun. Blots were stripped and
reprobed with antitubulin (A), anti-Akt (B), or anti-ERK1/2
(C) to demonstrate equal loading. (D) Enforced expres-
sion of myristoylated Akt protects cells from SK1-I–
mediated lethality. U937 cells stably expressing empty
vector or constitutively active Akt (myristoylated Akt)
were treated with the indicated concentrations of SK1-I
for 24 hours. Cells were stained with annexin V/PI
and apoptosis was determined by flow cytometry.
(Inset) Immunoblot of lysate proteins from duplicate
cultures with anti-Akt and antitubulin antibodies.

Figure 6. SK1-I induces apoptosis in primary AML blasts. (A) Primary blasts from
2 patients with AML (FAB classification F2; � 70% blasts) and peripheral blood
mononuclear leukocytes from 2 healthy donors (B) were obtained as described in
“Cells and cell culture,” cultured in medium containing 10% serum for 24 hours in the
absence or presence of the indicated concentrations of SK1-I. Cells were stained with
annexin V/PI and apoptosis determined by flow cytometry.
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and radioresistance.10,21,48 Previous studies of the role of SphK1 in
leukemic cells have focused on its down-regulation by specific
siRNA or the use of pharmacologic agents that inhibited both
SphK1 and SphK2, and potentially protein kinases. This study
describes the development of the first potent and water-soluble
SphK1 isoenzyme-specific inhibitor, SK1-I. Moreover, SK1-I does
not inhibit PKC or a large number of other protein kinases. In
contrast to most small-molecule protein kinase inhibitors that are
competitive with ATP at the well-conserved ATP-binding
pocket and potentially cross-react, SK1-I is competitive with the
lipid substrate.

SK1-I potently induced apoptosis in several leukemic cells lines
and AML leukemic blasts, reflected by externalization of phospha-
tidylserine, increased DNA strand breaks, activation of caspases-3
and -9, and cleavage of PARP and Bcl-2. By what mechanisms does
SK1-I so profoundly induce these lethal effects? This could be due
to several non–mutually exclusive interrelated actions. SK1-I
inhibits production of prosurvival S1P that can act intracellularly to

enhance growth and survival, although its intracellular targets have
not yet been elucidated.49 It is also well accepted that intracellularly
produced S1P can be released from cells50 and act through its cell
surface receptors that are linked to survival pathways including
ERK1/2 and Akt.1 In this regard, the ability of SK1-I to decrease
activated ERK1/2 and Akt in leukemic cells might be relevant, as
the Raf/MEK/ERK and PI3K/Akt pathways are frequently constitu-
tively activated in AML.41,51 Because ERK1/2 phosphorylates and
activates SphK1,52 leading to increased S1P, which in turn can
stimulate ERK1/2, SK1-I can interrupt this positive feedback loop
by inhibiting SphK1, decreasing progrowth and survival S1P
while simultaneously increasing its precursor, the proapoptotic
ceramide. Hence, SK1-I integrates multiple molecular therapeutic
targets in leukemia.

Ceramide generation has long been implicated in apoptosis
induction in human leukemia cells53 and recently, the synergistic
actions of several different signal transduction inhibitors on
apoptosis have been linked to dramatic increases in ceramide

Figure 7. SK1-I suppresses U937 xenograft tumor
growth. CB17 SCID/beige mice (5 mice per group) with
palpable U937 cell tumors (4 tumors per mouse) were
injected intraperitoneally with saline or SK1-I (20 mg/kg)
for 7 days. (A) Tumor volumes were measured daily. Data
are expressed as mean volumes (� SD). (B) After
7 days, animals were killed and tumors excised and
weighed. Average and representative results are shown.
*P � .01. (C) Tumor histology. Paraffin-embedded tumor
sections were stained with either H&E or immunostained
with Ki67. Apoptotic cells were visualized by TUNEL
staining and counterstained with DAPI. Slides were
examined with an Olympus BX-40 microscope (Olym-
pus, Melville, NY) equipped with a UPlan F1 20�/0.5 NA
objective and WH10x eyepiece, and analyzed with RS
Image version 1.7.3 (Alpha Innotech). Representative
sections from n 
 4 individual treated tumors. Scale bar
represents 30 �m.
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generation. For example, coadministration of histone deaceylase
inhibitors with perifosine in human leukemia cells leads to Akt and
ERK disruption, a marked increase in ceramide and reactive
oxygen species production, and a striking increase in mitochondrial
injury and apoptosis.23,24 Ceramide can transduce its apoptotic
actions via multiple pathways.2 Important identified ceramide
targets include the serine/threonine protein phosphatases PP1 and
PP2A that dephosphorylate Akt as well as SR proteins, regulators
of alternative splicing of Bcl-2.2 We found that exposure to SK1-I
resulted in cleavage of Bcl-2, a response that has been associated
with mitochondria-dependent apoptosis.54 Moreover, it is well
established that overexpression of Bcl-2 prevents ceramide forma-
tion and protects against ceramide-induced apoptosis in many cell
types including acute lymphoblastic leukemia and AML.2,55,56 In
agreement, we found that overexpression of Bcl-2 also prevented
SK1-I–induced lethality, emphasizing the importance of the intrin-
sic mitochondrial death pathway. Consistent with this notion, it has
recently been demonstrated that S1P exerts its cytoprotective effect
on mitochondrial events during apoptosis of Jurkat cells by
blocking translocation of Bax to the mitochondria in a MEK/ERK1/
2-dependent manner.57 A recent study suggested that sustained
elevation of ceramide at the endoplasmic reticulum coordinately
activates the ER stress response and inactivates antiapoptotic Akt
leading to apoptosis.58 It is thus possible that SK1-I–induced Akt
deactivation is mediated not only by decreased formation of S1P,
but also by increased ceramide. The immunosuppressant drug
FTY720, which structurally resembles SKI-1, but is a competitive
substrate of SphKs rather than a competitive inhibitor, has also
been shown to reduce Akt phosphorylation.59 FTY720, which had
relatively little toxicity in clinical trials for multiple sclerosis,60 has
recently been proposed to be an alternative for treating blast crisis
chronic myelogenous leukemia and Philadelphia chromosome–
positive acute lymphocytic leukemia.61

Our finding that SK1-I potently induced apoptosis in leukemic
blasts isolated from patients with AML but was relatively noncyto-
toxic to normal peripheral blood mononuclear leukocytes high-
lights its selectivity for leukemia cells. Moreover, in a xenograft
AML model, SK1-I had clear single-agent activity that suppressed
tumor growth, induced apoptosis in the tumor, and decreased

proliferation, analogous to its actions in vitro. Preliminary analysis
of toxicity of liver, kidney, and spleen did not reveal any noticeable
effects. Thus, specific SphK1 inhibitors deserve consideration for
potential pharmacologic intervention in leukemia, used either alone
or as adjuncts to conventional or other known targeted agents.
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