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Sphingosine kinase 1 overexpression is regulated by signaling through
PI3K, AKT2, and mTOR in imatinib-resistant chronic myeloid leukemia cells
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Objective. As a better understanding of the molecular basis of carcinogenesis has emerged,
oncogene-specific cell-signaling pathways have been successfully targeted to treat human
malignances. Despite impressive advances in oncogene-directed therapeutics, genetic insta-
bility in cancer cells often manifest acquired resistance. This is particularly noted in the
use of tyrosine kinase inhibitors therapies and not more evident than for chronic myeloid
leukemia. Therefore, it is of great importance to understand the molecular mechanisms
affecting cancer cell sensitivity and resistance to tyrosine kinase inhibitors.

Materials and Methods. In this study, we used continuous exposure to stepwise increasing
concentrations of imatinib (0.6L1 mM) to select imatinib-resistant K562 cells.

Results. Expression of BCR-ABL increased both at RNA and protein levels in imatinib-resistant
cell lines. Furthermore, expression levels of sphingosine kinase 1 (SphK1) were increased signifi-
cantly in resistant cells, channeling sphingoid bases to the SphK1 pathway and activating sphin-
gosine-1-phosphateLdependent tyrosine phosphorylation pathways that include the adaptor
protein Crk. The partial inhibition of SphK1 activity by N,N-dimethylsphingosine or expression
by small interfering RNA increased sensitivity to imatinib-induced apoptosis in resistant cells
and returned BCR-ABL to baseline levels. To determine the resistance mechanism-induced
SphK1 upregulation, we used pharmacological inhibitors of the phosphoinositide 3-kinase/
AKT/mammalian target of rapamycin signaling pathway and observed robust downmodulation
of SphK1 expression and activity when AKT2, but not AKT1 or AKT3, was suppressed.

Conclusions. These results demonstrate that SphK1 is upregulated in imatinib-resistant K562
cells by a pathway contingent on a phosphoinositide 3-kinase/AKT2/mammalian target of rapa-
mycin signaling pathway. We propose that SphK1 plays an important role in development of
acquired resistance to imatinib in chronic myeloid leukemia cell lines. � 2011 ISEH - Society
for Hematology and Stem Cells. Published by Elsevier Inc.
Chronic myeloid leukemia (CML) is characterized by the
presence of the Philadelphia chromosome resulting from
a balanced reciprocal translocation between the long arms
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of chromosomes 9 and 22. This exchange brings together
two genes: the Bcr gene on chromosome 22 and the nonre-
ceptor tyrosine kinase proto-oncogene Abl on chromosome
9 [1–3]. One of the major advancements in the treatment of
CML has been the development of imatinib (IM), which
shows striking activity in the chronic and accelerated
phases, but less activity in the blast phase of the disease
[4,5]. Imatinib directly associates with the adenosine
triphosphate (ATP)�binding site of the BCR-ABL tyrosine
kinase and locks the enzyme in its inactive conformation [6].
gy and Stem Cells. Published by Elsevier Inc.
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Inhibition of BCR-ABL by IM also results in transcrip-
tional downmodulation of various genes involved in the
control of cell cycle, cell adhesion, and cytoskeleton orga-
nization leading to apoptotic cell death [7]. Development
of resistance to IM includes BCR-ABL�dependent mecha-
nisms, such as modification of the target BCR-ABL tyrosine
kinase through gene amplification/mutation, or independent
mechanisms that involve epigenetic changes in the expres-
sion of survival factors [8–12].

Among the survival pathways activated byBCR-ABL, the
phosphoinositide 3-kinase (PI3K)/AKT/mammalian target
of rapamycin (mTOR) pathway is constitutively active in
CML cells and plays a major role in cell survival [12,13].
Furthermore, a recent study has emphasized the importance
of dysregulated translation in a wide range of human malig-
nancies and has also emphasized the important role ofmTOR
and its effectors in oncogenesis [14–16]. Hence, it is plau-
sible that dysregulated translation is also important in the
pathogenesis of BCR-ABL�positive leukemia.

In the present study,we used a genetic selection strategy to
generate IM-resistant K562 (K562 IM/R), and unexpectedly
found that IM/R cells displayed significantly increased
sphingosine kinase 1 (SphK1) expression and activity.
SphK1 plays a pivotal role in sphingosine metabolism,
catalyzing the phosphorylation of sphingosine to sphingosine
1-phosphate (S1P), a potent intracellular and extracellular
messenger. SIP binds to S1P receptor, a G-protein�coupled
receptor, stimulating growth and survival pathways. In
particular, increased intracellular levels of SphK1 contribute
to cell growth, survival, and transformation in leukemia
models [17–23]. S1P has been shown to activate several
signal transduction pathways, including those that implicated
in tyrosine phosphorylation, such as the tyrosine phosphory-
lation of the Crk adaptor protein [24,25].

We also showhere that SphK1 is critical formaintaining the
IM/R phenotype in K562 cells as small interfering RNA
(siRNA) and pharmacological inhibitors of SphK1 decrease
BCR-ABL expression and restore the sensitivity of these cells
to IM. Furthermore, using a panel of pharmacological inhibi-
tors, we show that the PI3K/AKT/mTOR pathway modulates
SphK1 expression and is required to stabilize SphK1 expres-
sion levels. Drug-resistance�stimulated increases in SphK1
messenger RNA (mRNA), protein, and enzymatic activity
levels were significantly reduced in cells that had been trans-
fected with AKT2 siRNA, but not AKT1 or AKT3 siRNA,
suggesting that AKT2 is critical for regulation of SphK1
expression in resistant CML cells.

This study identifies a role for the ceramide/S1P pathway
in the mechanisms of resistance to IM in K562 cells and
suggests that acquired drug resistance to tyrosine kinase
inhibitors (TKIs) in human cancer cells is accompanied by
activation of SphK1 and by establishment of an amplification
loop that drives cell proliferation and survival. Furthermore,
these data demonstrate that the PI3K/AKT/mTOR signaling
pathway is involved in regulation of SphK1, with AKT2
playing a key role in drug-resistance�induced SphK1
expression in K562 IM/R cells.
Materials and methods

Cells and culture conditions
K562 cell line was grown in RPMI-1640 medium (Gibco, Freder-
ick, MD, USA). Resistant clones K562 IM/R have been established
by continuous exposure to IM [7,26]. To produce IM/R cells, we
incubated K562 cells with either 0.6 mM or 1.0 mM IM for 3 weeks,
and both procedures gave identical results. Here, we only show the
results of the 0.6 mM IM/R cells.

Materials
Imatinib and everolimus (1 nM) was supplied by Novartis
(Switzerland, Basel). Wortmannin (100 nM; Biomol, Plymouth
Meeting, PA, USA), SH-5 (5 mM; Alexis Biochemicals, San Diego,
CA, USA) and N,N-dimethylsphingosine (DMS) were prepared in
dimethyl sulfoxide. 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyra-
zolo[3,4-d]pyrimidine and 20-amino-30-methoxyflavone (PD98059)
were purchased from Calbiochem (New York, NY, USA).

Molecular analysis
With the aim of analyzing ABL mutations, we used strategy based
on a direct sequencing as reported previously [27].

RNA isolation and complementary DNA preparation
Total RNA was isolated from samples using Trizol reagent (Gibco;
Invitrogen, Frederick, MD, USA). RNA was reverse-transcribed
using a random hexanucleotide primer with Superscript II Reverse
Transcriptase according to manufacturer’s instructions (Invitrogen).

Semi-quantitative reverse transcription polymerase chain
reaction analysis
Primer pairs sequences were BCR exon 2: 5-GGAGCTGCAGATGC
TGACCACC-3, ABL: 5-TCAGACCCTGAGGCTCAAAGTC-3.
The primers for the human b-actin gene were: 5-AGCGGGAA
ATCGTGCGTGACA-3, 5-GTGGACTTGGGAGAGGACTGG-3
(Epicentre Biotechnologies, Madison, WI, USA).

Southern blot analysis
The DNA samples were separated on agarose gel and transferred
onto a nylon membrane. Hybridization was carried as described
previously [28].

Reverse transcription polymerase chain reaction
The sequences of the primers and probe used for BCR-ABL have
been described previously [29].

Apoptosis assay
Apoptosis was quantified using the Annexin V�fluorescein iso-
thiocyanate apoptosis kit (BD Biosciences, Franklin Lakes, NJ,
USA) in accordance with manufacturer’s instructions.

Transfection of human SphK1 in human cell lines
Human SphK1 (GenBank accession no. AF200328) complementary
DNA was cloned into pCMV6-AC-GFP (OriGene, Rockville, MD
USA). Stable transfections were performed using the Lipofect-
AMINE 2000 (Invitrogen) according to manufacturer’s protocols.
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Hairpin siRNA construct for Sphk1, AKT1, AKT2, AKT3,
Erk1/2, and c-Src
Endogenous Sphk1 expression was downregulated with sequence-
specific pSilencer-siSphK1 851 (Clone1) and 1118 (Clone2) as
described previously [30]. Endogenous AKT1, AKT2, and AKT3
expression was downregulated by siRNA for AKT1, AKT2, or
AKT3 (Dharamcon, Lafayette, CO, USA).

Hairpin siRNA construct for Erk1/2 and c-Src RNA interfer-
ence experiments were performed with siRNA for Erk1, Erk2,
and c-Src (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
using Lipofectamine 2000 reagent (Invitrogen) according to
manufacturer’s instructions.

Northern blot analysis
Aliquots of RNA were electrophoresed and subsequently blotted
onto nylon membranes. Hybridization signals were detected with
a PhosphorImager (Bio-Rad, Hercules, CA, USA). The relative
amount of mRNA level was quantified using a Gel-Doc phosphor-
imager and Quantity One software (Bio-Rad) and normalized by
the intensity of b-actin.

Protein extraction and Western blot analysis
The protein extracts, obtained from cell lysates,were electrophoresed
on sodium dodecyl sulfate polyacrylamide gels and probed with the
following primary antibodies: rabbit polyclonal SphK1 (Santa
Cruz), rabbit polyclonal Crk (Cell Signaling Technnology, Danvers,
MA, USA), rabbit polyclonal phospho-Crk (Tyr221; Cell Signaling),
phospho-Crk (Tyr251), phospho-Crk (Tyr239) (Birge, unplublished
data), rabbit polyclonal c-ABL (K-12), rabbit polyclonal AKT1,
rabbit polyclonal AKT2, mouse polyclonal AKT3, rabbit polyclonal
Erk1/2, rabbit polyclonal c-Src,mousemonoclonal caspase-3,mouse
monoclonal poly(ADP-ribose) polymerase (all antibodies were
purchased from Santa Cruz Biotechnology, Santa Cruz, CA, USA),
rabbit polyclonal phospho-AKT (Cell Signaling), rabbit polyclonal
phospho-protein kinase C (PKC) (pan) (Cell Signaling) and rabbit
polyclonal b–actin antibodies (Sigma, St Louis, MO, USA). Immu-
noreactive proteins were visualized by enhanced chemiluminescence
system (Amersham Life Science, Arlington Hts, UK). The relative
amount of protein expression was quantified using a Gel-Doc phos-
phorimager and Quantity One software (Bio-Rad) and normalized
by the intensity of b-actin.

SphK1 activity assay
The SphK1 activity assay was performed as described by Olivera
et al. [18] with minor modifications. Briefly, 50 mM D-erythro-
sphingosine (Avanti Polar Lipids, Alabaster, AL, USA) was
combined with 200 mM ATP containing 2 mCi [g32P] ATP (ICN
Radiochemicals, Costa Mesa, CA, USA) in 100 mL final volume of
SphK1 Activity Assay Buffer (50 mM HEPES, 50 mM MgCl2, 10
mM KCl, 10 mM NaF, 2 mM NaVO3, 500 mM 4-deoxypyridoxine,
0.05%TritonX-100 [pH7.4]). The reaction was initiated by addition
of enzyme. The reaction was agitated for 20 minutes at 37�C and
reactions were terminated by the addition of 10 mL 6NHCl. Labeled
lipids were extracted by the addition of 250 mL chloroform:metha-
nol:HCl (100:200:1 v/v/v, 125 mL chloroform, and 125 mL 1 M
KCl). The organic phase, which contained radiolabeled S1P, was
removed and scintillation counted.

Statistical analysis
Each experiment was performed at least three times, and represen-
tative data are shown. Data in bar graph are given as the
mean 6 standard error of mean. Means were checked for statis-
tical difference using the t-test and p values !0.05 were consid-
ered significant (*p ! 0.05; **p ! 0.01; ***p ! 0.001).
Results

Establishment of the K562 IM-resistant cell line by drug
selection
Several mechanisms exist, including amplification,
increased expression of the BCR-ABL protein, and point
mutations in the ABL kinase domain that can mediate
acquired clinical resistance to IM. In this study, to generate
IM-resistant CML cells, we step-wise cultured K562 cells
under IM selection (0.6 mM) for 3 weeks, and subsequently
increased selection to 1.0 mM for an additional 3 weeks
(Fig. 1A) [31]. After selection with a single course of 0.6
mM, we observed that resistant clones expressed higher
levels of both the BCR-ABL mRNA and oncoprotein
compared to parental K562 cells, as shown by Southern
blot analysis of polymerase chain reaction (PCR) and
Western blot (Fig. 1B�E, respectively; p ! 0.01). To
rule out the possibility that selection may have caused
mutations on the kinase domain, the ABL kinase domain
was sequenced after nested PCR of each of cell line and
confirmed to contain no point mutations of the ABL kinase
domain in the any surviving clones (data not shown).

K562 IM/R cells are more resistant to apoptosis via
upregulation of SphK1
To investigate whether K562 IM/R cells with BCR-ABL
levels manifested a survival advantage and suppression of
apoptosis, we assessed apoptosis after exposure to imanitib.
Cell death was measured by flow cytometry analysis with
Annexin V�fluorescein isothiocyanate and propidium
iodide staining. Consistent with the expression data, IM
induced apoptosis more efficiently in K562 cells than in
K562 IM/R cells (Fig. 2A, B). Several studies have shown
that SphK1 overexpression contributes to acquisition of
multidrug resistance [20,32–36], which remains a hurdle in
the treatment of hematological malignancies, including in
the context of targeted therapies. As shown in Figure 3A
and B, the levels of SphK1 transcripts and protein expression
were significantly higher in K562 IM/R 0.6 mM cells com-
pared with sensitive K562 cells. Because SphK1 protein ex-
pression is not a reliable indicator of enzymatic activity, we
also observed that SphK1 activity levels were significantly
increased in K562 IM/R 0.6 mM compared to K562 cells
(Fig. 3C). To directly assess the role of SphK1 in resistance
induced byTKIs inK562 IM/R cell lines,we employed either
a chemical inhibitor of SphK1 calledDMS (a drug that blocks
production of sphingosine-1-phosphate in the ceramide
synthesis pathway) and silenced SphK1 by transfecting
siRNA, or transfected SphK1 complementary DNA in sensi-
tive K562 cells (K562-SphK1). As expected, the transfection



Figure 1. Selection of imatinib-resistance K562 cells. (A) Schematic diagram showing the selection strategy employed to generate IM/R cells. As indicated,

the K562 cells were cultured under nonlethal conditions with a step-wise increased in IM (3 weeks in 0.6�1 mM IM). After selection, cells were maintained

at the indicated concentrations and then analyzed for BCR-ABL complementary DNA (reverse transcription PCR: agarose gel) and Southern blot analysis (B)

and protein (C). In (C), total lysates were immunoblotted with anti-ABL antibodies. b-actin was used as an internal loading control. The molecular weight (in

KDa) of protein size standards is shown on the left-hand side. Blot is representative of three separate experiments. (D) Densitometric analysis of Northern

blot relative to BCR-ABL. Bars represent the mean 6 standard error of mean (SEM) of the results from three separate experiments. Significant differences

between IM-resistant cells and control cells are indicated by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001. (E) Densitometric analysis of

Western blots relative to BCR-ABL. Bars represent mean6 SEM of the results from three separate experiments. Significant differences between IM-resistant

cells and control cells are indicated by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001.
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of SphK1 siRNA induced a marked decrease in SphK1
protein expression in the resistant cancer cell lines compared
with the control cells (Supplementary Figure E1; online only,
available at www.exphem.org), while K562-SphK1 showed
overexpression of SphK1, confirmed by Northern blot and
Western blot analysis (Supplementary Figure E1B, C; online
only, available at www.exphem.org) and induced ectopic
levels very similar as those observed in IM/R selected cells.
Likewise, SphK1 activity levels was also significantly
decreased in K562 IM/R 0.6 mM treated with DMS to
a similar extent as with SphK1 siRNA (Fig. 3C).
Concomitantly, downregulation of SphK1 expression
and activity by DMS or siRNA significantly enhanced
cell death in these reprogrammed cells, whereby O70%
of the cells exposed to DMS showed IM-induced killing
(Fig. 4A), suggesting activation of SphK1 has a dominant
role in the mechanism of drug resistance. Likewise, knock-
down of SphK1 also resulted in a significant induction of
cell death in resistant cancer cells in response to IM, while
overexpression of SphK1 in sensitive K562 cells prevented
cell death in response to IM (Fig. 4C). To verify induction
of apoptosis, we also employed an antibody specific for

http://www.exphem.org
http://www.exphem.org


Figure 2. Induction of apoptosis in native (A), K562 cells control and treated with 0.6 mM IM for 72 hours (B) K562 IM/R 0.6 mM cells control and treated

with 0.6 mM IM for 72 hours. K562 cells were prepared as in Figure 1, after which they were treated with the indicated concentration of 0.6 mM IM for 72

hours. Apoptosis induction was measured using an Annexin-V detection kit and the data are presented as percent of apoptotic cells. Bars represent the mean

6 standard error of mean (SEM) of the results from three separate experiments. Significant differences between resistant cells and control cells are indicated

by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001.
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activated caspase-3, or an antibody that detects poly(ADP-
ribose) polymerase cleavage. As shown in Figure 5, addi-
tion of DMS to K562-SphK1 or K562 IM/R 0.6�1 mM
cells treated with IM activated both caspase-3 and
poly(ADP-ribose) polymerase as well as in K562 IM/R
Figure 3. Expression levels of mRNA transcript, expression protein, and enzym

mM SphK1 siRNA, and K562-SphK1 cells. Northern blot and Western blot analysi

mRNAs were extracted from K562 and K562 IM/R 0.6 mM cells and analyzed by

SphK1. Densitometric analysis of blots relative to SphK1. The bars represent mea

Significant differences between IM-resistant cells and control cells are indicated

Whole-cell lysates were prepared from K562 and K562 IM/R 0.6 mM cells and ana

a control for protein loading. The molecular weight (in KDa) of protein size stand

to SphK1. Bars represent the mean6 standard error of mean of the results from th

and control cells are indicated by probability p values. *p ! 0.05; **p ! 0.01; an

activity levels in K562 IM/R 0.6 mM, K562-SphK1 and in K562 IM/R 0.6 mM Sp

activity assay in K562 IM/R 0.6 mM cells treated with DMS (1 mM for 72 hours)

72 hours). Bars represent the mean6 standard error of mean of the results from th

control cells are indicated by probability p values. *p ! 0.05; **p ! 0.01; and
0.6�1 mM SphK1 siRNA treated with IM (Fig. 5A, B
and Supplementary Figure E2A, B; online only, available
at www.exphem.org). These data clearly reveal a functional
role for SphK1 in regulating resistance to IM-induced
apoptosis.
atic activity levels of SphK1 in K562, K562 IM/R 0.6 mM, K562 IM/R 0.6

s were performed. b-actin was used as an internal loading control. (A) Total

Northern blot. The membrane was hybridized with a 32P-labeled probe for

n 6 standard error of mean of the results from three separate experiments.

by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001. (B)

lyzed by Western blot using SphK1 specific antibodies. b-actin was used as

ards is shown on the left-hand side. Densitometric analysis of blots relative

ree separate experiments. Significant differences between IM-resistant cells

d ***p ! 0.001. (C) Effect of DMS and SphK1-specific siRNA on SphK1

hK1 siRNA cells. SphK1 activity levels determined by the in vitro SphK1

and siRNA (for 48 hours) and in K562-SphK1 treated with DMS (1 mM for

ree separate experiments. Significant differences between resistant cells and

***p ! 0.001.
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Figure 4. Induction of apoptosis in K562 IM/R 0.6 mM cells treated with DMS (1 mM for 72 hours) alone, 0.6 mM IM (72 hours) alone, and their combi-

nation for 72 hours. (A) K562 IM/R 0.6 mM cells control and treated with DMS (1 mM for 72 hours) alone, 0.6 mM IM (72 hours) alone, and in their combi-

nation for 72 hours. (B) K562 IM/R 0.6 mM cells transfected with a SphK1-specific siRNA and treated with 0.6 mM IM for 72 hours. (C) K562 cells

transfected with SphK1 (K562-SphK1) or empty vector treated for 72 hours with DMS (1 mM) alone, 0.6 mM IM (72 hours) alone, or their combination

for 72 hours. Bars represent the mean 6 standard error of mean of the results from three separate experiments. Significant differences between resistant cells

and control cells are indicated by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001.
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Downregulation of c-Src and Erk1/2 does not influence
apoptosis in IM-treated K562 IM/R
A recent study showed that elevated Src family kinase
activity is sufficient to induce IM resistance through a mech-
anism that may involve phosphorylation of BCR-ABL [37].
Therefore, we measured the upregulation of c-Src and
Erk1/2 in K562 IM/R 0.6�1 mM cells. Neither levels of
Src or Erk1/2 were altered in K562 IM/R cells compared
with sensitive K562 cells (Supplementary Figure E3A, B;
online only, available at www.exphem.org). In addition,
apoptosis in the K562 cells was not significantly induced
by exposure to 4-amino-5-(4-chlorophenyl)-7-(t-butyl)
pyrazolo[3,4-d]pyrimidine (10 mM) for 72 hours (a c-Src
inhibitor) and PD98059 (50 mM) for 72 hours (an ERK
selective inhibitor) (Supplementary Figure E4; online
only, available at www.exphem.org). Likewise, knockdown
of c-Src and Erk1/2, obtained with specific inhibitors and
siRNA, caused no significant induction of apoptosis in
our resistant cancer cells (IM/R 0.6�1 mM) in response
to IM (Supplementary Figure E4B, C, D, E; online only,
available at www.exphem.org). Thus, these data reveal
that c-Src and Erk1/2 proteins are not analogous to
SphK1 in regulating resistance to IM in the K562 IM/R
0.6�1 mM reported in this study.

SphK1 mediates upregulation of BCR-ABL and
activation of downstream signaling
Having established that SphK1 protected K562 IM/R cells
from apoptosis, we next examined whether SphK1/S1P
plays a functional role in the upregulation of BCR-ABL
protein in IM/R selected K562 cells. Interestingly, forced
expression of SphK1 in K562 cells (K562-SphK1) resulted
in increased BCR-ABL protein levels, while partial inhibi-
tion of SphK1 expression using DMS or siRNA in K562

http://www.exphem.org
http://www.exphem.org
http://www.exphem.org


Figure 5. Activation of caspase-3 and poly(ADP-ribose) polymerase (PARP) in K562 cells, K562 IM/R 0.6 mM, K562-SphK1, and K562 IM/R 0.6 mM

SphK1 siRNA. (A) K562 cells control and treated with DMS (1 mM for 72 hours) and 0.6 mM IM for 72 hours; K562 IM/R 0.6 mM and K562-SphK1 cells

control and treated with DMS (1 mM for 72 hours) alone, 0.6 mM IM (72 hours) alone and their combination; K562 IM/R 0.6 mM cells transfected with

a SphK1-specific siRNA and treated with 0.6 mM IM for 72 hours. Whole-cell lysates were prepared from all cell lines analyzed by Western blot using

caspase-3 specific antibody. b-actin was used as a control for protein loading. The molecular weight (in KDa) of protein size standards is shown on the

left-hand side. Blot is representative of three separate experiments. (B) K562 cells control and treated with DMS (1 mM for 72 hours) and 0.6 mM IM

for 72; K562 IM/R 0.6 mM control and K562-SphK1 cells control and treated with DMS (1 mM for 72 hours) alone, 0.6 mM IM (72 hours) alone and their

combination; K562 IM/R 0.6 mM cells transfected with a SphK1-specific siRNA and treated with 0.6 mM IM for 72. Whole-cell lysates were prepared from

all cell lines analyzed by Western blot using PARP-specific antibody. b-actin was used as a control for protein loading. The molecular weight (in KDa) of

protein size standards is shown on the left-hand side. Blot is representative of three separate experiments.
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IM/R 0.6 mM resulted in decreased BCR-ABL protein
levels (Fig. 6A, B). In contrast, SphK1 siRNA did not
have any detectable effects on the mRNA levels of BCR-
ABL measured by real-time PCR (data not shown), sug-
gesting that SphK1 may affect downregulation of active
BCR-ABL at the post-transcriptional level [12].

To further investigate whether increased SphK1 enzy-
matic activity resulted in activation of downstream signaling,
we analyzed the tyrosine phosphorylation of Crk, a well-
characterized substrate for SphK1 and SIP. Crk is an SH2
and SH3 domain-containing adaptor protein that binds to
a proline-rich motif juxtaposed to ABL kinase domain. Crk
binding to ABL kinase domain results in Crk phosphoryla-
tion on tyrosine-221 (which downmodulates Crk signaling)
and on two recently discovered sites, tyrosine-239 and
tyrosine-251, which stimulate downstream signaling (Birge,
unpublished data). While no significant difference in the
protein levels of Crk were detected, levels of tyrosine-221
phosphorylation of Crk was increased in all resistant cancer
cell lines and SphK1 transfected cell lines when compared
to controls (Fig. 7A, B). Similarly, partial inhibition of
SphK1 expression in K562 cells lines using DMS and siRNA
resulted in a decreased tyrosine-221 phosphorylation of Crk
with respect to controls (Fig. 7A, B). Interestingly, the levels
of tyrosine-239 and -251 phosphorylation were also
increased in K562-resistant and SphK1 transfected cells
(Fig. 7A, B). In contrast, partial inhibition of SphK1 expres-
sion in resistant K562 cells lines by DMS and siRNA treat-
ments decreased tyrosine-239 and -251 phosphorylation of
Crk (Fig. 7A, B). These data suggest that SphK1 controls
the levels of BCR-ABL in leukemia cells and this manifests
activation of downstream signaling pathways.

Sphk1 expression is specifically regulated by the PI3K,
AKT2, and mTOR pathways
Once we had established that IM resistance resulted in up-
regulation of SphK1 expression and its enzymatic activity,
we next examined the signaling molecules that modulate
SphK1 expression and activation in K562 IM/R cells.
Two promitogenic signaling pathways that have been



Figure 6. Effects of SphK1 inhibition on expression level of BCR-ABL protein in K562 IM/R 0.6 mM and K562-SphK1 cells. (A) Whole-cell lysates were

prepared from K562 cells, K562 IM/R 0.6 mM, and K562-SphK1 cells (both cell lines treated with DMS 1 mM for 72 hours) and K562 IM/R 0.6 mM SphK1

siRNA for 48 hours. Western blot analysis was performed with an antibody specifically recognizing BCR-ABL protein. b-actin was used as an internal

loading control. The molecular weight (in KDa) of protein size standards is shown on the left-hand side. Blot is representative of three separate experiments.

(B) Densitometric analysis of blots relative to BCR-ABL. Bars represent the mean 6 standard error of mean of the results from three separate experiments.

Significant differences between IM-resistant cells and control cells are indicated by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001.
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linked to activation of SphK1 signaling are the PI3K/AKT
pathway [38] and the PKC pathway [39]. To determine if
either of these pathways are involved in upregulation of
SphK1 expression, we examined the levels of phospho-
AKT and phospho-PKC levels in K562 IM/R 0.6�1 mM.
Phospho-AKT levels showed a increase in K562 IM/R
0.6�1 mM, while the phospho-PKC levels did not change
in resistant cells (Supplementary Figure E5A; online only,
available at www.exphem.org). For this reason, we used
pharmacological inhibitors that target the PI3K, AKT, and
mTOR pathways. As indicated in Figure 8, when K562
IM/R cells were treated for 72 hours with either a PI3K
inhibitor (100 nM wortmannin), an AKT inhibitor (5 mM
SH-5), or a mTOR inhibitor (1 mM everolimus), the
SphK1 protein levels decreased. In contrast, no significant
change in SphK1 protein expression was observed in
wild-type K562 cells pretreated with these inhibitors
(Supplementary Figure E5B; online only, available at
www.exphem.org). We next examined the effect of the
isoform-specific AKT siRNAs on SphK1 mRNA levels.
Reduction of AKT1 or AKT3 levels with siRNA did not
have an effect on SphK1 mRNA levels (Fig. 8C,
Supplementary Figure E6; online only, available at www.
exphem.org). In contrast, knockdown of AKT2 significantly
decreased SphK1 mRNA levels (Fig. 8C). We also deter-
mined if knocking down the AKT isoforms would have
an effect on SphK1 protein expression levels and found
that AKT2 knockdown decreased the SphK1 expression
protein levels (Fig. 8D). In contrast, suppressing AKT1 or
AKT3 did not significantly alter the SphK1 mRNA protein
levels (Fig. 8D) and enzymatic activity (Fig. 8E). The
decrease that was noted in SphK1 activity was not affected
by transfection with AKT1 or AKT3 siRNA (Fig. 8E).
Knocking down AKT2, however, did reduce SphK1 activity
levels to 75% in K562 IM/R 0.6 mM (Fig. 8E). These results
indicate that AKT2 is predominantly involved in regulation
of SphK1 mRNA protein levels in response to resistance in
CML cells. In addition, knockdown of AKT2 decreased the
BCR-ABL expression level in K562 IM/R 0.6�1 mM,
showing a role of SphK1 in regulation of BCR-ABL protein
(Supplementary Figure E7; online only, available at www.
exphem.org).
Discussion
In this study,we demonstrate a dominant role for Sphk1 in the
acquisition of IM resistance in CMLK562 cells. Specifically,
we observe a strong correlation between IM resistance and
SphK1 expression levels and activation status in K562 IM/R
cells. These observations are based on several independent
facts, which that include 1) resistant cancer cell lines exhibit
elevated levels of SphK1 expression and enzymatic activity;
2) overexpression of SphK1 markedly reduces IM-induced
cell growth arrest and apoptosis in nonresistant cancer cell

http://www.exphem.org
http://www.exphem.org
http://www.exphem.org
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http://www.exphem.org
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Figure 7. Effects of SphK1 upregulation on tyrosines phosphorylation of Crk in K562 IM/R 0.6 mM and K562-SphK1 cells. (A) Whole-cell lysates were

prepared from K562 control, K562 IM/R 0.6 mM control, K562-SphK1 control, and specifically the latter two cell lines treated with DMS (1 mM for 72 hours)

and K562 IM/R 0.6 mM SphK1 siRNA cells for 48 hours. Western blot analysis was performed with antibodies specifically recognizing p-Tyr251, p-Tyr239,

p-Tyr221, and Crk protein. b-actin was used as an internal loading control. The molecular weight (in KDa) of protein size standards is shown on the left-hand

side blot is representative of three separate experiments. (B) Densitometric analysis of blots relative to p-Tyr251, p-Tyr239, p-Tyr221 of Crk. Bars represent

the mean 6 standard error of mean of the results from three separate experiments. Significant differences between IM-resistant cells and control cells are

indicated by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001.
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lines; and 3) inhibition of SphK1 activity by chemical inhibi-
tion or by RNA interference restores the antiproliferative and
proapoptotic effects and enhances sensitivity to IM. Mecha-
nistically,we posit that a PI3K/AKT2pathwayplays a critical
role for regulation of SphK1 expression because inhibition of
either AKT2 or mTOR restores SphK1 levels, and concomi-
tantly reverses chemoresistance toward IM. Our findings not
only reveal a pivotal role of SphK1 in modulation of cellular
sensitivity to IM, but also suggest that resistant status can be
reprogrammed by manipulation of the SphK1 pathway.
Moreover, our data suggest that combinational therapies
that target SphK1 and TKI may delay drug resistance and
have a clinical benefit in human cancers.

The mechanisms by which increased SphK1 expression
participates in drug resistance are not fully resolved. Upregu-
lated SphK1 would be expected to increased production of
S1P, a metabolite that has been connected with multiple
aspects of tumorigenesis, including regulation of cell
survival, proliferation, differentiation, and cell migration
[40]. Notably, there is also a growing body of evidence that
SphK1 inhibition potentiates cancer cell response to radio-
therapy- or chemotherapy-induced cell death [41,42] via
a shift in S1P metabolism and increased ceramide produc-
tion. Our findings, which demonstrate that SphK1 inhibition
restores the susceptibility of the resistant cell lines to IM, are
consistent with the idea that S1P induces cell survival
mechanisms under the resistant status. Our results are also
consistent with previous data showing a role for SphK1 in
the regulation of drug-induced apoptosis via alteration of
the ceramide/S1P balance and in the onset of chemotherapy
resistance in leukemia [43] and in cells with multidrug-
resistant phenotype [12,35,36,44].

While previous studies showed that mutations in the ABL
kinase domain or activation of post-BCR-ABL�dependent



Figure 8. Effects of PI3K, AKT, and mTOR inhibitors and AKT1, AKT2, and AKT3 inhibition on SphK1 expression level in K562 IM/R 0.6 mM cells. (A)

Whole-cell lysates were prepared from K562 IM/R 0.6 mM cells treated with a PI3K inhibitor (100 nM wortmannin), an AKT inhibitor (5 mM SH-5), an mTOR

inhibitor (1 mM everolimus), or vehicle (dimethyl sulfoxide) for 72 hours. Western blot analysis was performed with an antibody specifically recognizing SphK1.

b-actin was used as an internal loading control. The molecular weight (in KDa) of protein size standards is shown on the left-hand side. Blot is representative of

three separate experiments. (B) Densitometric analysis of blots relative to SphK1. Bars represent the mean 6 standard error of mean (SEM) of the results from

three separate experiments. Significant differences between IM-resistant cells and control cells are indicated by probability p values. *p! 0.05; **p! 0.01; and

***p ! 0.001. (C) Total mRNAs were extracted from K562 IM/R 0.6 mM cells transfected with AKT1, AKT2, and AKT3 siRNA for 48 hours. Northern Blot

was performed with specific probe recognizing SphK1. b-actin was used as an internal loading control. (D) Whole-cell lysates were prepared from K562 IM/R

0.6 mM cells transfected with AKT1, AKT2, and AKT3 siRNA for 48 hours. Western blot analyses were performed with an antibody specifically recognizing

SphK1. b-actin was used as an internal loading control. Molecular weight (in KDa) of protein size standards is shown on the left-hand side. Blot is representative

of three separate experiments. (E) SphK1 activity levels determined by the in vitro SphK1 activity assay in K562 and K562 IM/R 0.6 mM cells transfected with

AKT1, AKT2, and AKT3 siRNA for 48 hours. Bars represent the mean 6 SEM of results from three separate experiments. Significant differences between

resistant cells and control cells are indicated by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001.
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pathways involving Erk1/2 and c-Src can infer drug resis-
tance in CML [37], we did not observe mutations in ABL
responsible in the K562 IM/R cells utilized in this study.
Moreover, using either pharmacological inhibitors or
siRNA-mediated knockdown of Erk1/2 or c-Src signaling,
we did not observe restoration of IM sensitivity in the
K562 IM/R cells. Although these data do not rule out that
partial overlap exists in resistance pathways, our results
suggest that SphK1 can play a dominant role in establishing
a drug-resistant phenotype in K562 cells.

Increased SphK1 activity in IM/R selected cells, or forced
SphK1 expression to comparably levels in nonselected cells,
also concomitantly increases BCR-ABL expression, suggest-
ing that SphK1 and SIP impinges on the stabilization of the
BCR-ABL oncoprotein. Curiously, ectopic expression of
SphK1 had no effect on BCR-ABL mRNA, suggesting
SphK1 affects the stability and turnover of BCR-ABL. The
mechanisms for this interplay are not yet clear, although our
data are consistent with the idea that SphK1 activity increases
cellular SIP, which, in addition to suppressing apoptosis
alluded to here, also impinges on tyrosine phosphorylation-
dependent pathways. Indeed, previous studies by Endo and
colleagues [45] showed that S1P potently stimulates phos-
phorylation of Crk on tyrosine-221 by inducing a complex
amplification loop involving the S1P binding to its receptor,
followed by receptor activation and subsequent activation of
RTKs and c-Src family kinases.Ultimately, this pathway leads
to stimulation of cytoskeletal assemblages and induces aggres-
sive behavior in cells, such as increased cellular motility and
invasion. In the Endo study [45], S1P-inducible cytoskeletal



Figure 9. Model for SphK1 overexpression in K562 IM/R cells. Proposed mechanism of regulation of SphK1 overexpression mediated through the PI3K/

AKT signaling pathway in K562 IM/R cells. (1) BCR-ABL is activated. (2) Downstream signaling molecules, AKT2 and mTOR. (3) Transcription of SphK1

is initiated, resulting in increased SphK1 mRNA levels. (4) SphK1 protein expression is elevated. (5) Activation of SphK1 results in increased production of

S1P. (6) S1P signaling results in mitogenic signaling response.
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reorganization was blocked by dominant-negative Crk
proteins, suggesting tyrosine phosphorylation of Crk is impor-
tant for SphK1 signaling. In this study, we found that Crk tyro-
sine 221 phosphorylation was dramatically increased in both
IM/R K562 cells and was reversed by inhibiting SphK1
activity or downregulating SphK1 expression. In addition to
SIP-inducible tyrosine-221 phosphorylation, tyrosine-221 on
Crk can be phosphorylated directly by BCR-ABL. Therefore,
whether Crk phosphorylation is directly mediated by an S1P-
inducible pathway or indirectlymediated by SphK1-mediated
upregulation of BCR-ABL (in K562 IM/R cells) is not clear.

Given the apparent centrality of SphK1 in IM/R K562
cells, another important question that arises is how
SphK1 is elevated in the drug-resistant phenotype. Based
on previous studies that suggested targeting the PI3K/
AKT/mTOR pathway may have a direct apoptotic and anti-
proliferative effect on hematological malignancies [46,47],
we used a battery of siRNA and pharmacological inhibitors
to interrogate the relationship between SphK1 expression
and activation of the PI3K/mTOR pathway. In particular,
PI3K pathway drives proliferation, apoptotic resistance,
and cells expressing BCR-ABL show constitutive produc-
tion of PIK3 and phosphorylation of AKT and its substrate
[46]. Furthermore, the studies of other researchers have
shown that two mTOR effectors, 4E-BP1 and S6K, are
activated in a BCR-ABL kinase-dependent manner in
BCR-ABL�expressing cell lines [48,49]. In mammalian
cells, mTOR signaling depends on signal transmission
through the PI3K/AKT pathway. Activated AKT phosphor-
ylates TSC2, a component of tuberous sclerosis complexes
1 and 2, sensitive to nutrient status, and favors mTOR
activity [50,51]. An important function of mTOR is the
translation control via activation of ribosomal p70S6 kinase
and suppression of 4E-BPs, resulting in enhanced transla-
tion of mRNAs encoding cell-cycle regulators and promo-
tion of G1–S cell-cycle transition [52].

In the present study, we found that silencing AKT2, but not
ATK1 or ATK3, significantly reduced SphK1 mRNA and
protein expression and enzymatic activity in IM/RK562 cells.
This is consistent with previous reports that AKT2, but not
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AKT3, is upstream of mTOR activation [53]. Based on our
findings and another study [54], we propose a model of
SphK1 overexpression and activation in K562 IM/R cells. In
this model, overexpression of BCR-ABL activates PI3K and
its downstream effectors, AKT2 and mTOR. Subsequently,
SphK1 transcription levels are enhanced, resulting in
increased SphK1 protein synthesis. The accumulated SphK1
enzyme phosphorylates sphingosine to elevate S1P levels, re-
sulting in increased SphK1 enzymatic activity. S1P transmits
mitogenic signals via binding to unidentified intracellular
targets or via secretion extracellularly, where it can bind to
S1P receptors on the cell surface of the same or neighboring
cells. Aberrant activation of SphK1 could alter sphingolipid
metabolism in favor of S1P, resulting in and/or hyperprolifer-
ative cellular responses, making SphK1 activation through
AKT2, signaling an attractive target for resistance to TKI in
leukemia (Fig. 9).

In conclusion,we have found a role for SphK1 in resistance
to IM in human CML cancer cells and such drug-resistance
phenotype correlated with increased level of BCR-ABL
protein in K562 cells and subsequently increased kinase-
inducible phosphorylation on the adaptor protein Crk. In addi-
tion, we demonstrate that the PI3K/AKT2/mTOR signaling
pathway is involved in regulation of SphK1 and then signaling
pathway can become an important therapeutic target. These
data suggest that stabilization of a drug-resistant phenotype
occurs through both activation of survival signals and activa-
tion of oncogene-directed signaling pathways.
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Supplementary Figure E1. SphK1 silencing by siRNA in K562 IM/R 0.6 mM and sensitive K562 cells transfected with SphK1 vector (K562-SphK1 cells).

(A) Whole-cell lysates were prepared from K562 IM/R 0.6 mM and transfected with SphK1-specific siRNA or with an empty vector. Western blot analysis

was performed using an antibody specifically recognizing SphK1 protein. b-actin was used as an internal loading control. Molecular weight (in KDa) of

protein size standards is shown on the left-hand side. Blot is representative of three separate experiments. (B) Northern Blot analysis was performed

in K562-SphK1 cells. b-actin was used as an internal loading control. (C) Western Blot analysis was performed in K562-SphK1 cells, using an antibody

specifically recognizing SphK1 protein. b-actin was used as an internal loading control. Molecular weight (in KDa) of protein size standards is shown on

the left-hand side. Blot is representative of three separate experiments.
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Supplementary Figure E2. Activation of caspase-3 and poly(ADP-ribose) polymerase (PARP) in K562 IM/R 1 mM and K562 IM/R 1 mM SphK1 siRNA

cells. (A) K562 cells IM/R 1 mM treated with DMS (1 mM for 72 hours) alone, 1 mM IM (72 hours) alone, and their combination; K562 IM/R 1 mM cells

transfected with a SphK1-specific siRNA and treated with 1 mM IM for 72 hours. Whole-cell lysates were prepared from all cell lines analyzed by Western

blot using caspase-3�specific antibody. b-actin was used as a control for protein loading. Molecular weight (in KDa) of protein size standards is shown on the

left-hand side. Blot is representative of three separate experiments. (B) K562 cells IM/R 1 mM treated with DMS (1 mM for 72 hours) alone, 1 mM IM (72

hours) alone, and their combination; K562 IM/R 1 mM cells transfected with a SphK1-specific siRNA and treated with 1 mM IM for 72 hours. Whole-cell

lysates were prepared from all cell lines analyzed by Western blot using PARP-specific antibody. b-actin was used as a control for protein loading. Molecular

weight (in KDa) of protein size standards is shown on the left-hand side. Blot is representative of three separate experiments.

665.e2G. Marfe et al./ Experimental Hematology 2011;39:653–665



Supplementary Figure E3. Expression levels of c-Src and Erk1/2 in K562 and K562 IM/R 0.6�1 mM cells and K562 IM/R 0.6�1 mM cells silenced by Src

and Erk1/2 siRNA. (A) Whole-cell lysates were prepared from K562 and K562 IM/R 0.6�1 mM cells and transfected with a c-Src�specific siRNAWestern

blot analysis was performed using an antibody specifically recognizing c-Src protein. b-actin was used as an internal loading control. Molecular weight (in

KDa) of protein size standards is shown on the left-hand side. Blot is representative of three separate experiments. (B) Whole-cell lysates were prepared from

K562 and K562 IM/R 0.6�1 mM cells and transfected with an Erk1/2-specific siRNA. Western blot analysis was performed using an antibody specifically

recognizing Erk 1/2 protein. b-actin was used as an internal loading control. Molecular weight (in KDa) of protein size standards is shown on the left-hand

side. Blot is representative of three separate experiments.
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Supplementary Figure E4. Effects of c-Src and Erk1/2 inhibitors on apoptosis in K562 and K562 IM/R 0.6�1 mM cells and c-Src and Erk1/2 siRNA on

apoptosis in K562 IM/R 0.6�1 mM cells. (A) K562 cells treated with 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine (PP2; 10 mM) and

PD98059 (50 mM) for 72 hours. (B) K562 IM/R 0.6 mM cells treated with PP2 (10 mM) alone for 72 hours, PP2 in combination with 0.6 mM IM for 72 hours,

and K562 IM/R 0.6 mM cells transfected with a c-Src�specific siRNA and treated with 0.6 mM.IM for 72 hours. (C) K562 IM/R 0.6 mM cells treated with

PD98059 (50 mM) for 72 hours alone, PD98059 in combination with 0.6 mM IM for 72 hours, K562 IM/R 0.6 mM cells transfected with a Erk1/2-specific

siRNA and treated with 0.6 mM IM for 72 hours. (D) K562 IM/R 1 mM cells treated with PP2 (10 mM) alone for 72 hours, PP2 in combination with 1 mM IM

for 72 hours, and K562 IM/R 1 mM cells transfected with a c-Src�specific siRNA and treated with 1 mM IM for 72 hours. (E) K562 IM/R 1 mM cells treated

with PD98059 (50 mM) for 72 hours alone, PD98059 in combination with 1 mM IM for 72 hours, K562 IM/R 1 mM cells transfected with a Erk1/2-specific

siRNA and treated with 1 mM IM for 72 hours. Bars represent mean 6 standard error of mean of the results from three separate experiments. Significant

differences between resistant cells and control cells are indicated by probability p values. *p ! 0.05; **p ! 0.01; and ***p ! 0.001.
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Supplementary Figure E5. Expression level of AKT and PKC phosphorylation in K562, and K562 IM/R 0.6�1 mM cells and effects of PI3K, AKT, and

mTOR inhibitors on SphK1 expression in K562 cells. (A) Whole-cell lysates were prepared from K562 and K562 IM/R 0.6�1 mM cells. Western blot anal-

ysis was performed with antibodies specifically recognizing pAKT and pPKC. b-actin was used as an internal loading control. Molecular weight (in KDa) of

protein size standards is shown on the left-hand side. Blot is representative of three separate experiments. (B) Whole-cell lysates were prepared from K562

cells treated with a PI3K inhibitor (100 nM wortmannin), an AKT inhibitor (5 mM SH-5), an mTOR inhibitor (1 mM everolimus), or vehicle (dimethyl sulf-

oxide) for 72 hours. Western blot analysis was performed with an antibody specifically recognizing SphK1. b-actin was used as an internal loading control.

Molecular weight (in KDa) of protein size standards is shown on the left-hand side. Blot is representative of three separate experiments.
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Supplementary Figure E6. AKT1, AKT2, and AKT3 silencing by siRNA in CML-resistant cell lines. Whole-cell lysates were prepared from K562 IM/R

0.6 mM cells and transfected with AKT1-, AKT2-, and AKT3-specific siRNA. Western blot analysis was performed with antibodies specifically recognizing

AKT1, AKT2, and AKT3 protein. b-actin was used as an internal loading control. Molecular weight (in KDa) of protein size standards is shown on the left-

hand side. Blot is representative of three separate experiments.

Supplementary Figure E7. Effects of AKT2 inhibition on expression level of BCR-ABL protein in K562 IM/R 0.6 and 1 mM. Whole-cell lysates were

prepared from K562 IM/R 0.6 and 1 mM. Western blot analysis was performed with an antibody specifically recognizing BCR-ABL protein. b-actin was

used as an internal loading control. Molecular weight (in KDa) of protein size standards is shown on the left-hand side. Blot is representative of three separate

experiments.
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