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Abstract

Sphingosine 1-Phosphate (S1P) is a mitogenic lipid molecule formed by
the enzymes, Sphingosine Kinase (SphK) 1 and 2. SphK1, which is commonly
over expressed in malignant tumours, is recognized as a significant contributor
to cancer cell survival and tumour angiogenesis, and is accordingly implicated
in the pathogenesis of various types of cancer. Initial studies focused on non-
haemopoietic malignancies; however a growing body of literature on the role
of sphingolipid metabolism in haemopoietic malignancies is now emerging. In
particular, Sphkl is implicated in the resistance of Tyrosin Kinase Inihibitors
(TKIs) in Chronic Myelogenous Leukemia (CML) Here, we discuss the roles of
the SphKs in CML and the compounds currently available in order to develop
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new combinatorial therapeutic approaches.
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Introduction

hallmark of CML is the Philadelphia
chromosome leukemia results from the neoplastic transformation of
Hematopoietic Stem Cells (HSCs) [1]. HSC is still able to differentiate
into granulocytes during the Chronic Phase (CP) but this ability is
lost during the Accelerated phase (AC) and/or a Blast Crisis (BC)
characterized by the presence of several undifferentiated cells also
in peripheral blood. The median duration of CP is 3-4 years. As the
disease progresses, after the acquisition of additional genetic and/or
epigenetic abnormalities, patients enter an accelerated phase followed
by BC. This is the most aggressive phase and is characterized by a
block of cell differentiation that results in the presence of 30% or
more myeloid or lymphoid blast cells in peripheral blood or bone
marrow [2]. The molecular hallmark of CML is the Philadelphia
Chromosome (Ph), which results from a reciprocal translocation
between the long arms of chromosomes 9 and 22 [t(9;22) (q11;q34)].
The Philadelphia chromosome contains a BCR-ABL hybrid gene
that encodes an oncogenic fusion protein. The BCR-ABL protein has
deregulated tyrosine kinase activity that promotes cell growth through
phosphorylation of signaling proteins [3-7]. Depending on the
precise breakpoints in the translocation and RNA splicing, different
forms of BCR-ABL protein with different molecular weights (p185
BCR-ABL, p210 BCR-ABL and p230 BCR-ABL) can be generated in
patients. Such protein is localized exclusively to the cytoplasm and
is able to constitutively tyrosine phosphorylate a host of substrates.
Importantly, due to autophosphorylation, there is increased phospho-
Tyrosine (p-Tyr) on the BCR-ABL oncoprotein itself. Substrates of
BCR-ABL can be grouped into three broad categories, depending
on function: (1) adaptor molecules such as CrkL and p62Dok; (2)
cell membrane and cytoskeleton related proteins such as talin and
paxillin and (3) proteins with catalytic function such as Ras-GAP
and Phospholipase Cg (PLCg) [8]. Tyrosine phosphorylation of these
BCR-ABL substrates results in the constitutive activation of multiple

The molecular

cytoplasmic and nuclear signalling cascades, which are shared with
cytokines known to regulate the proliferation, differentiation and
survival of haemopoietic cells.

BCR-ABL inhibitors

Before 2000s, CML has been treated with hydroxyl urea and
interferon therapy that provide temporary disease control but do
not alter progression to advanced disease with a median survival
ranging 45-55 months from diagnosis [9]. Therefore, the most
effective treatment strategy was Allogeneic Stem Cell Transplanta-
tion (ASCT). The recognition of the BCR-ABL oncogene and the
corresponding protein led to the synthesis of small-molecule drugs,
designed to interfere with BCR-ABL tyrosine kinase activation [10].
The small molecule Tyrosin Kinase Inihibitors (TKIs) are the central
line of treatment against CML. Over the past decade the development
of TKIs that directly target the constitutive tyrosine kinase activity of
BCR-ABL has resulted in significantly improved survival rates and
disease management in CP CML patients. Nevertheless, it has to be
noted that allogeneic transplantation remains the most effective long-
term therapy for CML, particularly in the more aggressive stages of
the disease. The first TKI to be discovered was imatinib which could
specifically discriminate CML cells from their normal counterparts
by directly targeting BCR-ABL [10]. Imatinib treatment of CML
in CP is associated with an overall survival rate of 89% over a five-
year clinical evaluation and a progression-free survival rate of 93%,
which was much higher than earlier treatment strategies involving
interferon-alpha (IFN-a) [11]. However, resistance to imatinib can
arise as a result of mutations in the kinase domain that either make
direct interactions with imatinib or are important in formation of the
inactive BCR-ABL conformation that is required for drug interaction
[12]. Therefore, two second generation TKIs were designed to
overcome the observed imatinib resistance, which included nilotinib
[13], a derivative of imatinib with ~30-fold higher strength, and
dasatinib [14], with 300-fold higher potency than imatinib. In
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addition, other two second-generation oral, dual Src/Abl TKIs, has
been shown to be more efficient than imatinib against CML cell
lines such as Bosutinib (formerly SKI-606) [15]. Bafetinib (formerly
INNO-406) [16,17]. The administration of second generation TKIs
resulted in achieving a quicker response, significantly reduced
progression to the later stages of the disease and increased overall
survival. Nevertheless, BCR-ABLT315I is the most TKI-insensitive
mutation which is referred to as the gatekeeper mutation that could
not be targeted by second generation TKIs [18]. Therefore, there
have been increased efforts to develop third generation TKIs that
can target BCR-ABLT315I mutant, such as ponatinib [19] and DCC-
2036 [20]. CML patients who have responded to therapy and are in
a state of remission harbour a very suppressed clone of CML cells
which is referred to as Minimal Residual Disease (MRD) or Leukemia
Stem Cells (LSCs) [21,22]. LSCs are responsible for the relapse of CP
CML after the withdrawal of TKIs and therefore, patients are kept on
lifelong TKI treatment after achieving remission. In addition, the TKI
resistance of LSCs is not associated with the BCR-ABL kinase domain
mutations [22].
LSCs and TKI-sensitive leukemic progenitor cells are biologically
different, which leads us to believe that LSCs and more differentiated
leukemic cells have different genetic mechanisms [23].

These observations indicate that TKI-insensitive

The sphingosine kinases

These kinases regulate the generation of Sphingosine 1-Phosphate
(S1P), although many other enzymes are also involved in the dynamic
metabolic network of this bioactive lipid. Hence, they emerge as an
excellent therapeutic target for modifying the levels of SIP. Among
the biological and pathological processes that involve S1P, cancer
and inflammation are top candidates for therapeutic intervention by
targeting S1P production by SphK. It is highly expressed in different
human tumors [24]. To date, two human isoforms of SphK genes,
SphKl and SphK2, have been identified and cloned from different
chromosomes. It is evolutionary highly conserved from yeast to
human, in that five conserved domains have been identified from
these isoforms across several species [25,26].

Sphingosine kinase 1: There are three isoforms of SphKl1
resulting from alternative splicing that differs only in their N-termini
[27], however, little is known about their function in cancer. The
oncogenic role of SphK1 was first defined with the demonstration
that its over expression enabled non-transformed fibroblasts to form
tumours in immunodeficient mice [28]. The connection between
SphK1 and cancer was further recognized after the expression level
of SphK1 in a diverse range of solid tumours was observed to be, on
average, approximately 2-fold higher than in matched normal tissue
[29]. Many tumour promoting factors, including Epidermal Growth
Factor (EGF), Platelet-Derived Growth Factor (PDGF), Transforming
Growth Factor Beta (TGF(), and Phorbol 12-Myristate 13-Acetate
(PMA) are known to activate SphK1 [30]. This activation can be
achieved by inducing SphK1 mRNA expression, as demonstrated
by up regulated SphK1 mRNA expression following treatment with
PMA in leukaemia cells [31], or EGF [32] and 17B-estradiol in breast
cancer cells [33]. In addition to the long-term activation produced by
transcriptional up-regulation, SphK1 can be activated immediately
and transiently: oncogenic stimuli can promote phosphorylation of
SphK1 at its Serine225 (Ser225) residue by activated Extracellular
Signal-Regulated Kinase (ERK). This causes its translocation from the

cytosol to the plasma membrane, and such translocation is known
to be a crucial mechanism for the oncogenic role of SphK1 because
it promotes proliferation and tumourigenicity of non-cancer cells
by increasing production of S1P, especially extracellular SIP [34].
Extracellular SIP secreted from the cells signals in an autocrine
manner through S1P receptors [35], resulting in ERK activation, a
well-known signal for cancer cell proliferation and migration [36],
as well as activation of Phosphatidylinositol 3-kinase/Aktivin,
Protein Kinase B (PI3K-Akt) pathway, a well-established oncogenic
survival pathway [37]. In addition, the autocrine signalling of SIP
from activated SphK1 can transactivate various oncogenic receptor
tyrosine kinases [38-40].

Sphingosine kinase 2: SphK2, the other SphK isoform, is a
relatively newly discovered enzyme [41]. In contrast to SphKl,
the involvement of SphK2 in cancer is much less well understood
and only recently emphasized with a handful of literature reports
suggesting that it may play an important role in cancer cell
proliferation. The mechanism through which endogenous SphK2
activity promotes cancer cell proliferation and survival has not
been thoroughly studied. Also noteworthy is that, in contrast to
SphK1, SphK2 expression is not reported to be increased in any
human cancer tissue. Whilst SphK1 over-expression promotes cell
proliferation and oncogenic transformation, Sphk2 up-regulation
has the opposite effect: inhibition of DNA synthesis cell cycle arrest
[41], and induction of apoptosis [42]. This apoptotic role of SphK2
over expression was later shown to be due to increased SphK activity
in intracellular membrane structures, specifically the Endoplasmic
Reticulum (ER) [43-45]. These studies emphasise that the distinct
localization of SphK may enable the specific cellular functions of
the enzyme. SphK1 mainly resides in the cytosol with occasional
encounters with membrane structures, presumably for its oncogenic
actions in the plasma membrane, whereas SphK2 is often associated
with intracellular membrane structures including the ER [43] and
nucleus [41]. Since SphK2 may function as an apoptotic effectors
in the intracellular membranes, the recently revealed role of SphK2
in proliferation may require its translocation. Comparable to the
translocation of SphK1 from the cytosol to the plasma membrane,
SphK2 is known to be translocated from the nucleus to the cytosol by
external stimuli, including serum [46] and a cell growth promoting
factor, PMA [47]. In addition, PMA increases SphK2 activity through
ERK-mediated activation in breast cancer cells [48], indicating that
the actions of SphK2 in the cytosol may act as a downstream effectors
of various factors that promote cell proliferation and survival.

Sphingosine kinases and drug resistance

Many studies have implicated SphK1/S1P signalling in the process
of drug resistance because this signalling protects cancer cells from
chemotherapy-induced apoptosis. Considerable evidences indicate
a deregulation of SphK1 in both acute and chronic myelogenous
leukemia. Elevated levels of SphK1 have been identified in variety
of leukemic cell lines, correlating with chemotherapeutic resistance
[49], while high SphK1 expression appears to be integral for
erythroleukaemic progression [50]. Furthermore, SphK1 expression
has been shown to be up regulated by BCR-ABL gene fusion, with this
event necessary for Myeloid cell leukemia-1 (Mcl-1)-expressing and
enhanced cell survival in CML [51].
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Tyrosine Kinase inhibitors of BCR-ABL have improved the
treatment outcome for CML and different studies have clarified the
apoptotic mechanisms induced by TKIs, showing that they kill the
CML cells emploing pro-apoptotic protein BIM [52]. On the other
hand, different mechanisms for TKIs resistance have also been
identified both BCR-ABL-dependent and —independent pathway.

In addition, by activating various BCR-ABL-independent
signaling pathways, quiescent CML-initiating cells are most likely
insensitive to TKIs [53], while various components of Bone Marrow
Microenvironment (BMME), i.e. leukemia niches, also protects CML
cells from TKIs [54,55]. Recent studies elucidated the molecular
mechanism by which SphK1 induces the acquisition of resistance to
the anticancer agent imatinib in CML [56,57]. CML patients express
the oncoprotein BCR-ABL, a constitutively active tyrosine kinase that
activates multiple signaling pathways to promote cancer progression.
Imatinib, a BCR-ABL inhibitor, is the mainstay therapeutic option
for treatment of CML. SphK1 contributes to the resistance of CML
cells to this anticancer agent as demonstrated by the finding that
siRNA knock-down of SphK1 expression sensitizes resistant CML
cells to imatinib whereas enforced expression of SphK1 prevents
apoptosis in response to this drug in sensitive CML cells [56,58].
Salas and colleagues [57] demonstrated that S1P/S1P2 signaling
regulates BCR-ABL stability in CML cells by inhibiting the activity of
the protein phosphatase PP2A. This prevents the dephosphorylation
of BCR-ABL and therefore its proteasomal degradation, resulting
in the accumulation of the oncoprotein. Thus, inhibition of the
SphK1/S1P/S1P2 pathway sensitizes CML cells to imatinib by
restoring the PP2A-dependent dephosphorylation and subsequent
degradation of BCR-ABL [57]. Evidence also exists that the SphK1/
S1P/S1P receptors pathway enhances the expression and activity of
drug efflux pumps in cancer cells, which are major contributors to
the development of multidrug resistance in cancer [59]. This might
represent an additional mechanism by which SphK1 contributes
to chemotherapy resistance. SphK2 is also involved in resistance
to chemotherapy. This is exemplified by the finding that siRNA
knockdown of SphK2 expression enhances apoptosis induced by the
anti-cancer agent doxorubicin in breast and colon cancer cells, an
effect that was associated with a reduction in the expression of the
cell-cycle regulator protein p21 [60].

Sphingosine kinase inhibitors

The rational for developing SphK inhibitors is based on two
facts: 1) the catalytic product of SphK and S1P plays an essential role
in promoting cell proliferation and migration via its receptors and
downstream proteins; 2) and SphKs are the key enzymes that control
the balance between mitogenic S1P and apoptotic ceramides, also
known as the “sphingolipid rheostat”. In other words, SphK inhibitors
could include: a) kinase inhibitors that can suppress the catalytic
function of SphK, which subsequently decreases the production of
S1P at the extracellular, intracellular, and even b) specific sub-cellular
compartment level. Based on the above observations, S1P signaling
is implicated in cell proliferation, migration, angiogenesis, and
autophagy; all processes that facilitate cancer progression. Therefore,
blocking of S1P signaling may be a potential target for cancer therapy.

There are a number of pre-clinical studies examining the effect
of FTY720 (fingolimod) a synthetic myriocin analogue (2-amino-
2-[2-(4-octylphenyl) ethyl] propane-1, 3-dio) on hematological

malignancies. FTY720 is phosphorylated in vivo by sphingosine
kinase 2 and binds to all four of the currently known Sphingosine
1 Phosphate (S1P) receptors (S1PR,, SIPR,, SIPR , and S1PR,) with
high affinity. Upon binding of p-FTY720, the S1PRs are internalized
from the cell membrane and degraded, resulting in the sequestration
of lymphocytes in secondary lymphoid organs [61]. Moreover,
FTY720 was recently shown to be therapeutically active against several
solid tumors, Multiple Myeloma, Chronic Lymphocytic Leukemia
(CLL) [62,63], Mantle Cell Lymphoma [64], murine cell line models
of Acute Myeloid Leukemia (AML) with KIT mutations, and a rat
model of Natural Killer-cell (NK) leukemia [64,65]. In light of the
studies by Salas et al. [57] and Tonelli et al. [66], it is conceivable that
FTY720-induced apoptosis in CML cells might be due not only to its
direct action on PP2A but also to the inhibition of SphK1 activity and
consequent disruption of the S1P/S1P2 signaling.

In a recent report, it has been demonstrated that FTY720 is able
to induce apoptosis of leukemic cells via activation of both BIM and
BID and can overcome various type of resistance to TKIs used in
the treatment of CML. Kiyota M et al. have investigated the precise
mechanisms underlying the apoptosis caused by FTY720, especially
focusing on the roles of BH3- only proteins. Hence, FTY720 activates
proapoptotic BH3 -only proteins: BIM, which is essential for apoptosis
by BCR-ABL TKIs and BID, which accelerates the extrinsic apoptosis.
Finally, these results provide the rationale that such drug, with its
unique effect on BIM and BID, could lead to new therapeutic strategy
for CML [68]. In another study, Neviani P. et al, have presented the
investigation of FTY720 as novel therapeutic approach for patients
with imatinib/dasatinib sensitive and -resistant advanced CML and
Ph-positive Acute Lymphocytic Leukemia (ALL). FTY720 is able to
induce marked apoptosis of CML-BC (Blast Crisis), Ph—positive ALL
CD 34+ /CD 19+ patient cells by impairing -BCR-ABL activity [69].
Furthermore, in vivo long-term administration of pharmacologic
FTY720 doses not induce adverse effects and significantly inhibits
wild-type and T315I p210 and p190 BCR/ABL leukemogenesis in
mice [70]. In particular, two recent reports have demonstrated that
restoration of PP2A activity by FTY720 or its derivatives (S)-FTY720-
OMe, (S)-FTY720-regioisomer are able to block the proliferation
of Leukemia Stem Cells (LSCs) (derived by CML patients), but not
of quiescent Hemapoietic Stem Cells (HSCs) (derived by healthy
individuals) both in vitro and in vivo [71,72]. There are other
inhibitors: threo-DHS (threo-dihydrosphingosine), a sphingosine
competitive inhibitor of SphK1 [24] and Safingol (L-threo-DHS), a
synthetic L stereoisomer of endogenous threo-dihydrosphinganine,
that may be more suited to inhibit SphK1 [73]. In spite of the fact that
it induces autophagy in colon carcinoma cells through inhibition of
Protein kinase C (PKC) and the PI3K pathway [74], it entered clinical
trials as an anticancer drug. In combination with cisplatin, it can be
safely administered with reversible dose dependent hepatic toxicity
[75]; however, no data from phase II clinical trial is reported. SphK1-
1 (2R, 354 E)-N -methyl-5-( 4’ -pentylphenyl)-2-aminopent-4-
ene-I,3- diol) is a sphingosine analogue that is water-soluble and cell
permeable [60]. It decreases growth and survival of human leukemia
U937 and Jurkat cells, and enhances apoptosis and cleavage of Bcl-2
[76].

Conclusion

Due to the important roles of SI1P in tumor genesis, targeting of
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S1P signaling may potentially serve as an adjuvant for cancer therapy.
Since S1P is generated from sphingosine by SphKs, the factors that
regulate the balance of the ceramide-sphingosine-S1P rheostat
towards ceramide and decreasing SphK activity may be candidates
for anti-cancer drug development. In addition, the findings indicate
that combination therapies of SphK1/SphK2 inhibitors with
conventional anticancer agents might be a valuable option for the
clinical management of therapeutic-resistant cancers.

References

1.

10

11.

12.

13.

14.

15.

16.

17.

18.

Sattler M, Griffin JD. Molecular mechanisms of transformation by the BCR-
ABL oncogene. Semin Hematol. 2003; 40: 4-10.

Ren R. Mechanisms of BCR-ABL in the pathogenesis of chronic myelogenous
leukaemia. Nat Rev Cancer. 2005; 5: 172-183.

Pane F, Mostarda I, Selleri C, Salzano R, Raiola AM, Luciano L, et al.
BCR/ABL mRNA and the P210(BCR/ABL) protein are downmodulated by
interferon-alpha in chronic myeloid leukemia patients. Blood. 1999; 94: 2200-
2207.

Deininger MW, Goldman JM, Melo JV. The molecular biology of chronic
myeloid leukemia. Blood. 2000; 96: 3343-3356.

Melo JV, Hughes TP, Apperley JF. Chronic myeloid leukemia. Hematology
Am Soc Hematol Educ Program. 2003.

Melo JV, Deininger MWN. Biology of chronic myelogenous leukemia-
signaling pathways of initiation and transformation. Hematol. Oncol. Clin.
North. Am. 2004; 18: 545-568.

Melo JV, Barnes DJ. Chronic myeloid leukaemia as a model of disease
evolution in human cancer. Nat Rev Cancer. 2007; 7: 441-453.

Smith DL, Burthem J, Whetton AD. Molecular pathogenesis of chronic
myeloid leukaemia. Expert Rev Mol Med. 2003; 5: 1-27.

Fausel C. Targeted chronic myeloid leukemia therapy: Seeking a cure. Am J
Health Syst Pharm. 2007; 64: S9-15.

. Gora-Tybor J, Robak T. Targeted drugs in chronic myeloid leukemia. Curr

Med Chem. 2008; 15: 3036-3051.

Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal GM, Fanning S, et al.
Effects of a selective inhibitor of the Abl tyrosine kinase on the growth of Ber-
Abl positive cells. Nat Med. 1996; 2: 561-566.

Druker BJ, Guilhot F, O’Brien SG, Gathmann |, Kantarjian H, Gattermann N,
et al. Five-year follow-up of patients receiving imatinib for chronic myeloid
leukemia. N Engl J Med. 2006; 355: 2408-2417.

Gorre ME, Mohammed M, Ellwood K, Hsu N, Paquette R, Rao PN, et al.
Clinical resistance to STI-571 cancer therapy caused by BCR-ABL gene
mutation or amplification. Science. 2001; 293: 876-880.

Weisberg E, Manley PW, Breitenstein W, Briiggen J, Cowan-Jacob SW,
Ray A, et al. Characterization of AMN107, a selective inhibitor of native and
mutant Ber-Abl. Cancer Cell. 2005; 7: 129-141.

Keller-V, Amsberg G, Brummendorf TH. Novel aspects of therapy with the
dual Src and Abl kinase inhibitor bosutinib in chronic myeloid leukemia.
Expert Rev Anticancer Ther. 2012; 12: 1121-1127.

Deguchi Y, Kimura S, Ashihara E, Niwa T, Hodohara K, Fujiyama Y, et
al. Comparison of imatinib, dasatinib, nilotinib and INNO-406 in imatinib-
resistant cell lines. Leuk Res. 2008; 32: 980-983.

Kantarjian H, le Coutre P, Cortes J, Pinilla-Ibarz J, Nagler A, Hochhaus A, et
al. Phase 1 study of INNO-406, a dual Abl/Lyn kinase inhibitor, in Philadelphia
chromosome-positive leukemias after imatinib resistance or intolerance.
Cancer. 2010; 116: 2665-2672.

Azam M, Seeliger MA, Gray NS, Kuriyan J, Daley GQ. Activation of tyrosine
kinases by mutation of the gatekeeper threonine. Nat Struct Mol Biol. 2008;
15:1109-1118.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

O’hare T, Shakespeare WC, Zhu X, Eide CA, Rivera VM, Wang F, et al.
AP24534, a pan-BCR-ABL inhibitor for chronic myeloid leukemia, potently
inhibits the T315l mutant and overcomes mutation-based resistance. Cancer
Cell. 2009; 16: 401-412.

Chan WW, Wise SC, Kaufman MD, Ahn YM, Ensinger CL, Haack T, et al.
Conformational control inhibition of the BCR-ABLL1 tyrosine kinase, including
the gatekeeper T315l mutant, by the switch-control inhibitor DCC-2036.
Cancer Cell. 2011; 19: 556-568.

Chomel JC, Bonnet ML, Sorel N, Bertrand A, Meunier MC, Fichelson S, et
al. Leukemic stem cell persistence in chronic myeloid leukemia patients with
sustained undetectable molecular residual disease. Blood. 2011; 118: 3657-
3660.

Corbin AS, Agarwal A, Loriaux M, Cortes J, Deininger MW, Druker BJ.
Human chronic myeloid leukemia stem cells are insensitive to imatinib
despite inhibition of BCR-ABL activity. J Clin Invest. 2011; 121: 396-409.

Chen Y, Li S. Molecular signatures of chronic myeloid leukemia stem cells.
Biomark Res. 2013; 1: 21.

Pitson SM, Moretti PA, Zebol JR, Xia P, Gamble JR, Vadas MA, et al.
Expression of a catalytically inactive sphingosine kinase mutant blocks
agonist-induced sphingosine kinase activation. A dominant-negative
sphingosine kinase. J. Biol. Chem. 2000; 275: 33945-33950.

French KJ, Schrecengost RS, Lee BD, Zhuang Y, Smith SN, Eberly JL, et al.
Discovery and evaluation of inhibitors of human sphingosine kinase. Cancer
Res. 2003; 63: 5962-5969.

Liu H, Chakravarty D, Maceyka M, Milstien S, Spiegel S. Sphingosine
kinases: a novel family of lipid kinases. Prog Nucleic Acid Res Mol Biol. 2002;
71: 493-511.

Pitson SM. Regulation of sphingosine kinase and sphingolipid signaling.
Trends Biochem Sci. 2011; 36: 97-107.

Xia P, Gamble JR, Wang L, Pitson SM, Moretti PA, Wattenberg BW, et al. An
oncogenic role of sphingosine kinase. Curr Biol. 2000; 10: 1527-1530.

French KJ, Schrecengost RS, Lee BD, Zhuang Y, Smith SN, Eberly JL, et al.
Discovery and evaluation of inhibitors of human sphingosine kinase. Cancer
Res. 2003; 63: 5962-5969.

Alvarez SE, Harikumar KB, Hait NC, Allegood J, Strub GM, Kim EY, et al.
Sphingosine-1-phosphate is a missing cofactor for the E3 ubiquitin ligase
TRAF2. Nature. 2010; 465: 1084-1088.

Nakade Y, Banno Y, T-Koizumi K, Hagiwara K, Sobue S, Koda M, et al.
Regulation of sphingosine kinase 1 gene expression by protein kinase C in
a human leukemia cell line, MEG-O1. Biochim Biophys Acta. 2003; 1635:
104-116.

Doll F, Pfeilschifter J, Huwiler A. The epidermal growth factor stimulates
sphingosine kinase-1 expression and activity in the human mammary
carcinoma cell line MCF7. Biochim Biophys Acta. 2005; 1738: 72-81.

Doll F, Pfeilschifter J, Huwiler A. Prolactin upregulates sphingosine kinase-1
expression and activity in the human breast cancer cell line MCF7 and
triggers enhanced proliferation and migration. Endocr. Relat. Cancer. 2007;
14: 325-335.

Pitson SM, Xia P, Leclercq TM, Moretti PA, Zebol JR, Lynn HE, et al.
Phosphorylation-dependent translocation of sphingosine kinase to the
plasma membrane drives its oncogenic signalling. J Exp Med. 2005; 201:
49-54.

Alvarez SE, Milstien S, Spiegel S. Autocrine and paracrine roles of
sphingosine-1-phosphate. Trends Endocrinol Metab. 2007; 18: 300-307.

Katz M, Amit I, Yarden Y. Regulation of MAPKs by growth factors and
receptor tyrosine kinases. Biochim Biophys Acta. 2007; 1773: 1161-1176.

Testa JR, Tsichlis PN. AKT signaling in normal and malignant cells.
Oncogene. 2005; 24: 7391-7393.

Sukocheva O, Wadham C, Holmes A, Albanese N, Verrier E, Feng F, et al.
Estrogen transactivates EGFR via the sphingosine 1-phosphate receptor
Edg-3: the role of sphingosine kinase-1. J Cell Biol. 2006; 173: 301-310.

Submit your Manuseript | www.austinpublishinggroup.com

J Blood Disord 1(2): id1010 (2014) - Page - 04


http://www.ncbi.nlm.nih.gov/pubmed/12783368
http://www.ncbi.nlm.nih.gov/pubmed/12783368
http://www.ncbi.nlm.nih.gov/pubmed/15719031
http://www.ncbi.nlm.nih.gov/pubmed/15719031
http://www.ncbi.nlm.nih.gov/pubmed/10498589
http://www.ncbi.nlm.nih.gov/pubmed/10498589
http://www.ncbi.nlm.nih.gov/pubmed/10498589
http://www.ncbi.nlm.nih.gov/pubmed/10498589
http://www.ncbi.nlm.nih.gov/pubmed/11071626
http://www.ncbi.nlm.nih.gov/pubmed/11071626
http://www.ncbi.nlm.nih.gov/pubmed/14633780
http://www.ncbi.nlm.nih.gov/pubmed/14633780
http://www.ncbi.nlm.nih.gov/pubmed/15271392
http://www.ncbi.nlm.nih.gov/pubmed/15271392
http://www.ncbi.nlm.nih.gov/pubmed/15271392
http://www.ncbi.nlm.nih.gov/pubmed/17522713
http://www.ncbi.nlm.nih.gov/pubmed/17522713
http://www.ncbi.nlm.nih.gov/pubmed/14987402
http://www.ncbi.nlm.nih.gov/pubmed/14987402
http://www.ncbi.nlm.nih.gov/pubmed/18056932
http://www.ncbi.nlm.nih.gov/pubmed/18056932
http://www.ncbi.nlm.nih.gov/pubmed/19075651
http://www.ncbi.nlm.nih.gov/pubmed/19075651
http://www.ncbi.nlm.nih.gov/pubmed/8616716
http://www.ncbi.nlm.nih.gov/pubmed/8616716
http://www.ncbi.nlm.nih.gov/pubmed/8616716
http://www.ncbi.nlm.nih.gov/pubmed/17151364
http://www.ncbi.nlm.nih.gov/pubmed/17151364
http://www.ncbi.nlm.nih.gov/pubmed/17151364
http://www.ncbi.nlm.nih.gov/pubmed/11423618
http://www.ncbi.nlm.nih.gov/pubmed/11423618
http://www.ncbi.nlm.nih.gov/pubmed/11423618
http://www.ncbi.nlm.nih.gov/pubmed/15710326
http://www.ncbi.nlm.nih.gov/pubmed/15710326
http://www.ncbi.nlm.nih.gov/pubmed/15710326
http://www.ncbi.nlm.nih.gov/pubmed/23098112
http://www.ncbi.nlm.nih.gov/pubmed/23098112
http://www.ncbi.nlm.nih.gov/pubmed/23098112
http://www.ncbi.nlm.nih.gov/pubmed/18191450
http://www.ncbi.nlm.nih.gov/pubmed/18191450
http://www.ncbi.nlm.nih.gov/pubmed/18191450
http://www.ncbi.nlm.nih.gov/pubmed/20310049
http://www.ncbi.nlm.nih.gov/pubmed/20310049
http://www.ncbi.nlm.nih.gov/pubmed/20310049
http://www.ncbi.nlm.nih.gov/pubmed/20310049
http://www.ncbi.nlm.nih.gov/pubmed/18794843
http://www.ncbi.nlm.nih.gov/pubmed/18794843
http://www.ncbi.nlm.nih.gov/pubmed/18794843
http://www.ncbi.nlm.nih.gov/pubmed/19878872
http://www.ncbi.nlm.nih.gov/pubmed/19878872
http://www.ncbi.nlm.nih.gov/pubmed/19878872
http://www.ncbi.nlm.nih.gov/pubmed/19878872
http://www.ncbi.nlm.nih.gov/pubmed/21481795
http://www.ncbi.nlm.nih.gov/pubmed/21481795
http://www.ncbi.nlm.nih.gov/pubmed/21481795
http://www.ncbi.nlm.nih.gov/pubmed/21481795
http://www.readcube.com/articles/10.1182/blood-2011-02-335497
http://www.readcube.com/articles/10.1182/blood-2011-02-335497
http://www.readcube.com/articles/10.1182/blood-2011-02-335497
http://www.readcube.com/articles/10.1182/blood-2011-02-335497
http://www.ncbi.nlm.nih.gov/pubmed/21157039
http://www.ncbi.nlm.nih.gov/pubmed/21157039
http://www.ncbi.nlm.nih.gov/pubmed/21157039
http://www.ncbi.nlm.nih.gov/pubmed/24252550
http://www.ncbi.nlm.nih.gov/pubmed/24252550
http://www.jbc.org/content/275/43/33945.abstract
http://www.jbc.org/content/275/43/33945.abstract
http://www.jbc.org/content/275/43/33945.abstract
http://www.jbc.org/content/275/43/33945.abstract
http://www.ncbi.nlm.nih.gov/pubmed/14522923
http://www.ncbi.nlm.nih.gov/pubmed/14522923
http://www.ncbi.nlm.nih.gov/pubmed/14522923
http://www.ncbi.nlm.nih.gov/pubmed/12102559
http://www.ncbi.nlm.nih.gov/pubmed/12102559
http://www.ncbi.nlm.nih.gov/pubmed/12102559
http://www.ncbi.nlm.nih.gov/pubmed/20870412
http://www.ncbi.nlm.nih.gov/pubmed/20870412
http://www.ncbi.nlm.nih.gov/pubmed/11114522
http://www.ncbi.nlm.nih.gov/pubmed/11114522
http://www.ncbi.nlm.nih.gov/pubmed/14522923
http://www.ncbi.nlm.nih.gov/pubmed/14522923
http://www.ncbi.nlm.nih.gov/pubmed/14522923
http://www.ncbi.nlm.nih.gov/pubmed/20577214
http://www.ncbi.nlm.nih.gov/pubmed/20577214
http://www.ncbi.nlm.nih.gov/pubmed/20577214
http://www.ncbi.nlm.nih.gov/pubmed/14729073
http://www.ncbi.nlm.nih.gov/pubmed/14729073
http://www.ncbi.nlm.nih.gov/pubmed/14729073
http://www.ncbi.nlm.nih.gov/pubmed/14729073
http://www.ncbi.nlm.nih.gov/pubmed/16414307
http://www.ncbi.nlm.nih.gov/pubmed/16414307
http://www.ncbi.nlm.nih.gov/pubmed/16414307
http://erc.endocrinology-journals.org/content/14/2/325?related-urls=yes&legid=erc;14/2/325
http://erc.endocrinology-journals.org/content/14/2/325?related-urls=yes&legid=erc;14/2/325
http://erc.endocrinology-journals.org/content/14/2/325?related-urls=yes&legid=erc;14/2/325
http://erc.endocrinology-journals.org/content/14/2/325?related-urls=yes&legid=erc;14/2/325
http://www.ncbi.nlm.nih.gov/pubmed/15623571
http://www.ncbi.nlm.nih.gov/pubmed/15623571
http://www.ncbi.nlm.nih.gov/pubmed/15623571
http://www.ncbi.nlm.nih.gov/pubmed/15623571
http://www.ncbi.nlm.nih.gov/pubmed/17904858
http://www.ncbi.nlm.nih.gov/pubmed/17904858
http://www.ncbi.nlm.nih.gov/pubmed/17306385
http://www.ncbi.nlm.nih.gov/pubmed/17306385
http://www.ncbi.nlm.nih.gov/pubmed/16288285
http://www.ncbi.nlm.nih.gov/pubmed/16288285
http://www.ncbi.nlm.nih.gov/pubmed/16636149
http://www.ncbi.nlm.nih.gov/pubmed/16636149
http://www.ncbi.nlm.nih.gov/pubmed/16636149

Gabriella Marfe

Austin Publishing Group

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55

56.

57.

Baudhuin LM, Jiang Y, Zaslavsky A, Ishii I, Chun J, Xu Y. S1P3-mediated
Akt activation and cross-talk with platelet-derived growth factor receptor
(PDGFR). FASEB J. 2004; 18: 341-343.

Liu F, Verin AD, Wang P, Day R, Wersto RP, Chrest FJ, et al. Differential
regulation of sphingosine-1-phosphate- and VEGF-induced endothelial cell
chemotaxis. Involvement of G(ialpha2)-linked Rho kinase activity. Am J
Respir Cell Mol Biol. 2001; 24: 711-719.

Igarashi N, Okada T, Hayashi S, Fujita T, Jahangeer S, Nakamura S.
Sphingosine kinase 2 is a nuclear protein and inhibits DNA synthesis. J Biol
Chem. 2003; 278: 46832-46839.

Liu H, Toman RE, Goparaju SK, Maceyka M, Nava VE, Sankala H, et al.
Sphingosine kinase type 2 is a putative BH3-only protein that induces
apoptosis. J Biol Chem. 2003; 278: 40330-40336.

Maceyka M, Sankala H, Hait NC, Le Stunff H, Liu H, Toman R, et al. SphK1
and SphK2, sphingosine kinase isoenzymes with opposing functions in
sphingolipid metabolism. J Biol Chem. 2005; 280: 37118-37129.

Le Stunff H, Giussani P, Maceyka M, Lépine S, Milstien S, Spiegel S.
Recycling of sphingosine is regulated by the concerted actions of sphingosine-
1-phosphate phosphohydrolase 1 and sphingosine kinase 2. J Biol Chem.
2007, 282: 34372-34380.

Hofmann LP, Ren S, Schwalm S, Pfeilschifter J, Huwiler A. Sphingosine
kinase 1 and 2 regulate the capacity of mesangial cells to resist apoptotic
stimuli in an opposing manner. Biol Chem. 2008; 389: 1399-1407.

Okada T, Ding G, Sonoda H, Kajimoto T, Haga Y, Khosrowbeygi A, et al.
Involvement of N-terminal-extended form of sphingosine kinase 2 in serum-
dependent regulation of cell proliferation and apoptosis. J Biol Chem. 2005;
280: 36318-36325.

Ding G, Sonoda H, Yu H, Kajimoto T, Goparaju SK, Jahangeer S, et al. Protein
kinase D-mediated phosphorylation and nuclear export of sphingosine kinase
2. J Biol Chem. 2007; 282: 27493-27502.

Hait NC, Bellamy A, Milstien S, Kordula T, Spiegel S. Sphingosine kinase
type 2 activation by ERK-mediated phosphorylation. J Biol Chem. 2007; 282:
12058-12065.

Sobue S, Nemoto S, Murakami M, Ito H, Kimura A, Gao S, et al. Implications
of sphingosine kinase 1 expression level for the cellular sphingolipid
rheostat: relevance as a marker for daunorubicin sensitivity of leukemia cells.
International Journal of Hematology. 2008; 87: 266-275.

Li QF, Wu CT, Guo Q, Wang H, Wang LS. Sphingosine 1-phosphate induces
Mcl-1 upregulation and protects multiple myeloma cells against apoptosis.
Biochem Biophys Res Commun. 2008; 371: 159-162.

Li QF, Huang WR, Duan HF, Wang H, Wu CT, Wang LS. Sphingosine
kinase-1 mediates BCR/ABL-induced upregulation of Mcl-1 in chronic
myeloid leukemia cells. Oncogene. 2007; 26: 7904-7908.

Kuroda J, Shimura Y, Yamamoto-Sugitani M, Sasaki N, Taniwaki M.
Multifaceted mechanisms for cell survival and drug targeting in chronic
myelogenous leukemia. Curr Cancer Drug Targets. 2013; 13: 69-79.

Corbin AS, Agarwal A, Loriaux M, Cortes J, Deininger MW, Druker BJ.
Human chronic myeloid leukemia stem cells are insensitive to imatinib
despite inhibition of BCR-ABL activity. J Clin Invest. 2011; 121: 396-409.

Takeuchi M, Kimura S, Kuroda J, Ashihara E, Kawatani M, Osada H, et al.
Glyoxalase-I is a novel target against Bcr-Abl+ leukemic cells acquiring stem-
like characteristics in a hypoxic environment. Cell Death Differ. 2010; 17:
1211-1220.

. Schmidt T, Kharabi Masouleh B, Loges S, Cauwenberghs S, Fraisl P, Maes

C, et al. Loss or inhibition of stromal-derived PIGF prolongs survival of mice
with imatinib-resistant Ber-Abl1(+) leukemia. Cancer Cell. 2011; 19: 740-753.

Marfe G, Di Stefano C, Gambacurta A, Ottone T, Martini V, Abruzzese E, et
al. Sphingosine kinase 1 overexpression is regulated by signaling through
PI3K, AKT2, and mTOR in imatinib-resistant chronic myeloid leukemia cells.
Exp Hematol. 2011; 39: 653-665.

Salas A, Ponnusamy S, Senkal CE, Meyers-Needham M, Selvam SP,

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Saddoughi SA, et al. Sphingosine kinase-1 and sphingosine 1-phosphate
receptor 2 mediate Bcr-Abll stability and drug resistance by modulation of
protein phosphatase 2A. Blood. 2011; 117: 5941-5952.

Baran Y, Salas A, Senkal CE, Gunduz U, Bielawski J. Obeid LM, et al.
Alterations of ceramide/sphingosine 1-phosphate rheostat involved in the
regulation of resistance to imatinib-induced apoptosis in K562 human chronic
myeloid leukemia cells. J. Biol. Chem. 2007; 282: 10922-10934.

Pilorget A, Demeule M, Barakat S, Marvaldi J, Luis J, Beliveau R. Modulation
of P-glycoprotein function by sphingosine kinase-1 in brain endothelial cells.
J Neurochem. 2007; 100: 1203-1210.

Sankala HM, Hait NC, Paugh SW, Shida D, Lepine S, Elmore LW, et al.
Involvement of sphingosine kinase 2 in p53-independent induction of p21 by
the chemotherapeutic drug doxorubicin. Cancer Res. 2007; 67: 10466-10474.

Mandala S, Hajdu R, Bergstrom J, Quackenbush E, Xie J, Milligan J, et al.
Alteration of lymphocyte trafficking by sphingosine-1-phosphate receptor
agonists. Science. 2002; 296: 346-349.

Yasui H, Hideshima T, Raje N, Roccaro AM, Shiraishi N, Kumar S, et al.
FTY720 induces apoptosis in multiple myeloma cells and overcomes drug
resistance. Cancer Res. 2005; 65: 7478-7484.

Liu Q, Zhao X, Frissora F, Ma Y, Santhanam R, Jarjoura D, et al. FTY720
demonstrates promising preclinical activity for chronic lymphocytic leukemia
and lymphoblastic leukemia/lymphoma. Blood. 2008; 111: 275-284.

Liu Q, Alinari L, Chen CS, Yan F, Dalton JT, Lapalombella R, et al. FTY720
shows promising in vitro and in vivo preclinical activity by downmodulating
Cyclin D1 and phospho-Akt in mantle cell lymphoma. Clin Cancer Res. 2010;
16: 3182-3192.

Liao A, Broeg K, Fox T, Tan SF, Watters R, Shah MV, et al. Therapeutic
efficacy of FTY720 in a rat model of NK-cell leukemia. Blood. 2011; 118:
2793-2800.

Wallington-Beddoe CT, Bradstock KF, Bendall LJ. Oncogenic properties of
sphingosine kinases in haematological malignancies. Br J Haematol. 2013;
161: 623-638.

Tonelli F, Lim KG, Loveridge C, Long J, Pitson SM, Tigyi G, etal. FTY720 and
(S)-FTY720 vinylphosphonate inhibit sphingosine kinase 1 and promote its
proteasomal degradation in human pulmonary artery smooth muscle, breast
cancer and androgen-independent prostate cancer cells. Cell. Signal. 2010;
22:1536-1542.

Kiyota M, Kuroda J, Yamamoto-Sugitani M, Shimura Y, Nakayama R, Nagoshi
H, et al. FTY720 induces apoptosis of chronic myelogenous leukemia cells
via dual activation of BIM and BID and overcomes various types of resistance
to tyrosine kinase inhibitors. Apoptosis. 2013; 18: 1437-1446.

Neviani P, Santhanam R, Oaks JJ, Eiring AM, Notari M, Blaser BW, et al.
FTY720, a new alternative for treating blast crisis chronic myelogenous
leukemia and Philadelphia chromosome-positive acute lymphocytic leukemia.
J. Clin. Invest. 2007; 117: 2408-2421.

Brinkmann V, Davis MD, Heise CE, Albert R, Cottens S, Hof R, et al. The
immune modulator FTY720 targets sphingosine 1-phosphate receptors. J
Biol Chem. 2002; 277: 21453-21457.

Neviani P, Harb JG, Oaks JJ, Santhanam R, Walker CJ, Ellis JJ, et al. PP2A-
activating drugs selectively eradicate TKI-resistant chronic myeloid leukemic
stem cells. J Clin Invest. 2013; 123: 4144-4157

Oaks JJ, Santhanam R, Walker CJ, Roof S, Harb JG, Ferenchak G, et al.
Antagonistic activities of the immunomodulator and PP2A-activating drug
FTY720 (Fingolimod, Gilenya) in Jak2-driven hematologic malignancies.
Blood. 2013; 122: 1923-1934.

Sachs CW, Safa AR, Harrison SD, Fine RL. Partial inhibition of multidrug
resistance by safingol is independent of modulation of P-glycoprotein
substrate activities and correlated with inhibition of protein kinase C. J Biol
Chem. 1995; 270: 26639-26648.

. Coward J, Ambrosini G, Musi E, Truman JP, Haimovitz-Friedma A, Allegood

JC, et al. Safingol (L-threo-sphinganine) induces autophagy in solid tumor
cells through inhibition of PKC and the PI3-kinase pathway. Autophagy. 2009;
5:184-193.

Submit your Manuseript | www.austinpublishinggroup.com

J Blood Disord 1(2): id1010 (2014) - Page - 05


http://www.ncbi.nlm.nih.gov/pubmed/14657000
http://www.ncbi.nlm.nih.gov/pubmed/14657000
http://www.ncbi.nlm.nih.gov/pubmed/14657000
http://www.ncbi.nlm.nih.gov/pubmed/11415936
http://www.ncbi.nlm.nih.gov/pubmed/11415936
http://www.ncbi.nlm.nih.gov/pubmed/11415936
http://www.ncbi.nlm.nih.gov/pubmed/11415936
http://www.ncbi.nlm.nih.gov/pubmed/12954646
http://www.ncbi.nlm.nih.gov/pubmed/12954646
http://www.ncbi.nlm.nih.gov/pubmed/12954646
http://www.ncbi.nlm.nih.gov/pubmed/12835323
http://www.ncbi.nlm.nih.gov/pubmed/12835323
http://www.ncbi.nlm.nih.gov/pubmed/12835323
http://www.ncbi.nlm.nih.gov/pubmed/16118219
http://www.ncbi.nlm.nih.gov/pubmed/16118219
http://www.ncbi.nlm.nih.gov/pubmed/16118219
http://www.ncbi.nlm.nih.gov/pubmed/17895250
http://www.ncbi.nlm.nih.gov/pubmed/17895250
http://www.ncbi.nlm.nih.gov/pubmed/17895250
http://www.ncbi.nlm.nih.gov/pubmed/17895250
http://www.ncbi.nlm.nih.gov/pubmed/18783337
http://www.ncbi.nlm.nih.gov/pubmed/18783337
http://www.ncbi.nlm.nih.gov/pubmed/18783337
http://www.ncbi.nlm.nih.gov/pubmed/16103110
http://www.ncbi.nlm.nih.gov/pubmed/16103110
http://www.ncbi.nlm.nih.gov/pubmed/16103110
http://www.ncbi.nlm.nih.gov/pubmed/16103110
http://www.ncbi.nlm.nih.gov/pubmed/17635916
http://www.ncbi.nlm.nih.gov/pubmed/17635916
http://www.ncbi.nlm.nih.gov/pubmed/17635916
http://www.ncbi.nlm.nih.gov/pubmed/17311928
http://www.ncbi.nlm.nih.gov/pubmed/17311928
http://www.ncbi.nlm.nih.gov/pubmed/17311928
http://link.springer.com/article/10.1007%2Fs12185-008-0052-0
http://link.springer.com/article/10.1007%2Fs12185-008-0052-0
http://link.springer.com/article/10.1007%2Fs12185-008-0052-0
http://link.springer.com/article/10.1007%2Fs12185-008-0052-0
http://www.ncbi.nlm.nih.gov/pubmed/18423379
http://www.ncbi.nlm.nih.gov/pubmed/18423379
http://www.ncbi.nlm.nih.gov/pubmed/18423379
http://www.ncbi.nlm.nih.gov/pubmed/17599053
http://www.ncbi.nlm.nih.gov/pubmed/17599053
http://www.ncbi.nlm.nih.gov/pubmed/17599053
http://www.ncbi.nlm.nih.gov/pubmed/22414011
http://www.ncbi.nlm.nih.gov/pubmed/22414011
http://www.ncbi.nlm.nih.gov/pubmed/22414011
http://www.ncbi.nlm.nih.gov/pubmed/21157039
http://www.ncbi.nlm.nih.gov/pubmed/21157039
http://www.ncbi.nlm.nih.gov/pubmed/21157039
http://www.ncbi.nlm.nih.gov/pubmed/20139893
http://www.ncbi.nlm.nih.gov/pubmed/20139893
http://www.ncbi.nlm.nih.gov/pubmed/20139893
http://www.ncbi.nlm.nih.gov/pubmed/20139893
http://www.ncbi.nlm.nih.gov/pubmed/21665148
http://www.ncbi.nlm.nih.gov/pubmed/21665148
http://www.ncbi.nlm.nih.gov/pubmed/21665148
http://www.ncbi.nlm.nih.gov/pubmed/21392556
http://www.ncbi.nlm.nih.gov/pubmed/21392556
http://www.ncbi.nlm.nih.gov/pubmed/21392556
http://www.ncbi.nlm.nih.gov/pubmed/21392556
http://www.ncbi.nlm.nih.gov/pubmed/21527515
http://www.ncbi.nlm.nih.gov/pubmed/21527515
http://www.ncbi.nlm.nih.gov/pubmed/21527515
http://www.ncbi.nlm.nih.gov/pubmed/21527515
http://www.jbc.org/content/282/15/10922
http://www.jbc.org/content/282/15/10922
http://www.jbc.org/content/282/15/10922
http://www.jbc.org/content/282/15/10922
http://www.ncbi.nlm.nih.gov/pubmed/17316399
http://www.ncbi.nlm.nih.gov/pubmed/17316399
http://www.ncbi.nlm.nih.gov/pubmed/17316399
http://www.ncbi.nlm.nih.gov/pubmed/17974990
http://www.ncbi.nlm.nih.gov/pubmed/17974990
http://www.ncbi.nlm.nih.gov/pubmed/17974990
http://www.ncbi.nlm.nih.gov/pubmed/11923495
http://www.ncbi.nlm.nih.gov/pubmed/11923495
http://www.ncbi.nlm.nih.gov/pubmed/11923495
http://www.ncbi.nlm.nih.gov/pubmed/16103102
http://www.ncbi.nlm.nih.gov/pubmed/16103102
http://www.ncbi.nlm.nih.gov/pubmed/16103102
http://www.ncbi.nlm.nih.gov/pubmed/17761520
http://www.ncbi.nlm.nih.gov/pubmed/17761520
http://www.ncbi.nlm.nih.gov/pubmed/17761520
http://www.ncbi.nlm.nih.gov/pubmed/20460491
http://www.ncbi.nlm.nih.gov/pubmed/20460491
http://www.ncbi.nlm.nih.gov/pubmed/20460491
http://www.ncbi.nlm.nih.gov/pubmed/20460491
http://www.ncbi.nlm.nih.gov/pubmed/21768294
http://www.ncbi.nlm.nih.gov/pubmed/21768294
http://www.ncbi.nlm.nih.gov/pubmed/21768294
http://www.ncbi.nlm.nih.gov/pubmed/23521541
http://www.ncbi.nlm.nih.gov/pubmed/23521541
http://www.ncbi.nlm.nih.gov/pubmed/23521541
http://www.ncbi.nlm.nih.gov/pubmed/20570726
http://www.ncbi.nlm.nih.gov/pubmed/20570726
http://www.ncbi.nlm.nih.gov/pubmed/20570726
http://www.ncbi.nlm.nih.gov/pubmed/20570726
http://www.ncbi.nlm.nih.gov/pubmed/20570726
http://link.springer.com/article/10.1007%2Fs10495-013-0882-y
http://link.springer.com/article/10.1007%2Fs10495-013-0882-y
http://link.springer.com/article/10.1007%2Fs10495-013-0882-y
http://link.springer.com/article/10.1007%2Fs10495-013-0882-y
http://www.jci.org/articles/view/31095
http://www.jci.org/articles/view/31095
http://www.jci.org/articles/view/31095
http://www.jci.org/articles/view/31095
http://www.ncbi.nlm.nih.gov/pubmed/11967257
http://www.ncbi.nlm.nih.gov/pubmed/11967257
http://www.ncbi.nlm.nih.gov/pubmed/11967257
http://www.ncbi.nlm.nih.gov/pubmed/23999433
http://www.ncbi.nlm.nih.gov/pubmed/23999433
http://www.ncbi.nlm.nih.gov/pubmed/23999433
http://www.ncbi.nlm.nih.gov/pubmed/23926298
http://www.ncbi.nlm.nih.gov/pubmed/23926298
http://www.ncbi.nlm.nih.gov/pubmed/23926298
http://www.ncbi.nlm.nih.gov/pubmed/23926298
http://www.ncbi.nlm.nih.gov/pubmed/7592889
http://www.ncbi.nlm.nih.gov/pubmed/7592889
http://www.ncbi.nlm.nih.gov/pubmed/7592889
http://www.ncbi.nlm.nih.gov/pubmed/7592889
https://www.landesbioscience.com/journals/autophagy/article/7361/
https://www.landesbioscience.com/journals/autophagy/article/7361/
https://www.landesbioscience.com/journals/autophagy/article/7361/
https://www.landesbioscience.com/journals/autophagy/article/7361/

Gabriella Marfe Austin Publishing Group

75. Dickson MA, Carvajal RD, Merrill AH Jr, Gonen M, Cane LM, Schwartz GK. A 76. Paugh SW, Paugh BS, Rahmani M, Kapitonov D, Aimenara JA, Kordula T,
phase | clinical trial of safingol in combination with cisplatin in advanced solid et al. A selective sphingosine kinase 1 inhibitor integrates multiple molecular
tumors. Clin Cancer Res. 2011; 17: 2484-2492. therapeutic targets in human leukemia. Blood. 2008; 112: 1382-1391.

J Blood Disord - Volume 1 Issve 2 - 2014 Citation: Marfe G and Di Stefano C. Drug Resistance in Chronic Myelogenous Leukemia Caused by Sphingosine
ISSN 2379-8009 | www.austinpublishinggroup.com Kinases. J Blood Disord. 2014;1(2): 6.
Marfe et al. © All rights are reserved

Submit your Manuseript | www.austinpublishinggroup.com J Blood Disord 1(2): id1010 (2014) - Page - 06


http://www.ncbi.nlm.nih.gov/pubmed/21257722
http://www.ncbi.nlm.nih.gov/pubmed/21257722
http://www.ncbi.nlm.nih.gov/pubmed/21257722
http://www.ncbi.nlm.nih.gov/pubmed/18511810
http://www.ncbi.nlm.nih.gov/pubmed/18511810
http://www.ncbi.nlm.nih.gov/pubmed/18511810

	Title
	Abstract
	Introduction
	BCR-ABL inhibitors
	The sphingosine kinases
	Sphingosine kinases and drug resistance
	Sphingosine kinase inhibitors

	Conclusion
	References

