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Abstract

The aim of this study was to investigate the mechanism through which Sphingosine kinase-1 (SPHK1) exerts its anti-
apoptosis activity in glioma cancer cells. We here report that dysregulation of SPHK1 alters the sensitivity of glioma to
apoptosis both in vitro and in vivo. Further mechanistic study examined the expression of Bcl-2 family members, including
Bcl-2, Mcl-1, Bax and Bim, in SPHK1-overexpressing glioma cells and revealed that only pro-apoptotic Bim was
downregulated by SPHK1. Moreover, the transcriptional level of Bim was also altered by SPHK1 in glioma cells. We next
confirmed the correlation between SPHK1 and Bim expression in primary glioma specimens. Importantly, increasing SPHK1
expression in glioma cells markedly elevated Akt activity and phosphorylated inactivation of FOXO3a, which led to
downregulation of Bim. A pharmacological approach showed that these effects of SPHK1 were dependent on
phosphatidylinositol 3-kinase (PI3K). Furthermore, effects of SPHK1 on Akt/FOXO3a/Bim pathway could be reversed by
SPHK1 specific RNA interference or SPHK1 inhibitor. Collectively, our results indicate that regulation of the Akt/FOXO3a/Bim
pathway may be a novel mechanism by which SPHK1 protects glioma cells from apoptosis, thereby involved in glioma
tumorigenesis.
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linked to deregulated apoptotic pathways, as ectopic expression of
SPHKI1 could promote cell proliferation and induce resistance to
apoptosis [11]. The molecular mechanism underlying the above
oncogenic features of SPHK1, however, remains largely unknown.

Forkhead box O (FOXO) transcription factors are a subfamily
of forkhead proteins characterized by a ‘winged-helix’ DNA-

Introduction

Glioma is the most common form of primary brain tumors [1].
The low overall survival rate of glioma patients has remained
unchanged over decades despite that many efforts have been made
in improving the treatment of glioma. Impairments in apoptotic

programs are tightly linked to the failure of clinical cancer therapy,
such as chemotherapy and radiotherapy, and thus, rational
development of more efficacious anti-glioma therapies will largely
rely on revealing mechanisms involved in regulating the apoptotic
programs in glioma cells [2—4].

SPHKI1, an oncogenic enzyme, has been found to induce a
transforming phenotype in fibroblasts and tumor formation in
nude mice [5,6]. It was also found that in a variety of tumor types,
including glioma, SPHK1 mRNA and protein were significantly
elevated [7-10]. The oncogenic function of SPHKI1 has been
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binding domain termed the forkhead box [12]. It has been
documented that members of the FOXO subfamily are involved
in various signaling pathways and modulate a wide range of
biochemical processes, such as cell cycle progression, differentia-
tion, DNA damage repair, and programmed cell death [13].
FOXO family proteins regulate cell survival by transcriptionally
modulating the expression of death receptor ligands and Bim, a
pro-apoptotic protein belongs to the BH3-only subgroup of BCL-2
family [14,15]. The transcriptional activity of FOXO3a is
regulated by the phosphorylation status mediated by Akt kinase,

May 2011 | Volume 6 | Issue 5 | e19946



which has been shown to be activated in a variety of cancer types,
including gliomas [16-18]. Upon stimulation of the PI3K/Akt
signaling cascade, the phosphorylated FOXO3a proteins bind to
the 14-3-3 proteins in the nucleus and are subsequently exported
from the nucleus immediately, thereby inhibiting FOXO3a-
dependent transcription. Conversely, inactivation of Akt activity
results in FOXO3a dephosphorylation, nuclear translocation, and
enhanced transcription of target genes [15]. Interestingly, it has
been demonstrated that upregulation of SPHKI1 could induce
resistance to apoptosis by a mechanism involving activation of the
PIBK/Akt pathway in HS1 erythroleukemic cells [19].

In the current study, we report that SPHKI overexpression
suppressed apoptosis induced by UV radiation or adriamycin via
downregulation of Bim. Such effects of SPHK1 were further
confirmed by shRNA-mediated knockdown experiments. Further-
more, we demonstrated that downregulation of Bim was mediated
by Akt activation, which subsequently induced phosphorylation
and inactivation of FOXO3a in glioma cells. Taken together, our
results suggest that the PISK/Akt/FOXO3a/Bim axis might
constitute a signaling cascade that mediates the anti-apoptotic
activity of SPHKI1 in glioma cells and thereby play an essential
role in the development and progression of glioma, as well as in its
insensitivity to pro-apoptotic therapies.

Materials and Methods

Ethics Statement

Glioma tissues. A total of 82 paraffin-embedded glioma
samples, which had been clinically and histologically diagnosed at
the First Affiliated Hospital of Sun Yat-sen University during year
of 2000 to 2002, were obtained with prior written informed
consents from the patients and approval from the Institutional
Research Ethics Committees of Sun Yat-sen University and its
First Affiliated Hospital. Clinical and clinicopathologic
classification and staging were determined according to the
World Health Organization (WHO) [20]. Clinical information
on the samples is summarized as described previously by us,
including 11 cases of WHO grade I, 21 cases of WHO grade II, 30
cases of WHO grade III, and 20 cases of WHO grade IV tumors.

Cell lines and treatments

Glioma cell lines U87MG and LN-382 were kindly provided by
Dr. Shi-Yuan Cheng at the Department of Pathology, University
of Pittsburg, and maintained in DMEM supplemented with 10%
FBS [21]. In some experiments, adriamycin (Sigma, St. Louis,
MO), LY294002 (Cell Signaling, Beverly, MA), or sphingosine
kinase inhibitor (2-(p-Hydroxyanilino)-4-(p-chlorophenyl) thiazole,
SK-I) (Calbiochem, La Jolla, CA) dissolved in dimethyl sulfoxide
(DMSO), was used to treat cells at indicated final concentrations
and times.

Vectors and retroviral infection

SPHKI construct was generated by sub-cloning PCR- amplified
full-length human SPHK1 cDNA into pMSCV. For depletion of
SPHKI, two human siRNA sequences were cloned into pSuper-
retro-puro to generate pSuper-retro-SPHKI1-RNAI(s), respective-
ly, and the sequences are RNAi#1: GGCTGAA ATCTCCTT-
CACG; RNAi#2: GGGCAAGGCCTTGCAGCTC. Retroviral
production and infection were performed as described previously
[21,22].

Western blotting (WB)
Western blotting was performed according to standard methods
as described previously [20]. The following primary antibodies
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were used: anti-SPHK1 (Abcam, Cambridge, MA), anti-poly
ADP-ribose polymerase (PARP), anti-caspase-3, anti-Bcl-2, anti-
Mcl-1, anti-Bax, anti-Bim, , anti-FOXOS3a anti-phospho-
FOXO3a (Ser®™?), anti-phospho-Akt (Thr**®), anti-phospho-Akt
(Ser*”), anti-total Akt (Cell Signaling, Beverly, MA), and anti-o-
tubulin (Sigma-Aldrich, St Louis, MO). The nuclear extracts were
prepared using the Nuclear Extraction kit (Active Motif, Tokyo,
Japan) as the manufacturer instructed.

Sphingosine Kinase Activity Assay

The activity of sphingosine kinase was quantified by using a
commercial Sphingosine Kinase Activity Assay Kit (Echelon
Biosciences, Salt Lake City, UT) as the manufacturer instructed.

Cell survival assay

Cells were plated in six-well plates at density of 1 x10° cells/well
and incubated for 24 h, followed by adriamycin treatment (0.5, 1.0
or 2.0 uM) or irradiation with UVyss ,m, (20, 40, 60 J/ m2) and
further incubation for 72 h. Numbers of surviving cells were
determined by the trypan blue exclusion method.

TUNEL assay
The DeadEnd™ Fluorometric TUNEL System (Promega,
Madison, WI) was used for TUNEL assay according to the

manufacturer’s instruction.

Annexin-V binding assay

The ApopNexin™ FITC Apoptosis Detection Kit (Millipore,
Lake Placid, NY) was used to quantitatively examine apoptotic
cells according to manufacturer’s instruction.

Subcutaneous xenograft mouse model

Animal protocols were approved by the Ethical Committee of
Sun Yat-sen University. Nude mice were injected s.c. with 2x10°
cells (UB7MG/vector, US7MG/SPHK1, U87MG/RNAI vector
and U87MG-SPHK1-RNAI) in 0.1 mL of PBS in the right flank.
When the tumor size reached approximately 50 mm?, the mice
were injected ip. every 3 d with 5 mg/kg epirubicin (4'-
epidoxorubicin, Pfizer, New York, NY), an antineoplastic agent
derived from adriamycin, dissolved in saline. In another set of
experiment, nude mice were injected s.c. with 2x10° cells
(U87MG-vector) in 0.1 mL of PBS in the right flank. When the
tumor size reached to 50 mm®, the mice were randomized into
two groups (n=35) and injected intraperitoneally either with
epirubicin (5 mg/kg) or epirubicin(d mg/kg) plus SK1-I (50 mg/
kg) every 3 days, up to 15days. Tumor volumes were measured
with caliper and calculated using formula: 0.52x(length in
millimeters)x(width in  millimeters) % At the end of the
experiment, tumors were excised, fixed in formalin and embedded
in paraffin.

RNA extraction and real-time RT-PCR

RNA extraction, RT and real-time PCR were performed as
described previously [9]. The primers selected are as the following:
Bim, forward: 5'-TATGAGAAG ATCCTCCCTGC-3" and
reverse: 5'-ATATCTGCAGGTTCAGCC TG-3'; GAPDH, for-
ward: 5'-ACCACAGTCCATGCCATCAC-3" and reverse: 5'-
TCCACCACCCTG TTGCTGTA-3'".

Luciferase activity assay

Dual-Luciferase reporter assays were performed according to
the manufacturer’s instructions (Promega, Madison, WI). Briefly,
5x10* cells were seeded in triplicates in 24-well plates and allowed
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to settle for 24 h. Two hundred nanograms of pGL3-3xIRS
plasmid or control-luciferase plasmid plus 10 ng pRL-TK renilla
plasmid were transfected into the cells using the Lipofectamine
2000 reagent (Invitrogen Co., Carlsbad, CA). Luciferase and
Renilla luciferase activities were determined 48 h after transfection
for each sample according to the manufacturer’s instruction. The
reporter plasmid for quantitatively detecting the transcriptional
activity of FoxO3a was generated essentially as described [23].
Briefly, oligonucleotides containing an array of three copies of an
insulin response sequence (IRS) (5'-GCAAAACAAACTTA-
TTTTGAAGCAAAACAAACTTAT TTTGAAGCAAA ACA-
AACT TATTTTGAA-3" and 5-AGCTTTCAAAATAAGT-
TTGTT TTGCTTCAAAA TAAGTTTGTTT TGCTTCAA-
AATAAGTTTGTTTTGCGTAC -3') were annealed to form a
double-stranded oligonucleotide and ligated into the Apn I and
Hind 111 sites of the pGL3-Enhancer plasmid (Promega, Madison,
WI) to create pGL3-3 xIRS.

Immunohistochemistry

Immunohistochemical (IHC) analysis was performed to study
altered protein expression in human glioma tissue. The scores of
SPHK1 and Bim were carried out similarly to previously described
methods [9]. In brief, the degree of immunostaining of SPHK1
and Bim proteins were evaluated and scored independently by two
observers, considering both the proportion of positive staining
tumor cells and the staining intensity. Scores representing the
proportion of positive stained tumor cells was graded as: 0 (no
positive tumor cells), 1 (<10%), 2 (10-50%), and 3 (>50%). The
intensity of staining was determined as: 0 (no staining); 1 (weak
staining = light yellow), 2 (moderate staining = yellow brown), and
3 (strong staining = brown). The staining index (SI) was calculated
as the product of staining intensity and percentage of positive
tumor cells, resulting in scores as 0, 1, 2, 3, 4, 6 and 9. Cutofl
values for SPHKI1 were chosen based on a measurement of
heterogeneity using the log-rank test with respect to overall
survival. We identified the optimal cutoff as: the SI score of =4
was considered as high expression, and =3 as low expression.

SiRNA

FOXO3a specific siRNA oligo was purchased from Ribobio
(Guangzhou,  China). The sense sequence is 5'-
GAGCTCTTGGTGGATCATC-3". SiRNA was transfected into
cells cultured in 6-well plates using Lipofectamine 2000 following
the manufacturer’s instructions (Invitrogen, Carlsbad, CA).
Following transfection with siRNA, cells were cultured for 2 days
before use.

Statistical analysis

All statistical analyses were carried out using the SPSS 11.0
statistical software package. Bivariate correlation between SPHK 1
and Bim expression were calculated by Spearmans rank
correlation coefficients. All values represent at least three
independent experiments and are expressed as the means *
standard deviation (SD). The differences between experimental
conditions were compared on a one-to-one basis using Student’s ¢
tests. p<<0.05 was considered statistically significant.

Results

Dysregulation of SPHK1 altered the apoptotic sensitivity
of glioma cells both in vitro and in vivo

To determine whether dysregulation of SPHKI in glioma cells
could alter resistance to apoptosis, stable glioma cell lines (U87MG
and LN-382) with SPHK1 overexpression or knockdown were
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established (Figures 1A and 2A). The SPHK1 enzymatic activities
in SPHK1 overexpressed glioma cells were markedly increased in
comparison to that in vector-control cells, whereas silencing of
SPHKI led to significant decrease of SPHK1 activity (Figures 1B
and 2B). As expected, both SPHK1-expressing cell lines showed
stronger resistance to treatment of various doses of UV irradiation
and adriamycin in comparison with the vector-control, which
indicated that overexpression of SPHKI could significantly
reduced cell death induced by UV irradiation and chemothera-
peutic drug adriamycin (Figures 1C). Furthermore, TUNEL and
Annexin-V binding assays were performed to assess that the
increased viability of SPHKI1 overexpressing cells was due to
apoptosis inhibition. As shown in Figure 1D, the number of
apoptotic cells in vector-infected cells was significantly higher than
that in SPHKI1-overexpressing cells upon 1.0 pM adriamycin
treatment, suggesting that ectopic expression of SPHK1 protected
glioma cells from pro-apoptotic induction. Moreover, we charac-
terized the effect of SPHK1 on apoptotic protection by examining
the cleavages of pro-caspase 3 and PARP in glioma cells
expressing SPHK1. As shown in Figure 1E, cleavages of both
caspase 3 and PARP were suppressed in the SPHK 1-overexpress-
ing cells. In contrast, silencing SPHK1 by RNAi#2, which showed
markedly decreased expression of SPHK1, dramatically enhanced
UV- or adriamycin-induced cell death in glioma cells (Figures 2C).
Results of TUNEL and Annexin-V binding assays indicated that
the decreased viability of SPHK1-downregulated cells was due to
increased apoptosis susceptibility (Figure 2D). In addition,
activating cleavages of PARP and caspase 3 have been shown to
be markedly increased in SPHK 1-downregulated cells (Figure 2E).
Taken together, these data suggest that SPHKI1 acts to stimulate
survival and anti-apoptotic signaling in glioma cells.

To further confirm the anti-apoptotic potential of SPHK1
vivo, we decided to examine whether dysregulation of SPHKI
could alter the sensitivity of glioma cells to apoptosis in nude mice.
When the volume of tumors reached approximately 50 mm?®, the
nude mice were injected intraperitoneally with the adriamycin
analogue epirubicin (5 mg/kg) every 3 days, up to 15days. As
shown in Figures 3A and 3B, the U87MG-SPHKI1 cells formed
tumors and displaying larger tumor sizes and higher tumor weights
than those formed by the U87MG-vector control cells. Whereas,
the tumors formed from U87MG-SPHKI-RNAi cells were
smaller, in size and weight, than those of vector control cell-
formed tumors. Furthermore, TUNEL assay indicated that the
percentage of apoptotic cells in U87MG control cell-formed
tumors was significantly higher than that in the tumors formed
from U87MG-SPHKI1 cells, but lower than that of the U87MG-
SPHK1-RNAi cell-formed tumors (Figures 3C and 3D). More-
over, the impact of SPHKI inhibition was examined, using a
specific SPHK1 inhibitor (SK1-I), on the resistance of gliomas to
epirubicin treatment. When U87MG control cells-formed tumors
reached a mean volume of approximately 50~100 mm®, the nude
mice were randomized into two groups (n=J5) and injected
intraperitoneally either with epirubicin (5 mg/kg) or epirubicin
(5 mg/kg) plus SK1-I (50 mg/kg) every 3 days, up to 15days. As
compared with epirubicin treated group, both the tumor sizes and
tumor weights in mice treated by epirubicin plus SKI1-I were
dramatically reduced (Figures 3A and 3B). TUNEL assay revealed
that inhibition of SPHKI1 activity enhanced epirubicin-induced
apoptosis of glioma cells (Figures 3C and 3D). Taken together, our
results indicate that up-regulation of SPHKI1 enhanced the
resistance of glioma cells to cytotoxic reagent-induced cell
apoptosis, and targeting SPHK1 through inhibition of SPHK1
activity might represent a potential therapeutical strategy for
glioma treatment.
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SPHK1 in glioma cell lines analyzed by WB. a-tubulin was used as a loading control. (B) SPHK1 enzymatic activity in SPHK1-overexpressed glioma cells
was markedly increased. (C) Overexpression of SPHK1 inhibited cell death induced by adriamycin (left panel) or UV irradiation (right panel). Seventy-
two hours after treatment with adriamycin or UV irradiation, cell viability was assessed by the trypan blue exclusion method. (D) SPHK1 prevented
adriamycin-induced apoptosis of glioma cells. Annexin-V binding and TUNEL assays of indicated cells were performed after incubation with
adriamycin for 6 h and 24 h, respectively. Quantification of TUNEL positive cells (left panel) and Annexin V*/PI™ cells (right panel). Results are
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three independent experiments with similar results. *, p<<0.05.
doi:10.1371/journal.pone.0019946.g001

Expression of pro-apoptotic protein Bim was down-
regulated by SPHK1

Bcl-2 family proteins have been demonstrated to play a pivotal
role in regulating and executing the intrinsic apoptotic pathways
[24,25]. Therefore, we further investigated whether upregulation
of SPHK1 could affect the expression of Bcl-2 family proteins in
glioma cells. As shown in Figure 4A, the expression of Bcl-2, Mcl-1
or Bax was not altered in the SPHKI-overexpressing cells,
whereas the expression of BimEL was significantly decreased. The
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other two major Bim isoforms, BimL and BimS, were undetectable
in the cell lines as similar to previous reports [26]. Real-time RT-
PCR was performed and found a consistent decrease in Bim
mRNA level in SPHK1-overexpressing cells as compared with the
vector-control (Figure 4B). In contrast, downregulation of SPHK1
significantly increased Bim expression at both protein and
transcription levels (Figures 4A and 4B).

To further delineate the correlation between SPHK1 and Bim
expression in glioma, we next examined clinical primary glioma
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specimens for the expression of SPHK1 and Bim. Among a total of
82 tumor cases examined, high levels of SPHK1 expression were
seen in 33 cases (40.2%), whereas 49 cases (59.8%) had low or
undetectable levels of SPHKI1 expression (Figure 4C). It is
particularly noteworthy that 24 out of 33 (72.7%) glioma samples
that exhibited high SPHK1 expression displayed low expression of
Bim, in contrast to the high level Bim expression in 34 out of the
49 (69.4%) glioma samples with low SPHKI expression
(Figure 4C). Furthermore, Spearman correlation analysis showed
that the correlation between SPHKI1 and Bim expression was
statistically significant (p =0.021), suggesting a potential involve-
ment of Bim downregulation in SPHKI-induced anti-apoptotic
state in glioma.
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FOXO3a activity was altered in SPHK1 overexpression or
downregulation glioma cells

To clarify the signal transduction pathways involved in
regulating the expression of Bim in response to alterations of
SPHK1 expression, the general expression level as well as
activation status of transcription factor FOXO3a, a well known
regulator of Bim [14], was examined in glioma cells with SPHK1
overexpressed or knocked down. As shown in Figure 5A, the
SPHK1-overexpressed U87MG and LN-382 cells exhibited
increased FOXO3a (Ser™) phosphorylation, in contrast,
FOXO3a (Ser®™) phosphorylation decreased dramatically in
SPHK1-downregulated glioma cells. Furthermore, the luciferase
activities of the FOXO3a reporter were examined to delineate the
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doi:10.1371/journal.pone.0019946.g003

regulatory role of SPHK1 in FOXO3a transcriptional activity. As
shown in Figure 5B, overexpression of SPHK1 indeed significantly
reduced the activity of luciferase in the glioma cells, whereas the
transcriptional activity of FOXO3a was elevated significantly in
SPHK1 downregulated glioma cells, further suggesting that
SPHK1 expression attenuated gene transcription driven by
FOXO3a in glioma cells.

Since phosphorylation of FOXO3a was found to cause nuclear
exclusion and consequently, inhibition of its transcriptional
activity, we decided to examine whether SPHK1 modulated the
nuclear expression of FOXO3a. WB analysis and cellular
fractionation experiment showed that expression of FOXO3a in
the nuclei was markedly increased in SPHK1 knocked-down cells
and decreased in SPHKI1 overexpressing cells (Figure 5C),
suggesting that SPHK1 inhibited FOXO3a transcription activity
through phosphorylation-dependent nuclear exclusion.

To further confirm the role of FOXO3a in regulating the
expression of Bim in response to alterations of SPHK1 expression,
we knocked down the expression of FOXO3a with specific siRNA
in SPHK1 downregulated glioma cells. As shown in Figure 5D,
SPHK1 knockdown-induced upregulation of Bim could be
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reversed by silencing FOXO3a, suggesting that FOXO3a is an
important mediator of SPHK1-induced Bim expression.

SPHK1 downregulated FOXO3a transcriptional activity
via PI3K/Akt signaling

To elucidate the molecular mechanism via which SPHKI1
regulates the activity of FOXO3a, the expression level and
phosphorylated status of FOXO3a were examined in SPHKI-
overexpressing and -knocked down glioma cells. Real time RT-
PCR analysis revealed that SPHK1 did not change FOXO3a
expression in transcriptional level (data not shown). WB analysis
showed that the total expression level of FOXO3a did not change
in glioma cells with SPHK1 overexpressed or knocked down,
whereas the phosphorylation level of FOXO3a was significantly
increased in SPHKI-transduced glioma cells as compared with
vector-control cells, and a dramatic reduction of phosphorylation
of FOXO3a was observed in SPHK 1 knockdown cells (Figure 5A).

It was reported that phosphorylation of FOXO3a could be
mediated through activation of the Akt signaling pathway. Thus,
we were promoted to further examine whether deregulation of
SPHKI1 could stimulate the activity of Akt kinase. As shown in
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Figure 5E, the phosphoryaltion level of Akt was upregulated by
overexpression of SPHK1 and downregulated when SPHK1 was
knocked down in U87MG and LN-382 glioma cells, suggesting a
potential role of Akt in the signaling cascade that mediates
FOXO3a phosphorylation/inactivation in response to SPHKI
upregulation. To further confirm this observation, we inhibited the
PI3K activity by using its pharmacological inhibitor L.Y294002
and subsequently analyzed the levels of phosphorylated Akt,
phosphorylated FOXO3a and Bim. As shown in Figure 6A, both
phospho-Akt (Thr**® and Ser*”?) and phospho-FOXO3a (Ser®?)
were lowered after LY294002 treatment, while Bim protein level
was increased significantly, suggesting that the effect of SPHKI1 on
FOXO3a phosphorylation was dependent on PI3K/Akt signaling.

Inhibition of SPHK1 kinase activity abrogated the effects
of SPHK1 on Akt/FOX0O3a/Bim pathway in glioma cells
To further delineate the key role of SPHKI in triggering the
activation of Akt/FOXO3a/Bim signaling cascade, the kinase
activity of SPHK1 was suppressed by SPHK1 inhibitor (SK-I) in
SPHK1-overexpressing glioma cells. As shown in Figure 6B,
SPHKI1 inhibition decreased phosphorylation of Akt and
FOXO3a and upregulated Bim, an overall response similar to
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RNAi knockdown of SPHKI. Taken together, this result, in
conjunction with other data obtained in the rest of this study,
identified SPHK1 as a trigger of the Akt/FOXO3a/Bim cascade.

Discussion

The key finding of our present study is represented by the
identification of a new chain of kinase reaction in glioma cells,
activated by upregulated SPHK1, sequentially causing phosphor-
ylated activation of Akt, phosphorylated inactivation of FOXO3a
and downregulation of Bim, and consequently leading to evasion
of glioma cells from programmed cell death or abrogation of
chemotherapeutic agents-induced apoptosis.

Evasion of apoptosis is a hallmark of most human tumors and
constitutes an important clinical problem. Many therapeutic
agents act against cancers through inducing apoptosis, and
resistance to cancer therapies usually involves intrinsic or extrinsic
abrogation of the apoptotic mechanism in cancer cells. Accumu-
lating evidences have indicated that SPHK1 could protect cancer
cells from apoptosis [27]. Therefore, understanding the molecular
mechanisms that mediate the anti-apoptotic effect of SPHK1 may
lay a foundation for new anti-cancer strategies. To this end, the
present study has for the first time provided a molecular dissection

May 2011 | Volume 6 | Issue 5 | e19946



SPHK1 Inhibits Apoptosis via Akt/FOXO3a/Bim Axis

DOvector MSPHK1 DRNAI -Vector .SPHK1 -RNAi#2
15 T4
US7MG LN-382 UB7MG LN-382 g x * £
o o
Vector SPHK1 VectorSPHK1 RNAi- SPHK1-RNAi- SPHK1- k=] 1.0 5 3
Veclor RNAl#ZVector RNAl#Z § - a‘;,
p-FOX03a PR — a P -FOX03a g £2
(SerZSS) (ser253) ’" —— "“ 3| ‘%-05 -g
E ) 1
FOXO3a Gl @D GNp e FOXOla GEP - - o 2 g
@ @
a-Tubulin e e o s o-Tubulin =— - -— — E 0 E]

Us7MG LN-382

Us7MG LN-382

e lubulin  ————

UBTMG  LN-382 UBTMG-SPH  LN-382-SPH _USTMG  LN-382
UBTMG LN-382 RNA- SPHK1- RNA- SPHKI- K1-RNAi#2  K1-RNAi#2 USTMG LN-352 RNAI- SPHK1- RNAI- SPHK1-
m m Vector RNA#2 VectorRNAi#2 FOXO3a FOXO3a _VeclurSPHK1 Ygg(ursrur§1 Vector RNAi#2 VectorRNAi#2

Mock -siRNA Mock -siRNA PAKT [ e g — p—

FOX03a w= S FOX032 —= === — === FOXOla e — e —— (Thr308) ; (Thrsoz) [ :

e P [ (oo [ — - -

(nuclear marker) S (nuclear marker) Bim e e c— — T
otal AKT il wmw wsmw e Total AKT (D N0 @D 400
g —— e — B e - - i ————
EFa EF-1o - - a-Tubulin G-TUDUIIN —— -TUDUTN | S————
Nuclear Fractions Nuclear Fractions

Figure 5. FOXO3a phosphorylation, transcriptional activity and Akt phosphorylation are regulated by SPHK1 in glioma cells. (A)
SPHK1 phosphorylates FOXO3a in glioma cells. (B) FOXO3a-dependent transcription activity is regulated by overexpression (left panel) or knockdown
(right panel) of SPHK1. Error bars represent mean = SD from three independent experiments with similar results. *, p<<0.05. The GFP expression was
used to indicate the transfection efficiency. (C) WB analysis of nuclear FOXO3a protein in indicated cells. (D) SPHK1 knockdown-induced upregulation
of Bim could be reversed by silencing of FOXO3a in indicated glioma cells. (E) The phosphorylation status of Akt at Thr*% and Ser*’® were assessed by
WB in SPHK1 overexpressed and knocked-down glioma cell lines.

doi:10.1371/journal.pone.0019946.9005
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down-regulation of Bim and consequent resistance to apoptosis. be under the regulation of SPHK1in glioma cells. Furthermore,

Bim, a member of Bcl-2 family, is a pro-apoptotic protein overexpression of SPHK1 correlated with downregulation of Bim
characterized by containing a single Bcl-2 homology 3 domain. In in clinical glioma samples. Interestingly, induction of Bim
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expression has also been linked to apoptosis induced by
chemotherapeutic agents such as lovastatin, anisomycin-caused
ribotoxic stress, or nitric oxide [30-32]. Thus, our finding provides
a new insight into a possible mechanism that underlies SPHK1
induced resistance of glioma cells to apoptosis.

It is of note that regulation of Bim protein is attributed to
transcriptional and posttranslational mechanisms [33]. One of the
transcription factors involved in modulation the expression of Bim
is a forkhead transcription factor, FOXO3a. Consistent with
previous findings [15,34-36], our study identifies FOXO3a as a
mediator of SPHK1-associated downregulation of Bim, based on
the following observations. Firstly, SPHK1 overexpression caused
FOXO3a phosphorylation, and SPHKI1 knockdown caused
FOXO3a dephosphorylation in glioma cells. Secondly, pharma-
cological inhibitor of SPHK1 suppressed FOXO3a phosphoryla-
tion and increased Bim level. Thirdly, the transcriptional activity
of FOXO3a was regulated by the level of SPHKI protein in
glioma cells.

It is evident that FOXO3a is under the regulation of the PI3K/
Akt pathway [37]. Akt seems to be essential in phosphorylating
FOXO3a in current study because our results showed activation of
Akt and Ser®® phosphorylation of FOXO3a in SPHKI-
overexpressing glioma cells, as well as Akt inactivation and
Ser? dephosphorylation of FOXO3a in SPHK 1-downregulated
glioma cells. The results of our study using LLY249002 to suppress
PI3K further confirmed that activation of FOXO3a was
attributable to deregulation of PI3K/Akt signaling. Thus, data
obtained from the present investigation indicate that PI3K/Akt
signaling may play a role in mediating the regulation of FOXO3a
by SPHK1. Furthermore, studies have demonstrated that SPHK1
can activate the PI3K/Akt pathway in human cancers [19,38—42].
In glioma cells, as shown by our study, upregulated SPHKI
activates PI3K/Akt signaling and supports cell survival through
modulation of FOXO3a and Bim, representing a new mechanism
possibly underlying the development of glioma and probably, its
resistance to pro-apoptotic therapeutics. Nevertheless, mechanism

References

1. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM, et al. (2007)
Malignant astrocytic glioma: genetics, biology, and paths to treatment. Genes &
Dev 21: 2683-2710.

2. Fesik SW (2005) Promoting apoptosis as a strategy for cancer drug discovery.
Nat Rev Cancer 5: 876-885.

3. Bremer E, van Dam G, Kroesen BJ, de Leij L, Helfrich W (2006) Targeted
induction of apoptosis for cancer therapy: current progress and prospects.
Trends Mol Med 12: 382-393.

4. Dean EJ, Ranson M, Blackhall F, Holt SV, Dive C (2007) Novel therapeutic
targets in lung cancer: Inhibitor of apoptosis proteins from laboratory to clinic.
Cancer Treat Rev 33: 203-212.

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

6. Nava VE, Hobson JP, Murthy S, Milstien S, Spiegel S (2002) Sphingosine kinase
type 1 promotes estrogen-dependent tumorigenesis of breast cancer MCF-7 cells.
Exp Cell Res 281: 115-127.

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

8. Kawamori T, Osta W, Johnson KR, Pettus BJ, Bielawski ], et al. (2006) Sphingosine
kinase 1 is up-regulated in colon carcinogenesis. FASEB ] 20: 386-388.

9. LiJ, Guan HY, Gong LY, Song LB, Zhang N, et al. Clinical significance of
sphingosine kinase-1 expression in human astrocytomas progression and overall
patient survival. Clin Cancer Res 2008 14: 6996-7003.

10. Van Brocklyn JR, Jackson CA, Pearl DK, Kotur MS, Snyder PJ, et al. (2005)
Sphingosine kinase-1 expression correlates with poor survival of patients with
glioblastoma multiforme: roles of sphingosine kinase isoforms in growth of
glioblastoma cell lines. J Neuropathol Exp Neurol 64: 695-705.

11. Olivera A, Kohama T, Edsall L, Nava V, Cuvillier O, et al. (1999) Sphingosine
Kinase Expression Increases Intracellular Sphingosine-1-Phosphate and Pro-
motes Cell Growth and Survival. J Cell Biol 147: 545-558.

12. Myatt SS, Lam EW (2007) The emerging roles of forkhead box (Fox) proteins in
cancer. Nat Rev Cancer 7: 847-859.

@ PLoS ONE | www.plosone.org

SPHK1 Inhibits Apoptosis via Akt/FOXO3a/Bim Axis

by which SPHKI1 activates PI3K in glioma cells, i.e., via a direct
versus indirect interaction between two molecules, remains to be
determined. In this context, it is of note that sphingosine,
sphingosine 1-phosphate (S1P) and ceramide are inter-convertible
sphingolipids associated with numerous cell functions including
proliferation, apoptosis and migration [43]. It has been demon-
strated that Ceramide mediates and triggers cell growth arrest or
apoptosis by inactivating PI3SK/Akt [44], whereas SIP enhances
proliferation and inhibits ceramide-mediated apoptosis [45,46].
Furthermore, SPHKI1 is a key regulator of the ceramide/S1P
biostat since it is responsible for phosphorylating sphingosine, a
catabolite of ceramide, to form SI1P [43]. One may postulate that
SPHK1-induced PI3K/Akt activation is attributable to decreased
levels of sphingosine and ceramide. Alternatively, another
possibility can be linked to extracellular S1P signaling via the
S1P1 G protein-coupled receptor, which activates Rac, Fak and
PI3K [47]. Further studies that aim at completely delineating the
mteraction between SPHK1 and PISK/Akt will help develop new
molecular targets for glioma therapy.

Treatment of glioma remains a clinical challenge. Currently
available therapeutic strategies against glioma generally only delay
local progression, and recurrence associated with resistance to
therapies largely contributes to the high mortality of the disease.
However, malignant glioma are typically infiltrative in nature.
Thus, gaining new insights into the mediators of the apoptotic
response in glioma will enable the development of novel anti-
tumor strategies. In this context, targeting SPHKI1 or its
downstream signaling molecules as identified by our present study
might represent new and potential strategies against human
glioma.

Author Contributions

Conceived and designed the experiments: ML. Performed the experiments:
HG LS JC YH. Analyzed the data: HG LS JW JY JL. Wrote the paper:
HG LS ML.

13. Accili D, Arden KC (2004) FoxOs at the crossroads of cellular metabolism,
differentiation, and transformation. Cell 117: 421-426.

14. Gilley J, Coffer PJ, Ham J (2003) FOXO transcription factors directly activate
bim gene expression and promote apoptosis in sympathetic neurons. J Cell Biol
62: 613-622.

15. Brunet A, Bonni A, Zigmond M]J, Lin MZ, Juo P, et al. (1999) Akt promotes cell
survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell
96: 857-868.

16. Brognard J, Clark AS, Ni Y, Dennis PA (2001) Akt/protein kinase B is
constitutively active in non-small cell lung cancer cells and promotes cellular
survival and resistance to chemotherapy and radiation. Cancer Res 61:
3986-3997.

17. Andre F, Nahta R, Conforti R, Boulet T, Aziz M, et al. (2008) Expression
patterns and predictive value of phosphorylated AKT in early-stage breast
cancer. Ann Onc 19: 315-320.

18. Sonoda Y, Ozawa T, Aldape KD, Deen DF, Berger MS, et al. (2001) Akt
pathway activation converts anaplastic astrocytoma to glioblastoma multiforme
in a human astrocyte model of glioma. Cancer Re 61: 6674-6678.

19. Le Scolan E, Pchejetski D, Banno Y, Denis N, Mayeux P, et al. (2005)
Overexpression of sphingosine kinase 1 is an oncogenic event in erythroleukemic
progression. Blood 106: 1808-1816.

20. Kleihues P, Cavenee WK, eds. World Health Organization Classification of
Tumours IARC Press.

21. Li J, Gong LY, Song LB, Jiang LL, Liu LP, et al. (2010) Oncoprotein Bmi-1
renders apoptotic resistance to glioma cells through activation of the IKK-
nuclear factor-kappaB Pathway. Am J Pathol 176: 699-709.

22. Hahn WC, Dessain SK, Brooks MW, King JE, Elenbaas B, et al. (2002)
Enumeration of the simian virus 40 early region elements necessary for human
cell transformation. Mol Cell Biol 22: 2111-2123.

23. Tang ED, NuiiezGabriel, Barr FG, Guan KL (1999) Negative regulation of the
forkhead transcription factor FKHR by Akt. J Biol Chem 274: 16741-16746.

24. Gustafsson AB, Gottlieb RA (2007) Bcl-2 family members and apoptosis, taken
to heart. Am J Physiol Cell Physiol 292: C45-51.

May 2011 | Volume 6 | Issue 5 | 19946



27.

28.

29.

30.

33.

34.

36.

Shimizu S, Narita M, Tsujimoto Y (1999) Bcl-2 family proteins regulate the
release of apoptogenic cytochrome ¢ by the mitochondrial channel VDAC.
Nature 399: 483-487.

5. Abayasiriwardana KS, Barbone D, Kim KU, Vivo C, Lee KK, et al. (2007)

Malignant mesothelioma cells are rapidly sensitized to TRAIL-induced
apoptosis by low-dose anisomycin via Bim. Mol Cancer Ther 6: 2766-2776.
Edsall LC, Cuvillier O, Twitty S, Spiegel S, Milstien S (2001) Sphingosine kinase
expression regulates apoptosis and caspase activation in PC12 cells. ] Neurochem
76: 1573-1584.

Limaye V, Li X, Hahn C, Xia P, Berndt MC, et al. (2005) Sphingosine kinase-1
enhances endothelial cell survival through a PECAM-1-dependent activation of
PI-3K/Akt and regulation of Bcl-2 family members. Blood 105: 3169-3177.
Bonhoure E, Lauret A, Barnes DJ, Martin C, Malavaud B, et al. (2008)
Sphingosine kinase-1 is a downstream regulator of imatinib-induced apoptosis in
chronic myeloid leukemia cells. Leukemia 22: 971-979.

Jiang Z, Zheng X, Lytle RA, Higashikubo R, Rich KM (2004) Lovastatin-
induced up-regulation of the BH3-only protein, Bim, and cell death in
glioblastoma cells. J] Neurochem 89: 168-178.

. Uht RM, Amos S, Martin PM, Riggan AE, Hussaini IM (2007) The protein

kinase C-eta isoform induces proliferation in glioblastoma cell lines through an

ERK/Elk-1 pathway. Oncogene 26: 2885-2893.

. Jin HO, Park IC, An S, Lee HC, Woo SH, et al. (2006) Up-regulation of Bak

and Bim via JNK downstream pathway in the response to nitric oxide in human
glioblastoma cells. J Cell Physiol 206: 477-486.

Puthalakath H, Strasser A (2002) Keeping killers on a tight leash: transcriptional
and post-translational control of the pro-apoptotic activity of BH3-only proteins.
Cell Death Differ 9: 505-512.

Sunters A, Fernandez de Mattos S, Stahl M, Brosens JJ, Zoumpoulidou G, et al.
(2003) FOXO3a transcriptional regulation of Bim controls apoptosis in
paclitaxel-treated breast cancer cell lines. J Biol Chem 278: 49795-49805.

. Essafi A, Fernandez de Mattos S, Hassen YA, Soeiro I, Mufti GJ, et al. (2005)

Direct transcriptional regulation of Bim by FOXO3a mediates STI571- induced
apoptosis in Ber-Abl-expressing cells. Oncogene 24: 2317-2329.

Biggs WH, III, Meisenhelder J, Hunter T, Cavenece WK, Arden KC (1999)
Protein kinase B/Akt-mediated phosphorylation promotes nuclear exclusion of
the winged helix transcription factor FKHRI1. Proc Natl Acad Sci USA 96:
7421-7426.

@ PLoS ONE | www.plosone.org

10

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

SPHK1 Inhibits Apoptosis via Akt/FOXO3a/Bim Axis

Skurk C, Izumiya Y, Maatz H, Razeghi P, Shiojima I, et al. (2005) The
FOXO3a transcription factor regulates cardiac myocyte size downstream of
AKT signaling. J Biol Chem 280: 20814-20823.

Radeff-Huang J, Seasholtz TM, Chang JW, Smith JM, Walsh CT, et al. (2007)
Tumor necrosis factor-alpha-stimulated cell proliferation is mediated through
sphingosine kinase-dependent Akt activation and cyclin D expression. ] Biol
Chem 282: 863-870.

Nemoto S, Nakamura M, Osawa Y, Kono S, Itoh Y, et al. (2009) Sphingosine
kinase isoforms regulate oxaliplatin sensitivity of human colon cancer cells
through ceramide accumulation and Akt activation. J Biol Chem 284:
10422-10432.

Ader I, Brizuela L, Bouquerel P, Malavaud B, Cuvillier O (2008) Sphingosine
kinase 1: a new modulator of hypoxia inducible factor lo: during hypoxia in
human cancer cells. Cancer Res 68: 8635-8642.

Ader I, Malavaud B, Cuvillier O (2009) When the sphingosine kinase 1/
sphingosine 1-phosphate pathway meets hypoxia signaling: new targets for
cancer therapy. Cancer Res 69: 3723-3726.

Kapitonov D, Allegood JC, Mitchell C, Hait NC, Almenara JA, et al. (2009)
Targeting sphingosine kinase 1 inhibits Akt signaling, induces apoptosis, and
suppresses growth of human glioblastoma cells and xenografts. Cancer Res 69:
6915-6923.

Spiegel S, Milstien S (2007) Functions of the multifaceted family of sphingosine
kinases and some close relatives. J Biol Chem 282: 2125-2129.

Schubert KM, Scheid MP, Duronio V (2000) Ceramide inhibits protein kinase
B/Akt by promoting dephosphorylation of serine 473. J Biol Chem 275:
13330-13335.

An S, Zheng Y, Bleu T (2000) Sphingosine 1-phosphate-induced cell
proliferation, survival, and related signaling events mediated by G protein-
coupled receptors Edg3 and Edg5. J Biol Chem 275: 288-296.

Cuvillier O, Pirianov G, Kleuser B, Vanek PG, Coso OA, et al. (1996)
Suppression of ceramide-mediated programmed cell death by sphingosine-1-
phosphate. Nature 381: 800-803.

Hobson JP, Rosenfeldt HM, Barak LS, Olivera A, Poulton S, et al. (2001) Role
of the sphingosine-1-phosphate receptor EDG-1 in PDGF-induced cell motility.
Science 291: 1800-1803.

May 2011 | Volume 6 | Issue 5 | 19946



