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Evidences suggest that tumor microenvironment may play an important role in cancer drug resistance. Sphingosine
kinase 2 (SphK2) is proposed to be the key regulator of sphingolipid signaling. This study is aimed to investigate
whether the combination of molecular targeting therapy using a specific inhibitor of SphK2 (ABC294640), with tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL) can enhance the apoptosis of non-small cell lung cancer
(NSCLC) cells. Our results revealed that NSCLC cells’ sensitivity to TRAIL is correlated with the level of SphK2. Compared
with TRAIL alone, the combination therapy enhanced the apoptosis induced by TRAIL, and knockdown of SphK2 by
siRNA presented a similar effect. Combination therapy with ABC294640 increased the activity of caspase-3/8 and up-
regulated the expression of death receptors (DR). Additional investigations revealed that translocation of DR4/5 to the
cell membrane surface was promoted by adding ABC294640. However, expression of anti-apoptosis proteins such as
Bcl-2 and IAPs was not significantly modified by this SphK2 inhibitor. Overall, this work demonstrates that SphK2 may
contribute to the apoptosis resistance in NSCLC, thus indicating a new therapeutic target for resistant NSCLC cells.

Introduction

Lung cancer is one of the leading causes of cancer-related mor-
bidity and mortality over the world, and 7five percent of newly
diagnosed lung cancers are non-small cell lung cancer (NSCLC).1

When diagnosed, almost 75% cases present advanced (stage III or
IV) diseases, the overall 5-year survival rate of which is approxi-
mately 1–5%.2 Besides, relapsed disease may occur in patients
with stage I or II NSCLC after complete resection.3 For advanced
disease and postoperative recurrence, systemic or adjuvant che-
motherapy is always necessary. However, despite of the
rapid development of biological agents targeting specific cancer-
related molecules, not all cancer types are sensitive to these agents
and new treatment strategies are urgently needed to be designed.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a member of the tumor necrosis factor (TNF) family 4,5

which plays a vital role during the process of proliferation, differen-
tiation, and apoptosis in tumor cells.6 TRAIL activates the apopto-
sis pathway by stimulating TRAIL receptors (TRAIL-R1 and
TRAIL-R2, also known as death receptors 4 and 5, respectively) on

the target cell surface.7 Another 2 receptors, the TRAIL-R3 (DcR1)
and TRAIL-R4 (DcR2), also called “decoy receptors,” cannot trig-
ger the apoptotic cascade since the absence of functional death
domains. Once bound with corresponding ligands, DR4 or DR5
recruits the death-induced signaling complex (DISC) components
onto the inner surface of plasma membrane, where the caspase-8
become activated.8 Caspase-8 initiate the intrinsic and extrinsic
apoptotic pathways by activating downstream caspases, such as cas-
pase-3 or cleavage of the Bcl-2 family member Bid.9 An amplifica-
tion of apoptotic signals occurs after the activation of death
receptors.10 TRAIL could be a potential target not only for its out-
standing antitumor activity against a broad range of cancer types
but also for its minimal cytotoxity to most of the normal cells and
tissues.11,12 It has been reported that TRAIL induces apoptosis in
NSCLC cell lines and inhibits the growth of NSCLC xeno-
grafts.13,14 Therefore, TRAIL is one of the most promising poten-
tial agents for cancer therapeutics.

However, many lung cancer cells lines are resistant to apoptosis
induced by TRAIL, which limits the therapeutic applicability of
this agent. Some reports suggest that TRAIL resistance may result
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from a combination of overexpression of Bcl-2 family members
and other antiapoptotic proteins, upregulated activity of NF-kB
pathway, and deficient expression of death receptors and cas-
pases.15,16 However, the TRAIL resistance phenomena could not
be explicitly explained in multiple cancer cells.17 As a signal mole-
cule of upstream events, the effects mediated by death receptor are
essentially important for initiating apoptosis. And death receptors
expressed on cell surface are exclusively functional.18 Our previous
study indicated that certain interventions could restore SW480
and Hep-2R cell line’s sensitivity to TRAIL by upregulating the
cell surface expression of death receptors.19,20 Therefore, further
study is required to unravel the mechanism regulating TRAIL
resistant signaling and to identify molecular switches that may set
the system into the “apoptosis position.” Previous study has indi-
cated that targeting the sphingosine signaling could help to bring
the misguided apoptosis back to the right track. 21

Sphingolipids are both structural and functional components
of biological membranes.22 It has been found that their metabo-
lites play pivotal roles in the survival and resistance pathways of
numerous solid tumors. Ceramide and sphingosine are associated
with growth arrest and apoptosis.23 As a metabolic product of
sphingosine, sphingosine-1-phosphate (S1P) is demonstrated to
be a pro-survival agent.24 Several enzymes contribute to the regu-
lation process involving these bioactive lipids, the so called
“sphingolipid rheostat.”25 Among them, sphingosine kinases
(SphK) have emerged as the central players who catalyze the

phosphorylation of sphingosine to S1P.26 In human cells, 2
SphK isoenzymes exist.27,28 SphK1 is well known for promoting
cell growth, survival, cancer development and resistance to multi-
ply treatments.29,30 In contrast, the roles of SphK2 in cancer cells
are not fully understood. There is accumulating evidence demon-
strating that SphK2 is frequently upregulated and/or overex-
pressed in tumor tissues or drug-resistant cancer cells, compared
to normal tissues and more sensitive cancer cells.31,32 A large
numbers of studies have showed that targeting SphK could
restore cancer cells’ sensitivity to chemotherapy, however to the
best of our knowledge, the effect of SphK2 expression on
TRAIL-induced apoptosis is not yet discussed in relevant reports.

In this study, in order to elucidate the role of SphK2 in lung
cancer cells resistant to TRAIL, we used the ABC294640, a selec-
tive sphingosine kinase-2 inhibitor,33 to examine whether abla-
tion of SphK2 can facilitate apoptosis induced by TRAIL in
these cells. We demonstrated that the resistance to TRAIL is asso-
ciated with the expression of SphK2. Our research found that
SphK2 suppression acts cooperatively with TRAIL’ effects
through up-regulating death receptors’ surface expression, sug-
gesting that SphK2 might represent a novel approach for the
treatment of NSCLC.

Results

Sphingosine kinase is overexpressed
in TRAIL resistant lung cancer cells

A number of studies have tested the
different expression of sphingosine
kinase between tumor and normal tis-
sues,34,35 but few have examined the dif-
ference between chemoresistant cancer
and sensitive cancer. In our study, we
examined in vitro the anti-proliferative
effect of Apo2L/TRAIL in 3 representa-
tive human NSCLC cell lines, H460,
A549 and H1299 and measured SphK2
expression in order to analyze their cor-
relations. In MTT assays, TRAIL dis-
played an IC50 value of 125.23ng/ml in
H460 cells; in contrast, A549 and
H1299 cells were relatively resistant to
TRAIL (Fig. 1A). Furthermore, accord-
ing to the results of real time RT-PCR,
both Sphk1 and Sphk2 were overex-
pressed in TRAIL resistant NSCLC cell
lines compared with the TRAIL-sensi-
tive H460 cells, the positive control. In
addition, Sphk2 expression was
extremely high in the 2 TRAIL-resistant
NSCLC cell lines (Fig. 1B). Besides,
A549 and H1299 cells also showed a
higher SphK2 protein level than H460
cells (Fig. 1C, D). These results suggest
that various expression levels of

Figure 1. Dysregulation of sphingosine kinases in TRAIL resistant lung cancer cells. (A) H460, A549
and H1299 cells were plated at 1 £ 105/ml cells per well in 96-well plate. The following day cells were
treated with indicated concentrations of TRAIL for 24 h. Data are presented as percent of vehicle
treated samples. Mean values of 5 different experiments (*p < 0.05). (B–D) qRT-PCR analysis and
Western blot for expression of sphingosine kinase isoforms in TRAIL resistant lung cancer cells. Data
are expressed as fold-change relative to H460 cell control as normalized to internal GAPDH. Data
points and error bars represent the mean §SEM of 3 independent experiments. Columns represent
mean density of 3 different experiments (*p < 0.05)
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sphingosine kinase, especially Sphk2,
may contribute to NSCLC cells’ resis-
tance to TRAIL.

Targeting sphingosine kinase-2
enhances the sensitivity of TRAIL
in resistant lung cancer cells

As described above, there are con-
flicting evidences on role of Sphk2,
with several supporting its anti-prolifer-
ation effects and others arguing for its
pro-proliferation effects. Some argue
that the roles of Sphk2 appear to be
specific to cell types and cell condi-
tions.36 According to our results,
mRNA levels and protein levels of
SphK2 in these 2 TRAIL-resistant
NSCLC cells were substantially
decreased when Sphk2 expression was
knocked down by siRNA, as shown in
Figure 2A and B. Cells transfected
with siNC were defined as control for subsequent knockdown
experiments. SphK2-silenced NSCLC cells were treated with dif-
ferent doses of TRAIL for 24 h, and their viability rate measured
by MTT assay was much lower as compared with TRAIL alone
(Fig. 2C, D), indicating that SphK2 was actually an important
target to enhance the sensitivity of TRAIL.

Furthermore, a dose-dependent apoptosis induced by
ABC294640, an inhibitor of SphK2, was detected in these 2
lung cancer cell lines (Fig. 2E). In order to determine whether
pharmacologic inhibition of Sphk2 could also increase the anti-
proliferation of TRAIL, we combined TRAIL and ABC294640
of sublethal dose which would induce less than 20% cell death.
After co-treatment for 24h, MTT assay showed that combination

Figure 2. Resensitization of TRAIL-induced
cell death by targeting sphingosine kinase
2. (A and B) Cells were transfected with
siRNA as indicated, and RT-PCR andWestern
were carried out after 24 h and 48 h sepa-
rately to evaluate the efficiency of siSphK2.
Data points and error bars represent the
mean§SEM of 3 independent experiments.
(C and D) After transfected with siSphK2 for
24 h, A549 and H1299 cells were treated
with indicated concentrations of TRAIL for
another 24 h. Cell viability was measured by
MTT assay. Mean values of 5 different
experiments. (E) A549 and H1299 cells were
treated with indicated concentrations of
ABC294640 for 24 h. Cell viability was mea-
sured by MTT assay. Mean values of 5 differ-
ent experiments. (F and G) Cells were
treated with indicated concentrations of
TRAIL alone or combined with 75 mM
ABC294640 for 24 h. Cell viability was mea-
sured by MTT assay. Mean values of 5 differ-
ent experiments. (H and I) A549 cells were
treated with TRAIL (20 ng/ml), ABC294640
(10 mM) or TRAILCABC294640 for 10 d Cells
were stained with crystal violet and counted
under microscope. Colonies �30 cells were
scored as positive for colony formation.
Data are presented as the number of colo-
nies. Columns represent mean data of 3 dif-
ferent experiments (*p< 0.05).
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treatment promoted cell death both in A549 and H1299 cells,
compared with TRAIL alone (Fig. 2F, G). Moreover, in order to
imitate the model of clinical patients, we further examined this
inhibition effect with clonogenic survival assay which revealed
that the combination of TRAIL and ABC294640 led to the elim-
ination of 48% long-term colony formation (Fig. 2H, I). These
findings indicated that adding ABC294640 may significantly
reduce long term cell survival by restoring cells’ sensitivity to
TRAIL. Taken together, these results indicate that co-treatment
with Sphk2 inhibitors and TRAIL sensitizes the resistant lung
cancer cells to apoptosis induced by TRAIL, and combination
therapy with these drugs may result in a synergistic biological
effect.

Targeting sphingosine kinase-2 enhances apoptosis induced
by TRAIL in resistant lung cancer cells

Previous researchers found that several mechanisms may con-
tribute to TRAIL resistance, including lack of caspase-3 and cas-
pase-8 activations, downregulation of its receptors or
upregulation of some anti-apoptotic proteins.37,38 Here we
examined the effects of TRAIL alone or in combination with
ABC294640 on the apoptotic signaling induced by TRAIL.

Firstly, we assessed the apoptosis morphologically. Exposed to
75mM ABC294640 for 24 hours, narrowing and rounding was
observed in A549 and H1299 cells respectively, with puny influ-
ence on cell death. The morphology of TRAIL treated A549 and
H1299 cells resembled that of untreated cells, although occa-
sional apoptotic cells were observed. However, combination of
ABC294640 and TRAIL caused de-adhesion in virtually all cells
and induced apoptosis (Fig. 3A). This is consistent with the
results of MTT assay.

In addition, the synergistic induction of apoptosis by combi-
nation of ABC294640 and TRAIL was confirmed by Annexin
V-FITC/PI flow cytometry. The total apoptotic cells were calcu-
lated as the sum of percentages of early and late stage apoptotic
cells. As shown in Figure 3B and 3C, the combination was asso-
ciated with a significant increase in the proportion of apoptotic
cells compared with single treatment using either ABC294640 or
TRAIL in A549 cells. Similar results were observed in H1299
cells with almost 5.42 § 2.04 (p < 0.05) fold increase in apopto-
sis induced by TRAIL compared to single treatment. We also
examined whether the selective depletion of SphK2 by siRNA
has the similar effect as that of ABC294640. Compared with cells
transfected with siNC, SphK2-silenced cells showed a higher
apoptosis rate when co-treated with TRAIL (Fig. 3D, E).

Then we investigated whether ABC294640 could increase
TRAIL -induced caspase cleavage by Western blot. The data
showed that combination treatment with ABC294640 and
TRAIL strongly stimulated caspase-3 and caspase-8 cleavage in
A549 and H1299 cells (Fig. 3F), however cleavage of caspase-9
and Bid was nearly undetectable (Fig. 3G), indicating that the
caspase cascade may be involved in the process in which sphingo-
sine kinase 2 inhibitor enhances TRAIL sensitivity, mainly via
extrinsic pathways.

Taken together, these results suggest that ABC294640
enhances TRAIL-induced extrinsic apoptosis and cell death.

ABC294640, an sphingosine kinase 2 inhibitor, upregulates
the expression of death receptors

Previous study showed that TRAIL activity was mediated
through its interaction with death receptors DR4 and DR5, trig-
gering apoptotic signaling.39 Therefore, to further investigate the
mechanism by which ABC294640 enhances the apoptosis
induced by TRAIL in NSCLC cells, we examined its effect on
the expression of 2 TRAIL death receptors, DR4 and DR5, by
RT-PCR and Western blotting. Treating H1299 cells and A549
cells with ABC294640 and TRAIL for 24 hours resulted in
slightly increased expression of DR4 and DR5 at the transcrip-
tional level (Fig. 4A). Based on Western blot, it was found that
compared with TRAIL alone, ABC294640 alone or combined
with TRAIL upregulated DR4 and DR5 expression in both
A549 and H1299 cells (Fig. 4B, C). According to these findings,
we hypothesize that elevated expression of death receptors might
play an important role in sphingosine kinase 2 inhibitor induced
restoration of sensitivity to TRAIL.

ABC294640 promotes the translocation of death receptors
from cytoplasm to cell membrane

It is well established that only cell membrane surface DR4 and
DR5 are able to bind with TRAIL and to transduce apoptotic
signals. Accordingly, we performed flow cytometry to analyze the
expression of TRAIL death receptors on the cell surface, using
FITC/PE-conjugated antibodies. Compared with the negative
control (embodied only with second antibody), less expressed
DR4 and DR5 was detected on the cell surface in untreated
A549 and H1299 cells. 50 mM ABC294640 treatment for
12 hours increased the expression level of death receptors on the
cell surface. Furthermore, a significant increase of DR4 and DR5
on the cell membrane surface was found after co-treatment with
50 mM ABC294640 and 100 ng/ml TRAIL, especially in
H1299 cells (Fig. 5A, B). Collectively, these results indicate that
sphingosine kinase 2 inhibitor up-regulates the cell-surface
expression of death receptors that are capable of binding to
TRAIL and undergoing apoptotic signal transduction.

Discussion

TRAIL is considered as an attractive anticancer agent for its
selective toxicity against cancer cells.40 However, low death
receptors expression appears to be a major barrier for the intrinsic
resistance to TRAIL-based cancer therapy.41 Therefore, identify-
ing novel agents which are capable of restoring TRAIL receptor
expression is important to overcome TRAIL resistance. In this
study, we verified the hypothesis that resistance to TRAIL may
be correlated with the the overexpression of SphK2, the key
enzyme which plays a central role in sphingolipide metabolism.
This hypothesis was based on previous studies showing (a)
SphK2 expression are overexpressed in NSCLC compared with
normal lung tissues,31 (b) pharmacological inhibition of SphK2
induces apoptosis and enhances the sensitivity to chemotherapy
in breast cancer cells,32 (c) resistance to TRAIL is associated with

www.tandfonline.com 1197Cancer Biology & Therapy



Figure 3. For figure legend, see page 1199.

1198 Volume 16 Issue 8Cancer Biology & Therapy



aberrant sphingolipide signaling and exogenous C6-ceramide can
overcome TRAIL resistance in colon cancer cells.21

In this study, statistical differences were detected for SphK2
expression between TRAIL resistant and sensitive NSCLC cells.
A549 and H1299 cells that are resistant to TRAIL-induced apo-
ptosis had a higher SphK2 expression level than H460 cells, indi-
cating that sphingolipide signaling may have a connection with
TRAIL efficacy. Other studies have also observed specific changes

of sphingolipide signaling in drug resistant cancers. For example,
the catabolism of glycoceramide (GlcCer) into ceramide (Cer) by
nonlysosomal b-glucosidase GBA2 promotes apoptosis in mela-
noma cells,42 in contrast, the overexpression of GlcCer synthase
decreases the endogenous Cer levels, resulting in the development
of a multidrug resistance phenotype in many cancer cells.43

Another way through which cancer cells escape from apoptosis
associated with Cer accumulation is converting Cer into S1P,

Figure 3 (See previous page). ABC294640 increased TRAIL induced apoptosis. A549 and H1299 cells were grown on 6-well plates to 70–80% confluence
and treated with indicated concentrations of TRAIL (100 ng/ml) or ABC294640 (75 mM) or both of the above treatments, or non-treatment. After 24 h
exposure, (A) morphologic assessment were captured using Olympus IX70 Inverted Microscope at a magnification of 100, (B-E) cells were stained with
PtdIns and Annexin V-FITC, then apoptosis were analyzed by flow cytometry as described in Materials and Methods. Data are presented as total apoptosis
rate. Mean §SEM of 3 independent experiments. (F and G) caspase-3/8/9 and Bid were assessed by Western blot of cell lysates, as described in Materials
and Methods. GAPDH expression served as a loading control. Representative of 3 experiments.

Figure 4. ABC294640 upregulated expression of death receptors. (A) Cells were treated with vehicle, TRAIL, ABC294640 or TRAILCABC294640 for 12 h
and analyzed for mRNA levels of DR4 and DR5 using RT-PCR. Data points and error bars represent the mean§SEM of 3 independent experiments. (B)
Expression of DR4 and DR5 in each cells treated with vehicle, TRAIL, ABC294640 or TRAILCABC294640 for 12 h were estimated by Western blot. GAPDH
expression served as a loading control. Data are expressed as fold-change relative to vehicle control as normalized to internal GAPDH. Representative of
3 experiments. (C) Densitometric analysis of western blot images was performed with Image-Pro Plus 6.0 and data were expressed as fold-change rela-
tive to control as normalized to internal GAPDH. P-values shown combined treatment compared to TRAIL alone (*p < 0.05).
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which, unlike Cer, acts as a pro-survival signal. Pchejetski et al.
found that upregulation of SphK 1/S1P signaling impairs the
efficacy of chemotherapy (docetaxel and camptothecin), and
pharmacological inhibition or genetic silencing of SphK 1 induce
apoptosis in vitro and in vivo.44 However, the knowledge of
Sphk 2 in drug resistance is still poorly known. Our study also
showed that knockdown of SphK2 did enhance TRAIL-induced
cell death. In light of these evidences, our data suggested that
Sphk 2 played a pivotal role in TRAIL resistance.

In previous studies, it has been suggested that employment of
chemical or genetic approaches specifically targeting sphingolipid
dysregulations may be a promising tool for the improvement of
TRAIL efficacy. Therefore, we tested whether SphK2-based

strategy, by modulating S1P metabolism, was able to enhance
TRAIL cytotoxicity and overcome TRAIL resistance in NSCLC
cells. ABC294640, a small molecular inhibitor of SphK2 which
possesses excellent oral bioavailability and limited toxicity to nor-
mal tissues,33 is currently studied in 2 clinical trials for treatment
of advanced solid tumors and refractory/relapsed diffuse large
B-cell lymphoma (NCT01488513 and NCT02229981). In the
present study, we showed that 100ng/ml TRAIL in combination
with sublethal dose ABC294640 successfully reduced the viabil-
ity, proliferation and survival of TRAIL resistant lung cancer cells
in all 3 assays. Furthermore, flow cytometric analyses and West-
ern blot analyses revealed that apoptosis induced by TRAIL was
enhanced by SphK2 inhibition in A549 cells and H1299 cells.

Figure 5. ABC294640 promoted death receptors translocation to cell surficial membrane. (A) The cell surface DR4/DR5 expressions of A549 and H460
cells without any treatment was detected by flow cytometry as described in Materials and Methods. (B) A graphic representation of the mean data
presented in (A). Columns represent mean data of 3 different experiments (*p < 0.05).
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Wafik S. EI-Deiry has reported that regulation of BID cleavage
may define if a cell is mitochondria-independent (Type I) or
mitochondria–dependent (Types II) in response to TRAIL
induced apoptosis.45 Concerning that no truncated Bid was
detectable, we considered that A549 and H1299 cells behaved
like Type I cells which were mitochondria-independent. Since
A549 cells contain wild-type p53 and H1299 cells harbours null
p53, our data also suggested that restoration of TRAIL sensitivity
by ABC294640 was p53-independent. Consistent with our find-
ings, James W. Antoon’s research shows that ABC294640
restores breast cancer chemo-sensitivity through targeting NF-
kB.32 Moreover, concomitant administration of ABC294640
and paclitexal to Caov-3 ovarian cancer cells induces apoptotic
cell death through activation of caspase-9.46 Taken together,
these evidences indicate that targeting SphK2 may be a useful
approach to re-sensitize tumors to standard therapy.

ABC294640 was reported to affect a multitude of signaling
cascades (ERK, NF-kB, AKT, etc.).47 NF-kB is reported to acti-
vate the transcription of anti-apoptotic genes such as c-FLIP,
Bcl-xl, Mcl-1 and cIAPs.48,49 Recently, a study concerning
TRAIL resistant NSCLC cells found that inhibition of Akt
resulted in sensitization for TRAIL apoptosis through dephos-
phorylation of Akt.50 Blockades in apoptosis can be overcome by
combined therapy with targeted agents, conventional chemother-
apy and radiotherapy. Generally, these agents restore TRAIL sen-
sitivity by upregulating TRAIL death receptors and/or
downregulating anti-apoptotic proteins.51,52 Therefore, in this
study, we tried to explain the mechanisms through which
ABC294640 sensitized TRAIL on these 2 aspects. We found that
despite minor changes in genetic expression level of death recep-
tor, the protein level of DR4 was upregulated following
ABC294640 treatment with or without TRAIL. In order to fur-
ther investigate this change, we examined cell-surface expression
level of death receptors. Our data suggested that this molecular
inhibitor of SphK2 significantly promoted both DR4 and DR5
surface expression. In a previously published study, the acquired
resistance of SW480 cells to TRAIL is associated with significant
down-regulation of DR4 on the cell surface; and restoration of
TRAIL sensitivity is accompanied by an increase in surface death
receptor expression in cancer cells with acquired TRAIL resis-
tance.53 Moreover, we also did some research to evaluate whether
the anti-apoptotic proteins’ expression was affected by
ABC294640. However, expression of apoptosis modulators
remained almost unchanged, including Bax, Bcl-2 and IAPs
(Fig. S1A–C). Collectively, we hypothesis that ABC294640
enhanced TRAIL induced apoptosis by promoting death
receptors’ translocation onto the cell surface. However, the
underlying mechanism needs further investigation.

As we all know, autophagy is a reversible catabolic adaptive
process responsible for the degradation and reutilization of some
cell components which promote cell survival. However, existence
of autophagsome in moribund cells indicates autophagic cell
death. Interestingly, it is reported that ABC294640 could induce
autophagy in tumor cells and might be an effective adjuvant to
drug-induced tumor cell apoptosis.54 Our unpublished data
demonstrated that ABC294640 induced autophagy in a dose-

dependent manner in TRAIL-resistant NSCLC cells. Therefore,
in subsequent studies we will examine and verify the restoration
of TRAIL sensitivity induced by this SphK2 inhibitor in vivo and
will quest the role which autophagy might play in the restoration
of TRAIL-sensitivity.

Given that TRAIL is an excellent antitumor agent with little
toxicity for normal tissue, whereas may not be effective against all
cancers, identifying a target that enhances its sensitivity is of
increasing importance. In conclusion, our studies demonstrate
that pharmacologically targeting sphk2 with orally bioavailable
inhibitors has promising potential to improve treatment for
TRAIL-resistant lung cancer.

Materials and methods

Reagents
Tumor necrosis factor-related apoptosis (TRAIL), designed

for clinical use, was obtained from Shanghai TRAIL Bio-techni-
cal Co., Ltd. ABC294640 [3-(4-chlorophenyl)-adamantane-1-
carboxylic acid (pyridin-4-ylmethyl)-amide] was provided by
Active Biochem. Dimethyl sulfoxide (DMSO) was purchased
from Sigma. Chemical Corporation.

Cell culture
Human NSCLC cell lines, i.e. NCI-H1299,A549 and NCI-

H460, were provided by the Type Culture Collection of the Chi-
nese Academy of Sciences (Shanghai, China).These cells were
cultured in RPMI-1640 medium (Hyclone, USA) supplemented
with 10%(v/v) of heat-inactivated fetal bovine serum. Cells were
maintained at 37�C in a fully humidified atmosphere containing
5% CO2.

siRNA transfection
The SphK2-specific small interfering RNA (siRNA) and nega-

tive control were purchased from Shanghai GenePharma Co.
Ltd. (Shanghai, China). Sequences for the SphK2 specific siRNA
are as follows: SphK2 (pre-designed siRNA ID 1677, sense 50-
GGGUAGUGCCUGAUCAAU Gtt-30, antisense 50-CAUU-
GAUCAGGCACUACCCtc-30). Cells were plated into 6-well
plates without antibiotics for transfection. After 24 h, 4 ul of Lip-
ofectamine 2000 (Invitrogen) and 8ul of siRNA was mixed with
400 ul RPMI-1640 serum free medium for 20min at room tem-
perature. Then it was added to 3ml of antibiotic growth media
for each well. The efficiency of transfection was evaluated by
rt-PCR and Western blot.

Cell viability assay
Cells were cultured at 1 £ 105/ml in 100 ml aliquots in 96-

well tissue culture plates (Corning, USA) and allowed to attach
overnight. A blank control group (nutritive medium only), a neg-
ative control group (untreated cells) were designed in this experi-
ment. Briefly, cells were treated with indicated concentrations of
TRAIL (0, 10, 50, 100, 500, 1,000 ng/ml) with or without
ABC294640 for 24 h. Following treatment, 20 ml of 3-(4, 5-
Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT,
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5 mg/ml) reagent was added in each well, and then incubated for
4h. The formazan crystals were solubilized in 100 ml DMSO at
37�C. The absorbance values of the solution in each well were
measured at 490 nm using a microplate reader (Beckman, USA).
Cell viability was determined by the formula: cell viability (%) D
(absorbance of the treated wells-absorbance of the blank control
wells)/(absorbance of the negative control wells-absorbance of
the blank control wells) £ 100%. All MTT experiments were
performed in 5 replicates and repeated at least 3 times.

Clonogenic survival assay
Cells were plated in 6-well plates at a density of 500 cells per

well in 2 ml of 10% RPMI. After twenty-4 hours, cells were
treated with TRAIL and/or ABC294640 and then monitored for
colony growth. After ten days, the cells were affixed to the plate
with 3% glutaraldehyde. Following fixation for 30 min, the
plates were washed and stained with a 0.2% solution of crystal
violet and 20% methanol, then washed with PBS and dried. For-
mations of greater than 30 cells were considered sufficient size for
a positive colony count. Results were adjusted to those of the
DMSO vehicle control and half maximal inhibitory concentra-
tion (IC50) and statistical significance values were calculated
using dose-response curves with Graph Pad Prism 5.0 (Graph
Pad Software, San Diego, CA USA).

Apoptosis assays
Cells were grown on 6-well plates to 70–80% confluence and

treated with indicated concentrations of rhTRAIL or
ABC294640 or both of the above treatments, or non-treatment.
After 24 h exposure, cells were trypsinized, resuspended in 10%
fetal bovine serum-containing media, washed twice in PBS, and
resuspended in 400 ml Annexin binding buffer. 5 ml of Annexin-
V-FTIC (Bestbio, Shanghai, China) solution was added and the
mixture was kept at room temperature for 15 min, then 10 ml of
20 mg/ml propidium iodide (Bestbio, Shanghai, China) for
5 min in the dark at room temperature. Finally, cell apoptotic
profile was analyzed immediately in flow cytometer (Beckman,
USA). The percentage of apoptotic cells was obtained from a
bivariate histogram of Annexin-V-FTIC labeled-cells versus pro-
pidium iodide-labeled DNA.

Flow cytometric detection of death receptor surface
expression

Procedure for cell surface expression of death receptors DR4
and DR5, following the manufacturer’s recommendations. In
brief, cells at 70–80% confluence were treated with indicated
concentration of TRAIL with or without ABC294640 for 12 h,
and then cells were harvested by trysinisation and washed twice
in ice-cold PBS. Cells were incubated in 40 ml PBS containing
1% goat serum for 40 min at room temperature. After washed
with PBS for 3 times, cells were incubated with anti-DR4 or
anti-DR5 rabbit antibody (dilution ratio is 1:50) overnight at
4�C. Afterwards, cells were washed once with PBS containing
1% FBS and incubated with FITC/PE-conjugated goat anti rab-
bit IgG (dilution ratio is 1:50) for 45 min in dark at room

temperature. Finally, cells were washed with PBS and resus-
pended in 0.5 ml PBS for flow cytometry analysis.

Real time RT-PCR
Total RNA was isolated from different cells using TRIzol

reagent (Invitrogen, Carlsbad, CA USA). RT-PCR was carried
out using High-Fidelity RT-PCR kit (Invitrogen, Carlsbad, CA)
as per the manufacturer’s instructions. The concentration of
RNA was determined using an ultraviolet spectrophotometer.
Reverse transcription (RT) was performed using the SuperScript
First-Strand Synthesis System for RT-PCR (Invitrogen, Carls-
bad, CA). Human18S rRNA and glyceraldehyde–3–phosphate
dehydrogenase (GAPDH) were used as endogenous control tran-
scripts for normalization of the target transcripts. Primers for
PCR were designed to span intron/exon junctions to minimize
amplification of residual genomic DNA. The primer sequences
for GAPDH, DR4, DR5, SphK1 and SphK2 are as follows
(sense and anti-sense, respectively):

GAPDH:50-TGGAAGGACTCATGACCACA-30;
50-TTCAGCTCAGGGATGACCTTL-3;
DR4: 50-AGAGAGAAGTCCCTGCACCA-30;
50-GTCACTCCAGGGCGTACAAT-30;
DR5: 50-CACCAGGTGTGATTCAGGTG-30;
50-CCCCACTGTGCTTTGTACCT-30;
SphK1: 50-AATGAAGACCTCCTGACCAACTG-30;
50-GACGCCGATACTTCTCACTCTCT-30;
SphK2: 50-GGAGGAAGCTGTGAAGATGC-30;
50-GCAACAGTGAGCAGTTGAGC-30;

The PCR reaction was carried out as follows: step 1: 95�C
3 min, step 2: for 40 cycles 95�C 20 seconds, 60�C 30 seconds,
step 3: 70�C 10 seconds, hold at 4�C. Each reaction tube con-
tained 12.5 ml 2£ SYBR Green supermix C0.5 ml ROX C 9 ml
nuclease-free water C 2 ml 0.1 mg/ml primer (pair) C 1 ml
cDNA (0.2 mg/ml). Genes were amplified in triplicate. The aver-
age cycle threshold (Ct) value for each group was determined and
normalized by the endogenous control Ct value. Relative gene
expression was analyzed using the 2-DDCt method.

Western blot analysis
Levels of caspase-3, caspase-8, DR4, DR5 and GAPDH were

determined by Western blotting in cell extracts. Cells were
washed 3 times with ice-cold PBS, exposed to recommended vol-
ume RIPA lysis buffer (Beyotime, Shanghai, China). After centri-
fugation at 12,000 rpm for 5 min at 48C, the supernatants were
removed and diluted in 5£ loading buffer (Beyotime, Shanghai),
boiled for 5 min and loaded onto a 12.5% SDS-PAGE electro-
phoresis under denaturing conditions, then transferred to PVDF
membranes (Beyotime, Shanghai).The membranes were blocked
in 5% non-fat milk in TBST (TBS with 0.1% Tween-20) at
room temperature. Then the membranes were incubated over-
night with the primary antibodies for GAPDH (Sangon Biotech,
Shanghai, China), caspase-3 (Cell Signaling Technology, Bev-
erly, MA), caspase-8 (Cell Signaling Technology, Beverly, MA
USA), caspase-9 (Cell Signaling Technology, Beverly, MA USA),
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Bid (Cell Signaling Technology, Beverly, MA), DR4 (BD Phar-
Mingen, San Diego, CA USA), DR5 (BD PharMingen, San
Diego, CA USA), IAP1 (Sangon Biotech, Shanghai, China) and
IAP2 (Cell Signaling Technology, Beverly, MA). Primary anti-
bodies were purchased from Cell Signaling Technology, Inc.
After being washed 3 times with TBST, the membranes were
incubated for 60 min with secondary infrared conjugated anti-
bodies diluted in 5% milk-TBST at room temperature, then
washed 3 times with TBST again. Finally, immunoreactive pro-
tein was examined with an enhanced chemiluminescence detec-
tion kit (Biyuntian, Shanghai, China). GAPDH was used to
normalize protein levels.

Statistical analysis
Each experiment was proformed repeatedly for at least

3 times. Data were presented as the mean value § standard devi-
ation (SD). Statistical analysis of IC50 values were calculated
using Graph Pad Prism 5.0 (Graph Pad Software), using with
the equation: Y D Bottom C (Top-bottom)/1 C 10LogEC50 –
X. Combination effects were calculated using the formula : (X1a
C X2b)/(X1a C X2b), wherein X1 is the effect of drug 1 at con-
centration a, and X2 is the effect of drug 2 at concentration b
and (X1a C X2b) is the effect of the combination of both drugs
at concentrations a and b, respectively.32 Experiments comparing
multiple concentrations with the control were tested with one-
way ANOVA. All statistical analyses were done using SPSS 18.0

software (SPSS, Chicago, IL USA). A P < 0.05 was considered
as statistically significant.
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