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Abstract

Non-small cell lung cancer (NSCLC) accounts for about 85–90% of lung cancer cases, and is the 

number one killer among cancers in the U.S. The majority of lung cancer patients do not respond 

well to conventional chemo- and/or radio-therapeutic regimens, and have a dismal 5-year survival 

rate of ~15%. The recent introduction of targeted therapy and immunotherapy gives new hopes to 

NSCLC patients, but even with these agents, not all patients respond, and responses are rarely 

complete. Thus, there is still an urgent need to identify new therapeutic targets in NSCLC and 

develop novel anti-cancer agents. Sphingosine kinase 2 (SphK2) is one of the key enzymes in 

sphingolipid metabolism. SphK2 expression predicts poor survival in NSCLC patients, and is 

associated with Gefitinib-resistance. In this study, the anti-NSCLC activities of ABC294640, the 

only first-in-class orally available inhibitor of SphK2, were explored. The results obtained indicate 

that ABC294640 treatment causes significant NSCLC cell apoptosis, cell cycle arrest, and 

suppression of tumor growth in vitro and in vivo. Moreover, lipidomics analyses revealed the 

complete signature of ceramide and dihydro(dh)-ceramide species in the NSCLC cell-lines with or 

without ABC294640 treatment. These findings indicate that sphingolipid metabolism targeted 

therapy may be developed as a promising strategy against NSCLC.
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Introduction

Lung cancer is the number one killer among cancers in the United States with an estimated 

155,870 deaths expected to occur in 2017.1 It is also the second most diagnosed cancer in 

the U.S., and is responsible for approximate 222,500 new cases in 2017.1 Based on 

histological features and cells of origin, lung cancers can be classified as small cell lung 

cancer (SCLC), a neuro-endocrine tumor, and non-small cell lung cancer (NSCLC), a group 

of epithelial-derived carcinomas including several sub-types. NSCLC accounts for about 85–

90% of lung cancer cases. Clinically, the majority of lung cancer patients do not respond 

well to current chemo- and/or radio-therapeutic regimens, and have a very low 5-year 

survival rate of ~15%.2 Recently, targeted therapy and immunotherapy have given new 

hopes to NSCLC patients, but the outcome/prognosis for most patients remains far from 

satisfactory. For instance, targeted therapeutic drugs such as Gefitinib that inhibits mutant 

epidermal growth factor receptor (EGFR), exhibit good initial effects. However, drug-

resistance inevitably develops after 10 months of treatment, and patients eventually succumb 

to the disease.3 Inhibition of immune checkpoint receptors or ligands such as PD-1 and PD-

L1 has yielded good clinical responses and improved overall survival in certain NSCLC 

patients, primarily in squamous carcinomas. However, only 15–20% of NSCLC patients 

respond to such therapy, and affordability is a serious issue, since a single-course (7-month) 

treatment will cost more than $100,000.4,5 Thus, there is an urgent need to better understand 

the mechanisms of lung carcinogenesis and to identify new therapeutic targets to improve 

the treatment of NSCLC.

Sphingolipid biosynthesis involves the hydrolysis of ceramides to generate sphingosine, 

which is subsequently phosphorylated by one of two sphingosine kinase isoforms (SphK1 or 

SphK2) to generate sphingosine-1-phosphate (S1P).6,7 Bioactive sphingolipids including 

ceramides and S1P, can act as signaling molecules that regulate apoptosis and tumor cell 

survival.6 In contrast to the generally pro-apoptotic function of ceramides, S1P promotes cell 

proliferation and survival.7 S1P has been reported to promote the expansion of cancer stem 

cells through ligand-independent activation of Notch.8 Given the importance of SphKs in 

sphingolipid metabolism, a highly selective and well-characterized small molecule inhibitor 

of SphK2, ABC294640, has been recently developed,9,10 which displays significant anti-

tumor activities for a variety of cancers such as lymphoma, prostate cancer, colorectal 

cancer, pancreatic cancer, and cholangiocarcinoma.11–15 However, there are limited data 

about the sphingolipid metabolism and targeted therapy in NSCLC. Johnson et al examined 

25 NSCLC tumor samples and reported that they all overwhelmingly exhibited positive 

immunostaining for SphK1 as compared with patient-matched normal tissues.16 Wang et al 

reported that NSCLC patients with SphK2 overexpression in their tissues had lower overall 

survival (OS) and disease-free survival (DFS) rates than those with low SphK2 expression.17 

Recently, Suzuki et al reported that combined treatment with l-α-

dimyristoylphosphatidylcholine liposome and the glucosylceramide synthase inhibitor D-

PDMP induced NSCLC cell death associated with ceramide accumulation, and promoted 

cancer cell apoptosis and tumor regression in murine models.18 In general, there is still 

limited information on the lipidomics of ceramide species in NSCLC cells or sphingolipid 

metabolism targeted therapy for NSCLC. In this study, lipidomics analyses were performed 

Dai et al. Page 2

Int J Cancer. Author manuscript; available in PMC 2019 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to identify the ceramide signature in NSCLC cell-lines with or without ABC294640 

treatment. The anti-NSCLC activities of ABC294640 were also assessed in vitro and in vivo, 

and the underlying mechanisms were explored.

Materials and Methods

Cell culture and reagents

NSCLC cell lines (A549, H460, H1299) were kindly provided by Dr. Hua Lu at Tulane 

University, and cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum 

and 1% penicillin & streptomycin. All experiments were carried out using cells harvested at 

low (<20) passages. 3-(4-chlorophenyl)-adamantane-1-carboxylic acid (pyridin-4-ylmethyl) 

amide (ABC294640) was synthesized as previously described.9 The pan-caspase inhibitor, 

Z-VAD-FMK, was purchased from Sigma (St. Louis, Missouri, USA).

Cell proliferation and apoptosis assays

Cell proliferation was measured using the WST-1 assays (Roche, Indianapolis, Indiana, 

USA) according to the manufacturer’s instructions. Flow cytometry was used for 

quantitative assessment of apoptosis with the FITC-Annexin V/propidium iodide (PI) 

Apoptosis Detection Kit I (BD Pharmingen, San Jose, California, USA).

Cell cycle analysis

NSCLC cell pellets were fixed in 70% ethanol, and incubated at 4°C overnight. Cell pellets 

were re-suspended in 0.5 mL of 0.05 mg/mL PI plus 0.2 mg/mL RNaseA, and incubated at 

37°C for 30 min. Cell cycle distribution was analyzed on a FACS Calibur 4-color flow 

cytometer (BD Bioscience, San Jose, California, USA).

RNA interference

For RNA interference (RNAi) assays, SphK2 ON-TARGETplus SMARTpool siRNA 

(Dharmacon, Lafayette, Colorado, USA), or negative control siRNA (n-siRNA), were 

delivered using the DharmaFECT transfection reagent according to the manufacturer’s 

instructions.

Immunoblotting

Total cell lysates (20 μg) were resolved by 10% SDS–PAGE, transferred to nitrocellulose 

membranes, and immunoblotted with antibodies for SphK2, cleaved Caspase3/9, Myt1, 

phosphor-Cdc2, Cyclin B1, Cyclin D1, phosphor-Rb (Cell Signaling, Danvers, 

Massachusetts, USA) and β-Actin (Sigma, St. Louis, Missouri, USA) for loading controls. 

Immunoreactive bands were identified using an enhanced chemiluminescence reaction 

(Perkin-Elmer, Waltham, Massachusetts, USA), and visualized by autoradiography.

Quantitative real-time PCR

Total RNA was isolated using the RNeasy Mini kit (Qiagen, Germantown, Maryland, USA), 

and cDNA was synthesized from equivalent total RNA using a SuperScript III First-Strand 

Synthesis SuperMix Kit (Invitrogen, Waltham, Massachusetts, USA) according to the 
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manufacturer’s instructions. Primers used for amplification of target genes are displayed in 

Table S1. Amplification was carried out using an iCycler IQ Real-Time PCR Detection 

System, and cycle threshold (Ct) values were tabulated in duplicate for each gene of interest 

in each experiment. “No template” (water) controls were used to ensure minimal 

background contamination. Using mean Ct values tabulated for each gene, and paired Ct 
values for β-actin as a loading control, fold changes for experimental groups relative to 

assigned controls were calculated using automated iQ5 2.0 software (Bio-Rad, Hercules, 

California, USA).

Sphingolipid analyses

Quantification of sphingolipid species was performed using a Thermo Finnigan TSQ 7000 

triple-stage quadruple mass spectrometer operating in Multiple Reaction Monitoring positive 

ionization mode (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Quantification 

was based on calibration curves generated by spiking an artificial matrix with known 

amounts of target standards and an equal amount of the internal standard. The target 

analyte:internal standard peak area ratios from each sample were compared with the 

calibration curves using linear regression. Final results were expressed as the ratio of 

sphingolipid normalized to total phospholipid phosphate level using the Bligh and Dyer lipid 

extract method.19

Nude mice xenograft models

Cells were counted and washed once in ice-cold PBS. 5 x 105 H460 cells in 50 μL PBS plus 

50 μL growth factor-depleted Matrigel (BD Biosciences, San Jose, California, USA) were 

injected subcutaneously into the flank of nude mice (Jackson Laboratory, Sacramento, 

California, USA). Five days after this injection, the mice were randomly separated into two 

groups and received i.p. injection with either vehicle or ABC294640 (75 mg/kg of body 

weight dissolved in PEG:ddH2O as 1:1), 3 days/week. The mice were observed and 

measured every 2–3 days for the presence of palpable tumors. At the end of the experiment, 

the tumors were excised for subsequent analyses. The animal experiments were repeated 

twice. All protocols were approved by the LSUHSC Animal Care and Use Committee in 

accordance with national guidelines.

Statistical analysis

Significance for differences between experimental and control groups was determined using 

the two-tailed Student’s t-test (Excel 8.0), and p values <0.05 or <0.01 were considered 

significant or highly significant, respectively.

Results

Targeting SphK2 reduces NSCLC cell-lines proliferation in a dose-dependent manner

ABC294640 treatment alone was found to dramatically reduce the proliferation in NSCLC 

cell-lines (A549, H460, H1299) in a dose-dependent manner as determined by the WST-1 

cell proliferation assays (Fig. 1). Notably, although H1299 cells have a homozygous partial 

deletion of p53 and mutant NRAS,20 ABC294640 displayed similar efficacy among these 

three NSCLC cell-lines (IC50 ranges 7.0–8.0 μM). To further confirm the impact of targeting 
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SphK2 in the NSCLC cell proliferation, RNAi was used to directly silence SphK2, which 

also significantly reduced NSCLC cell-lines proliferation (Fig. S1).

Targeting SphK2 induces NSCLC cell cycle arrest and apoptosis

To further investigate the mechanisms through which ABC294640 reduces NSCLC cell 

proliferation, cell cycle distribution was analyzed by flow cytometry. It was found that 

ABC294640 treatment causes significant G2 phase arrest in all of the 3 NSCLC cell-lines 

tested (Fig. 2A). Subsequent immunoblot analyses indicated that ABC294640 regulates the 

expression of several cell cycle check-point factors, including the up-regulation of Myt1 and 

phospho-Cdc2, as well as the down-regulation of phosphor-Rb, Cyclin B1, and Cyclin D1 in 

A549 and H460 cells (Fig. 2B). Subsequent qRT-PCR analyses demonstrated that 

ABC294640 down-regulates Cyclin B1 and Cyclin D1 at the transcriptional level as well 

(Fig. S2). Furthermore, silencing SphK2 by RNAi also induced G2 cell cycle arrest in 

NSCLC cells, although at a lower extent than those caused by ABC294640 (Fig. S3).

ABC294640 treatment was found to cause apparent apoptosis in NSCLC cell-lines as 

detected by Annexin-V/PI staining and flow cytometry analysis (Fig. 3A). The data obtained 

indicated that ABC294640 induces a dose-dependent increase of cleaved caspase 3 and 

caspase 9 levels in A549 and H460 cells, while a pan-caspase inhibitor, Z-VAD-FMK (Z-

VAD), almost completely protects NSCLC cells from the apoptosis induced by ABC294640 

(Figs. 3B–C). In addition, silencing of SphK2 by RNAi caused significant cell apoptosis in 

A549 and H460 cell-lines (Fig. S4). Taken together, the results demonstrate that targeting 

SphK2 reduces NSCLC cell proliferation through inducing cell cycle arrest and caspase-

dependent apoptosis.

ABC294640 increases the production of intracellular ceramides and dihydro(dh)-ceramides 
and alters their composition in NSCLC cells

Mass spectrometric-based lipidomics analyses were used to quantify intracellular levels of 

bioactive ceramide/dh-ceramide species in NSCLC cell-lines. It was observed that 

ABC294640 increases total levels of intracellular ceramides (1.5–3.5 folds) and dh-

ceramides (3.0–7.5 folds) in the 3 NSCLC cell-lines tested (Fig. 4A). The lipidomics 

analyses of individual ceramide and dh-ceramide species indicated that most species 

including C14~C26-Cer and dhC14~dhC26-Cer were up-regulated in the 3 NSCLC cell-

lines exposed to ABC294640, although the extent of the increases varies among these cell-

lines (Figs. 4B–D). Since SphKs are responsible for phosphorylating sphingosine and 

generating S1P, it is not surprising to observe that ABC294640 treatment significantly 

reduces intracellular S1P levels and increases sphingosine levels in all the 3 NSCLC cell-

lines (Fig. S5). Interestingly, a reduction of total sphingomyelin levels in NSCLC cell-lines 

exposed to ABC294640 was also observed (Fig. S6), implying that sphingomyelin 

hydrolysis21 may contribute to ABC294640-induced ceramides production.

The composition and proportion of individual ceramide and dh-ceramide species were 

calculated within the total lipid mass of NSCLC cell-lines with or without ABC294640 

treatment (Figs. 5A–B). First, the top predominant ceramide/dh-ceramide species were 

identified within the NSCLC cell-lines studied, including C16-, C22-, C24:1-, C24-, dhC16-, 
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dhC18-, dhC22-, dhC24:1- and dhC24-Cer (Fig. 5C). Despite subtle differences, NSCLC 

cell-lines display a consistent ceramide signature. Second, it was found that ABC294640 

treatment greatly alters the proportion of individual ceramide and dh-ceramide species 

within the NSCLC cell-lines studied (Fig. 5D). The most common proportional changes 

observed in all 3 NSCLC cell-lines include increased dhC22-Cer, and decreased C16-Cer 

and dhC16-Cer.

ABC294640 treatment effectively represses NSCLC tumor growth in vivo

By using an established H460 xenograft mice model, the effect of ABC294640 on NSCLC 

tumor growth was tested in vivo. H460 cells (5 x 105 cells, 1:1 with growth factor-depleted 

Matrigel) were injected subcutaneously into the flank of nude mice (5 mice per group). Five 

days after injection, the mice were randomly separated into two groups and received i.p. 

injections with either vehicle or ABC294640 (75 mg/kg of body weight), 3 days/week. The 

mice were observed every 2–3 days, and palpable tumors were measured over an additional 

3 weeks. Results obtained indicate that ABC294640 treatment alone significantly represses 

tumor growth in mice compared to those observed in vehicle-treated mice (Fig. 6A). After 

the 3-week treatment period, the tumors isolated from ABC294640-treated mice had 

significantly smaller size than those from vehicle-treated mice (Fig. 6B). Immunoblot 

analyses confirmed increased expression of cleaved caspase 3 and caspase 9, and reduced 

expression of Cyclin B1 within tumor tissues from representative ABC294640-treated mice 

when compared to those from the vehicle-treated mice (Fig. 6C). Lipidomics analyses 

indicated that many ceramide and dh-ceramide species were up-regulated in tumor tissues of 

the ABC294640-treated mice when compared to those of the vehicle-treated mice (Figs. 

6D–E), although the extents of these increases and sphingolipids patterns were subtly 

different from what we observed in vitro.

Discussion

There are three major pathways of ceramide generation: the sphingomyelinase pathway 

(sphingomyelin→ceramide); the de novo pathway (3-keto-

dihydrosphingosine→dihydrosphingosine→dihydroceramide→ceramide); and the salvage 

pathway (S1P→sphingosine→ceramide).22,23 ABC294640, a selective inhibitor of SphK2 

(an enzyme responsible for phosphorylating sphingosine and generating S1P), significantly 

reduces intracellular S1P levels and increases sphingosine levels in NSCLC cell-lines, 

through blocking the salvage pathway. ABC294640 treatment also greatly reduces the total 

levels of sphingomyelin, implying that the de novo pathway and sphingomyelinase pathway 

are also indirectly affected by ABC294640 in NSCLC cell-lines (Fig. 7). Our group is 

currently determining which ceramide synthases (CerSs, the key enzymes for ceramide 

generation in both the de novo pathway and the salvage pathway) and/or sphingomyelinases 

(SMases, the key enzymes for ceramide generation in the sphingomyelinase pathway) are 

responsible for ABC294640-induced ceramide production in NSCLC cells. At present, six 

different CerSs have been identified, CerS1-6,24 and different isoforms of CerS generate an 

array of ceramide species with distinct chain lengths of fatty acids.25 Previous data have 

shown that ABC294640 treatment increases the levels of several CerSs in a virus-associated 

lymphoma in vitro and in vivo.26 The SMases are divides into acidic, neutral, and alkaline 
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forms dependent on their pH optimum.27 For example, acidic SMase is localized in the 

lysosomal compartment and can also be secreted in the extracellular space.28 Neutral SMase 

is present in the plasma membrane, cytoplasm, and the nucleus.21 In this study, it was also 

found that ABC294640 treatment increases a variety of dihydroceramides production in 

NSCLC cells. Interestingly, recent data have shown that ABC294640 can also inhibit 

dihydroceramide desaturase activity, resulting in the accumulation of dihydroceramides in 

prostate cancer cells, which is dispensable with SphK2 expression.12,29

Here, it is reported that ABC294640 treatment can induce significant caspase-dependent 

apoptosis in NSCLC cells, which is closely related to increased intracellular production of 

ceramides. In fact, published reports have shown that ceramides can activate protein 

phosphatase 2A (PP2A) directly by binding inhibitor 2 of PP2A (I2PP2A/SET), thereby 

reducing the association between PP2A and its inhibitors.30,31 The effect of ceramides on 

PP2A leads to inactivation of Akt through dephosphorylation. In addition, apoptosis signal-

regulating kinase 1 (Ask1) is a member of the mitogen-activated protein kinase kinase 

kinase (MAPKKK) family, which can be activated by ceramide, and initiates apoptosis.32 

Our results have previously shown that ABC294640 treatment can affect the activities of the 

Akt and MAPK pathways in a virus-associated lymphoma.11 Mitochondrial outer membrane 

permeabilization (MOMP) is a critical step in apoptosis. Ceramide is considered to be the 

main substance that induces MOMP, which is a key event in apoptotic signaling through the 

formation of ceramide channels to facilitate the passage of proteins released during MOMP.
33 Ganesan et al have indicated that ceramides are the key permeabilizing entity, and that 

Bax and ceramides can synergistically generate MOMP.34 Ceramides can also contribute to 

MOMP by inducing the translocation to the mitochondria and activation of protein kinase C 

δ (PKC δ), which in turn promotes caspase 9 activation and cytochrome c release.35 Further 

studies will determine which of these mechanisms is most prominent for the pro-apoptotic 

activity of ABC294640 in NSCLC cells.

The study reported here only focuses on single-agent ABC294640 treatment of NSCLC 

cells. A recent study reports that ABC294640 combined with tumor necrosis factor-related 

apoptosis-inducing ligand (TRAIL) can enhance the apoptosis of NSCLC cells.36 Another 

recent study reports that inhibition of ceramide glucosylation by either a glucosylceramide 

synthase (GCS) inhibitor or GCS shRNA/siRNA knockdown can enhance ABC294640-

induced NSCLC cell apoptosis.37 Li and Zhang have summarized recent studies on 

combinations of chemotherapeutic drugs and ceramide-generating agents (e.g., CerS or 

SMase inducers) or modulators of ceramide metabolism (e.g., GCS or SphK inhibitors).27 

Generally, ceramide inducers sensitize cancer cells to anticancer agents resulting in 

enhanced cell apoptosis and death.27 Very recently, Britten et al have reported promising 

results from a Phase I Study of ABC294640 in patients with advanced solid tumors.38 They 

found that at 500 mg bid, ABC294640 was well tolerated and achieves biologically relevant 

plasma concentrations. These data together with the findings reported here indicate that 

sphingolipid metabolism targeted therapy may have broad prospects for clinical applications 

in oncology. An important question to be addressed is whether these agents target cancer 

stem-like cells, which are typically resistant to standard of care chemotherapy and are 

thought to be responsible for relapse and metastasis in many malignancies including lung 

cancer.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty & Impact Statements

Therapy-resistance and poor survival in non-small cell lung cancer (NSCLC) are 

associated with expression of sphingosine kinase 2 (SphK2), an enzyme involved in 

sphingolipid metabolism. Anti-tumor activity via SphK2 inhibition with the small 

molecule ABC294640 has been observed, though the data are limited for NSCLC. Here, 

in NSCLC cell lines and a mouse xenograft model, ABC294640 treatment was shown to 

be associated with tumor cell apoptosis, cell cycle arrest, and reduced tumor growth. In 

NSCLC cells, ABC294640 treatment resulted in increased levels of bioactive 

sphingolipids, specifically ceramides and dihydro(dh)-ceramides. The data indicate that 

ABC294640 exerts significant anti-NSCLC activity in vitro and in vivo.
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Figure 1. ABC294640 treatment represses the proliferation of NSCLC cell-lines
(A–C) NSCLC cell-lines A549, H460, and H1299 were incubated with the indicated 

concentrations of ABC294640 (ABC) for 72 h; cell proliferation was measured using the 

WST-1 assays. Error bars represent the S.D. from 3 independent experiments. The 50% 

Inhibitory Concentration (IC50) was calculated using SPSS 20.0 (Armonk, New York, USA).
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Figure 2. ABC294640 treatment causes NSCLC cell-lines G2 cell cycle arrest
(A–B) NSCLC cell-lines A549, H460, and H1299 were incubated with 10 or 20 μM of 

ABC294640 (ABC) or vehicle for 48 h, then stained by propidium iodide (PI), and analyzed 

by flow cytometry. Protein expression was analyzed by immunoblot analysis. The 

experiments were repeated twice, and one representative experiment results were shown.
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Figure 3. ABC294640 treatment induces NSCLC cell-lines apoptosis
(A–B) NSCLC cell-lines A549, H460, and H1299 were incubated with 20 μM of 

ABC294640 (ABC) or vehicle in the presence or absence of the pan-caspase inhibitor Z-

VAD-FMK (Z-VAD, 10 μM) for 48 h; cell apoptosis was measured using Annexin V-PI 

staining and flow cytometry analysis. Error bars represent the S.D. from 3 independent 

experiments. (C) NSCLC cell-lines were incubated with 10 or 20 μM of ABC294640 (ABC) 

or vehicle for 48 h; protein expression was analyzed using immunoblot analysis.
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Figure 4. ABC294640 treatment induces intracellular ceramides production from NSCLC cell-
lines
(A–D) NSCLC cell-lines A549, H460, and H1299 were incubated with vehicle or 20 μM of 

ABC294640 (ABC) for 48 h; ceramide and dihydro(dh)-ceramide species were quantified 

using lipidomics analysis as described in the Methods. Error bars represent the S.D. from 3 

independent experiments. * = p<0.05, ** = p<0.01.
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Figure 5. The compositions and proportions of ceramide/dh-ceramide species in NSCLC cell-
lines are altered by ABC294640
(A–B) Relative compositions and proportions of specific ceramide and dh-ceramide species 

present within vehicle- or ABC-treated NSCLC cell-lines are shown. Each color is 

representing a specific ceramide species and is labeled beside the pie chart. (C–D) Black 

dots represent the top prominent ceramide/dh-ceramide species present in NSCLC cell-lines. 

Red and green dots represent up-regulated or down-regulated ceramide/dh-ceramide species 

in NSCLC cell-lines exposed to ABC, respectively.
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Figure 6. ABC294640 treatment effectively represses NSCLC growth in vivo
(A–B) NSCLC H460 cells (5x105 cells, 1:1 with growth factor-depleted Matrigel) were 

injected subcutaneously into the flank of nude mice. Five days after this injection, the mice 

were randomly separated into two groups and received i.p. injection with either vehicle or 

ABC294640 (75 mg/kg of body weight), 3 days/week. The arrows indicate the time points 

when ABC294640 or vehicle was administered. The mice were observed and measured 

every 2–3 days for the size of palpable tumors over an additional 3 weeks. At the end of the 

experiment, the tumors were excised for subsequent analyses. The numbers 1–5 represent 

different mice from the same group. Error bars represent the S.D. from one of the 2 

independent experiments. (C–E) Protein expression in tumor tissues from representative 

mice was measured using immunoblots. The ceramide and dihydro(dh)-ceramide species 

within tumor tissues were quantified using lipidomics analysis as described in the Methods. 

Error bars represent the S.D. from 3 mice from each group. * = p<0.05, ** = p<0.01.
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Figure 7. 
Schematic diagram of the possible mechanisms for anti-NSCLC activities of ABC294640.
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