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Abstract

Ceramide metabolism has come under recent scrutiny because of its role in cellular stress 

responses. CerS2 (ceramide synthase 2) is one of the six mammalian isoforms of ceramide 

synthase and is responsible for the synthesis of VLC (very-long-chain) ceramides, e.g. C24, C24:1. 

To study the role of CerS2 in ceramide metabolism and cellular homoeostasis, we down-regulated 

CerS2 using siRNA (small interfering RNA) and examined several aspects of sphingolipid 

metabolism and cell stress responses. CerS2 down-regulation had a broad effect on ceramide 

homoeostasis, not just on VLC ceramides. Surprisingly, CerS2 down-regulation resulted in 

significantly increased LC (long-chain) ceramides, e.g. C14, C16, and our results suggested that the 

increase was due to a ceramide synthase-independent mechanism. CerS2-down-regulation-induced 

LC ceramide accumulation resulted in growth arrest which was not accompanied by apoptotic cell 

death. Instead, cells remained viable, showing induction of autophagy and activation of PERK 

[PKR (double-stranded-RNA-dependent protein kinase)-like endoplasmic reticulum kinase] and 

IRE1 (inositol-requiring 1) pathways [the latter indicating activation of the UPR (unfolded protein 

response)].
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INTRODUCTION

Ceramide, a building block of biological membranes and a precursor of complex 

sphingolipids such as sphingomyelin and gangliosides, has been established as a mediator of 

cellular stress responses and cell death [1,2]. In cells, ceramide can be generated by de novo 

synthesis, degradation of complex sphingolipids or recycling of LC (long-chain) bases [3]. 

Ceramide synthase, which catalyses biosynthesis of dihydroceramide or ceramide from a 

sphingoid base and fatty acyl-CoA, depending on the sphingoid base source, can be involved 

in de novo synthesis or recycling of ceramide [4,5]. Ceramide synthases comprise a large 

family of membrane proteins that share similar transmembrane profiles of four to seven 

predicted transmembrane domains and a characteristic Lag1p motif, which is necessary for 

their ceramide synthase activity [6]. Ceramide synthase proteins (termed CerS) have been 

localized in the ER (endoplasmic reticulum) and in the nuclear envelope [7,8].

In mammals, six isoforms of ceramide synthase have been identified which have different 

specificities for fatty acyl-CoA substrate chain length, e.g. CerS2 utilizes preferentially VLC 

(very-long-chain) fatty acyl-CoAs, e.g. C24 or C24:1 [7,9], whereas CerS5 and CerS6 prefer 

LC fatty acyl-CoAs, e.g. C14, C16 or C18 [7,8]. Different substrate specificities of the 

individual ceramide synthase isoforms contribute to the fatty acid chain-length diversity of 

ceramide and complex sphingolipid species in mammalian cells [5]. With the exception of a 

few studies [9–13], the majority of work so far on ceramide as a bioeffector molecule has 

been done without consideration for the chain length of its fatty acid moiety, and therefore 

understanding the function of the individual ceramide/sphingolipid species and the 

biological role of the individual ceramide synthase isoforms remain to be explored. In 

addition, most of the studies use exogenous short-chain ceramides, C2 or C6, which differ 

considerably in their biophysical properties from the LC and VLC ceramide [14,15]. In 

addition, treatments with short-chain ceramide lead to increases in endogenous LC or VLC 

ceramide [16], making it difficult to distinguish the effect of the exogenous short-chain 

ceramide treatment from the increase in endogenous LC or VLC ceramides, especially in the 

absence of precise MS measurements.

Treatments with exogenous short-chain ceramides (C2 or C6) and with inhibitors of some of 

the enzymes of the sphingolipid pathway (dihydroceramide desaturase and glucosylceramide 

synthase) have been shown to stimulate macroautophagy [2,17,18]. The role of endogenous 

sphingolipids in regulating macroautophagy, however, remains not well understood. 

Macroautophagy (hereafter referred to as autophagy) is a lysosomal degradation pathway for 

the turnover of long-lived proteins, organelles and parts of the cytosol [19]. Under starvation 

or stress conditions, autophagy is generally considered a cell-survival mechanism [20], 

although excessive autophagy can lead to cell death in a manner different from apoptosis: 

the so-called type 2 cell death [21]. Previously, evidence has emerged that autophagy can be 

activated as a result of the UPR (unfolded protein response) [22–25], which is engaged when 

misfolded proteins accumulate in the lumen of the ER. This accumulation leads to activation 

of sensors, i.e. PERK [PKR (double-stranded-RNA-dependent protein kinase)-like 

endoplasmic reticulum kinase], IRE1 (inositol-requiring 1), and ATF6 (activating 

transcription factor 6) [26,27]. These sensors subsequently activate their downstream targets 

to accelerate degradation of the misfolded proteins, halt translation and start transcriptional 
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reprogramming aimed to restore ER homoeostasis [28]. Monitoring activation of the UPR 

sensors or their downstream targets can be used to evaluate whether the UPR occurs. 

Presently, the interdependence of lipid synthesis and the UPR is poorly understood. This is 

especially true for de novo ceramide synthesis, which occurs in the ER, but so far there are 

no results indicating whether its disruption can lead to the UPR.

In the present study, we show for the first time that disruption of ceramide synthesis in the 

ER by down-regulation of one of the mammalian ceramide synthase isoforms, CerS2, 

resulted in cell-cycle arrest, induction of autophagy and activation of the UPR, suggesting a 

link between ceramide homoeostasis and ER homoeostasis.

MATERIALS AND METHODS

Materials

Growth medium, FBS (fetal bovine serum) and penicillin/streptomycin were from 

Invitrogen. SDS/polyacrylamide gels, SDS buffer, transfer buffer and skimmed milk were 

from Bio-Rad. Nitrocellulose membrane was from Amersham Biosciences and the ECL 

(enhanced chemiluminescence) detection system was from Pierce. Antibodies against the 

following were obtained from the companies indicated: CerS2 and CerS6 (Abnova), Na+/

K+-ATPase (Abcam), LC3 (microtubule-associated protein 1 light chain 3; MLB), eIF2α 

(eukaryotic intiation factor 2 subunit α) and phospho-eIF2α (Cell Signaling Technology,). 

C17 sphingosine, and C16 and C24 fatty acyl-CoA were from Avanti Polar Lipids. Biostatus 

DRAQ5 was from Alexis Biochemicals. Pepstatin A and E-64d were from Sigma and FB1 

(fumonisin B1) was from Alexis Biochemicals.

Cell culture, siRNA (small interfering RNA) transfection, C17 sphingosine metabolic 
labelling and inhibitor treatment

SMS-KCNR neuroblastoma cells and MCF-7 breast cancer cells were grown in RPMI 

medium 1640 (with L-glutamine, and supplemented with 10 % FBS, 100 i.u./ml penicillin 

and 100 i.u./ml streptomycin) at 37 °C and 5 % CO2. For siRNA experiments, SMS-KCNR 

cells were transfected with 20 nM or 30 nM of control (Silencer® select Negative Control 

#1; Ambion), 20 nM or 15 nM CerS2 (#1 5′-GGAACAGAUCAUCCACCAUtt-3′; #2 5′-

GCAUUGCCUCUGAUGUCAAtt-3′; Ambion), 15 nM alkaline ceramidase 1 (5′-

AAUACAUGGAGAACAGGCCUU-3′; Dharmacon), 15 nM alkaline ceramidase 2 (5′-

CUCGCAGAAAGCUCGGUCAUU-3′; Dharmacon), 15 nM acid ceramidase (5′-

AATCAACCTATCCTCCTTCAG-3′; Qiagen) siRNA oligonucleotides; and MCF-7 cells 

were transfected with 20 nM of control (Silencer® select Negative Control #1, Ambion) or 

20 nM CerS2 (5′-GGAACAGAUCAUCCACCAUtt-3′; Ambion) siRNA oligonucleotides 

using Oligofectamine™ reagent (Invitrogen), according to the manufacturer’s protocol. For 

metabolic labelling, 72 h after siRNA transfection 30 μM FB1 (5 mM stock solution in 

water) was added for 30 min, and subsequently 1 μM C17 sphingosine (1 mM stock in 

ethanol) was added to the growth medium for an additional 30 min. Cells were washed three 

times with 1×PBS and cell pellets were subjected to immediate lipid extraction followed by 

MS analysis. For pepstatin A (10 μg/ml) and E-64d (10 μg/ml) treatment, 24 h after siRNA 

transfection, cells were treated with the inhibitors for another 24 h. The pepstatin A stock 
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solution was 0.7 mg/ml in DMSO and the E-64d stock solution was 5 mg/ml in methanol/

water (1:1).

Microsomal preparation and in vitro ceramide synthase activity assay

After harvesting, cells were lysed in Hepes buffer [20 mM Hepes (pH 7.4), 2 mM KCl, 2 

mM MgCl2 and 250 mM sucrose] with an insulin syringe. Lysates were centrifuged at 1000 

g at 4 °C for 5 min to remove unlysed cells and nuclei. The supernatants were centrifuged at 

8000 g at 4 °C for 10 min to remove heavy membranes. The supernatants were 

ultracentrifuged at 45 000 rev./min (TLA 45 rotor, Beckman Optima TLX ultracentrifuge) at 

4 °C for 1 h to collect microsomes, which were resuspended in the lysis buffer. For 

preparation of total membrane fractions, the centrifugation step at 8000 g was omitted. 

Protein concentrations were measured using the Bradford method (Bio-Rad). Microsomes 

(15 μg) were used as an enzyme source for the in vitro ceramide synthase assay. A reaction 

mix (100 μl) containing 15 μM C17 sphingosine and 50 μM C16 or C24 fatty acyl-CoA in 25 

mM potassium phosphate buffer (pH 7.4) was pre-warmed at 37 °C for 5 min. The enzyme 

reaction was started by adding microsomes to the reaction mixture, which was incubated at 

37 °C for 15 min, and the reaction was stopped by adding 2 ml of extraction solvent, ethyl 

acetate/propan-2-ol/water (60:30:10, by vol.), supplemented with C13/C16 ceramide and 

C13/C22 ceramide as internal standards for MS analyses.

Western blot analysis

Total lysates, total membrane fractions or microsomes were used for Western blot analyses. 

Protein samples were separated on SDS/polyacrylamide gels and transferred on to a 

nitrocellulose membrane using standard techniques [29]. Endogenous proteins were labelled 

with their specific primary antibody for 1 h at room temperature (25 °C). Subsequently, the 

primary antibodies were detected with appropriate secondary antibodies conjugated with 

horseradish peroxidase (for 1 h at room temperature), and detected by ECL according to the 

manufacturer’s protocol.

Lipid extraction and LC/MC analyses of sphingolipids

Lipids were extracted twice using a 2 ml ethyl acetate/propan-2-ol/water (60:30:10, by vol.) 

solvent system, dried under a stream of nitrogen, re-suspended into 150 μl of 1 mM 

ammonium formate in 0.2 % formic acid in methanol. ESI (electrospray ionization)–MS/MS 

(tandem MS) analyses of endogenous and C17-sphingosine backbone ceramide species were 

performed on a Thermo Finnigan TSQ 7000 triple quadrupole mass spectrometer, operating 

in a Multiple Reaction Monitoring positive-ionization mode, using a modified version of a 

previously published protocol [30]. Samples were injected into the HP1100/TSQ 7000 

LC/MS system and were gradient-eluted from the BDS Hypersil C8, 150 mm×3.2 mm, 3-μm 

particle size column, with a 1.0 mM methanolic ammonium formate/2 mM aqueous 

ammonium formate mobile-phase system. Peaks corresponding to the target analytes and 

internal standards were collected and processed with Xcalibur software. Quantitative 

analyses were based on the calibration curves generated by spiking an artificial matrix with 

known amounts of the target analyte synthetic standards and an equal amount of the internal 

standard. The target analyte/internal standard peak area ratios were plotted against analyte 
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concentration. The target analyte/internal standard peak area ratios from the samples were 

similarly normalized to the internal standard and compared with the calibration curves, using 

a linear regression model.

Lipid phosphate measurements

The phosphate content of lipid extracts was measured with a standard curve analysis and a 

colorimetric assay of ashed phosphate [31] and was used to normalize the MS measurements 

of the sphingolipids.

Cell cycle and apoptosis analyses by flow cytometry

Cell samples were partially treated with trypsin, centrifuged and the cell pellets were washed 

twice with ice-cold 1×PBS. For cell-cycle analysis, cells were fixed in 3 ml of 70 % ethanol 

at 4 °C. On the day of the analyses, cells were washed with 1×PBS, treated with 20 μg/ml 

DNase-free RNase A at 37 °C for 30 min and then stained with 100 μg/ml PI (propidium 

iodide) for 30 min. For apoptotic analysis, cells were labelled with annexin V–FITC and 

stained with PI by using an annexin V–FITC apoptosis detection kit I (BD Biosciences 

Pharmingen), according to the manufacturer’s protocol. Samples were analysed with a 

FACStarplus flow cytometer (BD Biosciences).

Confocal microscopy

SMS-KCNR cells grown on glass coverslips were fixed with 3.7 % formaldehyde in 1×PBS 

for 10 min at room temperature, and washed three times with 1×PBS. Subsequently, cells 

were permeabilized by treatment with 0.1 % Triton X-100 for 10 min. After 

permeabilization, cells were washed three times with 1×PBS, and blocked for 1 h with 2 % 

human serum in 1×PBS. The LC3 antibody was diluted 1:100 in 2 % human serum in 

1×PBS, and incubated overnight at 4 °C. Samples were washed three times with 1×PBS, and 

an appropriate fluorescent secondary antibody was applied (1:200 dilution) for 1 h at room 

temperature in 2 % human serum in 1×PBS. After removal of secondary antibody, DRAQ5 

(1:1000) was applied for 20 min at room temperature, followed by washing three times with 

1×PBS. Confocal laser microscopy was performed using an LSM510 microscope (Carl 

Zeiss).

Electron microscopy

SMS-KCNR cells were fixed with 3 % glutaraldehyde, washed three times with 0.1 M 

sodium cacodylate (pH 7.4), treated with 2 % osmium tetroxide for 1 h, dehydrated through 

a graded ethanol series, and embedded in Embed 812 resin. Thin sections (70 nm) were 

stained with uranyl acetate and lead citrate and subsequently examined on a Jeol/JEMI 1010 

electron microscope (JEOL).

RNA isolation and first strain cDNA synthesis

Total RNA isolation was performed with an RNeasy® mini Kit (Qiagen) according to the 

manufacturer’s protocol. The concentration and quality of total RNA preparations were 

evaluated spectrophotometrically. Complementary DNA was synthesized from 1 μg of the 

total RNA using the Superscript II Kit for first-strand synthesis (Invitrogen).
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RT (real-time)-PCR

RT-PCR was performed on a Bio-Rad iCycler detection system using iQ SYBR Green 

supermix (Bio-Rad). The standard reaction volume was 25 μl containing 12.5 μl of iQ 

SYBR Green super-mix, 9.5 μl of distilled water, 0.4 μM specific oligonucleotide primers 

and 50 ng of cDNA template. Initial steps of RT-PCR were 2 min at 50 °C, followed by a 3-

min hold at 95 °C, and 40 cycles consisting of a 10-s melt at 98 °C, followed by a 45 s 

annealing at 53 °C {for CerS1, CerS2, CerS4, CerS5, CerS6, acid ceramidase, CHOP 

[C/EBP (CCAAT/enhancer-binding protein)-homologous protein] and GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase)}, 55 °C [for sXBP-1 (splice variant of X-box 

binding protein 1) or uXBP-1 (unspliced variant of X-box binding protein 1)] or 60 °C (for 

alkaline ceramidase 1 and alkaline ceramidase 2) and a 45 s extension at 72 °C. The final 

step was 53 °C, 55 °C or 60 °C incubation for 1 min. All reactions were performed in 

triplicate and the threshold cycle (Ct) for analysis of all samples was set at 0.15 relative 

fluorescence units. The data were normalized to an internal control gene, GAPDH. Primer 

sequences are shown in Table 1.

RESULTS

Down-regulation of CerS2 results in an increase of LC sphingolipids

CerS2 is considered the major ceramide synthase isoform in mammalian cells [9]. With our 

initial studies in SMS-KCNR neuroblastoma cells we investigated the impact of its down-

regulation, using siRNA, on cellular sphingolipids. Two different CerS2-specific siRNA 

oligonucleotides were used in the down-regulation experiments (see the Materials and 

methods section). CerS2 protein levels in microsomes prepared from control and CerS2-

down-regulated cells, were assessed by Western blot analysis with a CerS2-specific 

antibody. Both CerS2 siRNA oligonucleotides successfully down-regulated CerS2 protein 

levels (Figure 1A). In addition, the CerS2 enzymatic activity was tested by an in vitro 

ceramide synthase assay with C24 fatty acyl-CoA (50 μM) and C17 sphingosine (15 μM) as 

substrates, and with microsomes (15 μg of total protein) as the enzyme source. The results 

from the in vitro experiment showed that CerS2 siRNA treatment substantially reduced the 

enzymatic activity by approx. 80 %(Figure 1B).

Next, MS was used to measure the steady-state levels of sphingolipids in cell samples 

treated with control or CerS2 siRNA (Figure 2). In spite of the robust decrease in the 

enzymatic activity (Figure 1B), down-regulation of CerS2 did not result in a significant 

decrease of VLC ceramide levels, e.g. C24 and C24:1 (Figure 2A). The decrease in VLC 

sphingomyelin levels was more pronounced (~ 50 % reduction), which was a significant 

mass reduction of VLC sphingomyelin (Figure 2B). Examination of LC ceramides (e.g. C14 

and C16) upon down-regulation of CerS2, on the other hand, showed a significant 3-fold 

increase (Figure 2A). The levels of the LC bases, sphingosine and dihydrosphingosine, were 

not affected by the treatment (results not shown).

With our next experiments we investigated the mechanism behind the increased LC 

ceramide levels in CerS2-down-regulated samples by testing whether the increase was due 

to compensation by ceramide synthase isoforms specific for synthesis of LC ceramides. 
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First, measurements of the transcript levels of CerS1, CerS4, CerS5 and CerS6 were 

performed by RT-PCR on RNA isolated from control and CerS2-down-regulated cells (20 

nM siRNA oligonucletides for 72 h). As seen in Figure 3(A), there was a 3–4-fold increase 

in the message levels of CerS5 and CerS6 in CerS2-down-regulated cells. CerS5 and CerS6 

isoforms are responsible for synthesis of LC ceramides [7,8]. The transcript levels of CerS1 

and CerS4 isoforms, responsible for synthesis of C18 and C22-24 ceramides respectively 

[8,32], were not significantly changed in CerS2-down-regulated samples. However, Western 

blot analysis with a CerS6-specific antibody did not show a significant difference between 

CerS6 protein levels in control and CerS2-down-regulated samples (Figure 3B), suggesting 

slowing of translation or alternatively increased degradation of CerS6. Next, we tested the in 

vitro ceramide synthase activity with C16 fatty acyl-CoA, C17 sphingosine and microsomes 

(15 μg of protein), prepared from CerS2 and control siRNA-treated cells. Results in Figure 

3(C) did not show an increase in in vitro LC ceramide synthase activity in CerS2-down-

regulated cells compared with control, suggesting that increased levels of LC ceramide were 

not a result of increased activity of CerS isoforms with substrate specificity towards LC fatty 

acid CoA.

To test in cells whether the increased synthesis of LC ceramides in CerS2-down-regulated 

cells is ceramide-synthase-dependent, a metabolic labelling experiment with C17 

sphingosine in the presence of a ceramide synthase inhibitor, FB1, was performed. For this 

purpose, 72 h after CerS2 or control siRNA treatment, SMS-KCNR cells were treated with 

30 μM FB1 and subsequently labelled with 1 μM C17 sphingosine for an additional 30 min. 

The results (Figure 3D) showed that FB1 had a small effect on the conversion of C17 

sphingosine into LC C17 ceramides in control samples and no effect on the conversion of 

C17 sphingosine into LC C17 ceramides in CerS2-down-regulated samples. In addition, 

CerS2-down-regulated cells continued to form VLC C17 ceramide as much as in control 

cells, and the conversion was not affected by FB1. The results from the metabolic labelling 

experiment shown in Figure 3(D) indicate that ceramide synthase contributed minimally to 

the conversion of exogenously added sphingosine into ceramide and suggest that the 

increased generation of LC ceramide in CerS2-down-regulated cells is probably due to a 

ceramide-synthase-independent compensatory mechanism.

In order to test whether reverse ceramidase activity is a contributor to this compensatory 

mechanism, we used siRNA to down-regulate CerS2 in combination with down-regulation 

of individual ceramidases, and measured steady-state sphingolipid levels by MS. For this 

purpose, SMS-KCNR cells were transfected with 15 nM CerS2-specific siRNA 

oligonucleotide alone or together with 15 nM alkaline ceramidase 1, 15 nM alkaline 

ceramidase 2 or 15 nM acid ceramidase siRNA-specific oligonucleotides for 48 h. The 

concentration of 15 nM for the individual siRNA oligonucleotides was chosen in order to 

keep the side effects of combined siRNA treatment (30 nM total) low, while achieving more 

than a 50 % reduction of targeted mRNAs (see Supplementary Figure S1 at http://

www.BiochemJ.org/bj/424/bj4240273add.htm). The effect of the combined CerS2/

ceramidase down-regulation on C16 ceramide is shown in Figure 4(A) as the fold-change 

over control. Simultaneous down-regulation of CerS2 with alkaline ceramide 1 or alkaline 

ceramidase 2 resulted in a partial reduction of the increase of C16 ceramide caused by CerS2 
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down-regulation alone. Down-regulating CerS2 together with acid ceramidase on the other 

hand, did not have an effect on the C16 ceramide levels compared with CerS2 down-

regulation alone. The results in Figure 4(A) suggest that reverse ceramidase activity of 

alkaline ceramidases 1 and 2 probably contributed to the increase of LC ceramides in CerS2-

down-regulated cells, whereas reverse ceramidase activity of acid ceramidase did not. On 

the other hand, combined CerS2/ceramidase down-regulation resulted in increased steady-

state levels of C24:1 ceramide (Figure 4B) indicating that alkaline ceramidase 1 and 2 and 

acid ceramidase probably use VLC ceramides as a substrate and suggesting selectivity 

toward LC fatty acids of the reverse ceramidase activity.

Down-regulation of CerS2 resulted in cell-cycle arrest and autophagy

We observed that down-regulation of CerS2 led not only to sphingolipid changes, but also to 

a reduction of cell growth, suggesting a cell-cycle arrest. To evaluate whether cell-cycle 

arrest occurred, 72 h after siRNA treatment, cell cycle analyses of control and CerS2-down-

regulated cells were performed (Figure 5). CerS2-down-regulated samples had 75 % fewer 

cells in the S-phase, whereas the number of cells in both G1- and G2/M-phases were 

increased in comparison with control, indicating disruption of the cell cycle at two 

checkpoints.

Cell-cycle arrest can lead to cell death [33]. Ceramide, and in particular LC ceramide, is 

known to be involved in cell-death signalling (recently reviewed in [34]). Our results with 

CerS2 down-regulation showed an increase of LC ceramides, including C16 ceramide, as 

well as cell-cycle arrest (Figures 2A and 5). Next, we investigated whether apoptotic cell 

death is the downstream effect of CerS2-down-regulation-induced LC ceramide 

accumulation. For this purpose, SMS-KCNR cells were treated with CerS2 and control 

siRNA as described above, cells were collected 72 h post-transfection, stained with annexin 

V–FITC and PI, and analysed by flow cytometry. Results (Table 2) did not indicate a 

significant increase in annexin V–FITC or PI staining in CerS2-treated cells compared with 

the control, indicating that the CerS2-down-regulated cells did not undergo apoptosis, even 

though LC ceramides were elevated in these cells (Figure 2A).

Studies with exogenous short-chain ceramide treatments indirectly have suggested the 

involvement of endogenous LC ceramides in autophagy [17,35,36]. Since CerS2-down-

regulation-induced deregulation of ceramide synthesis did not result in apoptosis we next 

investigated whether it will result in signs of autophagy. SMS-KCNR neuroblastoma cells 

were transfected with control and two different CerS2 siRNAs. At 48 or 72 h after the 

transfection, cells were analysed for autophagy by immunocytochemistry, electron 

microscopy and Western blot (Figure 6). Confocal analysis of the endogenous LC3 protein 

showed increased punctate staining in CerS2-down-regulated cells compared with controls, 

consistent with autophagy (Figures 6A–6C). LC3 protein is used as a marker of autophagy 

[37]; LC3 is activated by conjugation with phosphatidylethanolamine [38] and the lipidated 

form, LC3-II, associates with the autophagosome membrane during the formation of 

autophagosomes. To establish that autophagy was occurring we performed electron 

microscopy analysis of the control and CerS2-down-regulated cells (Figures 6D–6G). The 

electron microscopy analysis showed an increased number of autophagy-related structures at 
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different stages of maturation, thus supporting the results obtained by confocal analysis 

(Figures 6F and 6G, arrows and insets). In addition, we analysed the samples by Western 

blot with an LC3 antibody, which recognizes both endogenous forms of the LC3 protein, 

LC3-I and the lipidated LC-II form. Results in Figure 6(H) show that CerS2-down-regulated 

samples (total membrane fractions) contain increased levels of LC3-II, confirming that 

CerS2-down-regulated cells undergo autophagy.

Next, we tested whether CerS2-down-regulation-induced autophagy occurs in another cell 

line. For this purpose we down-regulated CerS2 in MCF-7 breast cancer cells (20 nM for 72 

h) and analysed them for autophagy by Western blot with LC3 antibody. As shown in Figure 

6(I), down-regulation of CerS2 in MCF-7 cells led to a similar increase in LC3-II and a 

decrease in LC3-I, indicating induction of autophagy in MCF-7 cells.

The increased lipidated LC3-II can be an indication of induction of autophagy or reduced 

autophagy flux due to impaired autophagosome clearing [39]. To discriminate between the 

two possibilities, at 24 h after CerS2 down-regulation, we applied two lysosomal inhibitors, 

pepstatin A (10 μg/ml) and E-64d (10 μg/ml), for an additional 24 h. Treatment with 

pepstatin A, an inhibitor of acid proteases, and E-64d, a calpain inhibitor, results in an 

increase in LC3-II, because these inhibitors prevent LC3-II degradation by the lysosome 

[40]. If there is no change in LC3-II in comparison with untreated samples, this indicates 

that the fusion of autophagosome and lysosome is impaired, i.e. reduced autolysosomal 

turnover. We analysed the samples treated with control and CerS2 siRNA and lysosomal 

inhibitors by Western blot with an LC3 antibody. As seen in Figure 7, in both control and 

CerS2 siRNA-treated cells, LC3-II increased when lysosomal inhibitors were used, 

indicating that, in both control and CerS2-down-regulated cells, inhibitors could block 

autolysosomal turnover. This result suggests that the observed increase in LC3-II in CerS2-

down-regulated cells was a result of autophagy induction. Our results showed for the first 

time to our knowledge that direct disruption of endogenous ceramide synthesis by down-

regulation of CerS2 resulted in induction of autophagy.

Down-regulation of CerS2 resulted in activation of the UPR

The results of the present study show that CerS2 down-regulation leads to sphingolipid 

changes and autophagy (Figures 2 and 6). To probe the mechanism of autophagy and 

considering that deregulation of lipid synthesis can trigger the UPR [41], we hypothesized 

that down-regulation of CerS2 can induce the UPR. We tested whether down-regulation of 

CerS2 in SMS-KCNR activated the UPR sensors PERK and IRE1.

PERK activation was tested by measuring the phosphorylation of its downstream target, 

eIF2α and transcript levels of CHOP. Phosphorylation of eIF2α leads to attenuation of 

general protein translation and to activation of a transcriptional programme, which includes 

ER chaperones and CHOP [28,42]. Levels of total and phosphorylated eIF2α in control and 

CerS2 siRNA-treated SMS-KCNR neuroblastoma cells were evaluated by Western blot 

analysis. Samples treated with CerS2 siRNA had increased eIF2α phosphorylation 

compared with control (Figure 8A), supporting the conclusion that PERK was activated in 

CerS2-down-regulated cells. We tested whether CerS2 down-regulation results in PERK 

activation in another cell line by measuring eIF2α phosphorylation in MCF-7 breast cancer 
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cells. For this purpose, MCF-7 cells were treated with CerS2 or control siRNA 

oligonucleotides (20 nM) for 72 h. Cells were collected and cell lysates were used for 

Western blot analyses with total and phospho-eIF2α antibodies. Cells treated with CerS2 

siRNA had increased eIF2α phosphorylation compared with control (Figure 8B), indicating 

that PERK was activated in CerS2-down-regulated MCF-7 cells. In addition, the expression 

levels of CHOP in CerS2-down-regulated and control SMS-KCNR cells was evaluated 

using RT-PCR. As shown in Figure 8(C), there was an increase in the message of CHOP, 

further indicating PERK activation in CerS2-down-regulated cells.

IRE1 is a dual kinase/endonuclease that, upon activation by ER stress, removes an inhibitory 

intron of XBP-1 to produce a splice variant of the protein (sXBP-1). sXBP-1 is responsible 

for up-regulation of genes involved in the UPR [43]. We tested activation of IRE1 by 

evaluating sXBP-1 levels by RT-PCR in CerS2-down-regulated or control SMS-KCNR 

cells. As shown in Figure 8(D), there was an increase in sXBP-1 in the CerS2-down-

regulated samples compared with control, indicating activation of IRE1. The unspliced form 

of XBP-1 (uXBP-1) remained unchanged in CerS2-down-regulated cells in comparison with 

control (results not shown).

Collectively, the results in Figure 8 indicate that disruption of ceramide synthesis in the ER 

by CerS2 down-regulation resulted in activation of the ER stress sensors, PERK and IRE1, 

suggesting activation of the UPR.

DISCUSSION

The results of the present study have shown that disruption of ceramide synthesis by down-

regulation of one of the mammalian ceramide synthase isoforms, CerS2, affected ceramide 

homoeostasis. These effects were not limited to VLC ceramides and involved several 

sphingolipid species, suggesting a key role of CerS2 in ceramide metabolism. Our results 

also suggested that when the CerS2 isoform was down-regulated, cells employed a 

compensatory mechanism to sustain ceramide levels which involved reverse ceramidase 

activity. In addition, our work shows for the first time that disruption of ceramide synthesis 

in the ER by down-regulation of CerS2 leads to cell-cycle arrest, autophagy and the UPR. 

Thus far reports in the literature have linked autophagy alone, or the UPR alone, to 

sphingolipids and ceramide in particular. With the exception of a very recent study with 

vorinostat and sorafenib treatments [44], there are no reports that link ceramide metabolism 

or ceramide to both the UPR and autophagy.

Down-regulation of CerS2 resulted in a compensatory mechanism that led to an increase of 

steady-state levels of LC ceramides (Figure 2A). This compensatory mechanism did not 

involve an increase in in vitro LC ceramide synthase activity (Figure 3C). Our results with 

double CerS2/ceramidase down-regulation showed that reverse activity of alkaline 

ceramidase 1 and 2 contributed to the increase of the steady-state levels of LC ceramides 

(Figure 4A) and suggests that alkaline ceramidase 1 and alkaline ceramidase 2 are probably 

part of the compensatory mechanism. Acid ceramidase, on the other hand, did not have an 

effect and probably is not part of the compensatory mechanism. CerS2 and alkaline 

ceramidase 1 are localized in the ER, alkaline ceramidase 2 in the Golgi, and acid 
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ceramidase in lysosomes [9,45]. Therefore changes in the LC ceramide levels in CerS2-

down-regulated cells most likely occurred in the early secretory pathway, ER and/or Golgi, 

and not in lysosomes.

A ceramide synthase-independent compensatory mechanism can also explain why there 

were no significant changes in steady-state levels of VLC ceramides (Figure 2A) and no 

differences in conversion of the metabolic label C17 sphingosine into C17/VLC ceramide 

(Figure 3D) in CerS2-down-regulated samples. This is further corroborated by the 

significant decrease in the ceramide synthase in vitro activity with a VLC fatty acid CoA 

(Figure 1B). Moreover, our results shown in Figure 4(B) did not indicate involvement of 

reverse ceramidase activity in the compensatory mechanism for VLC ceramides. This later 

occurrence could be explained by adjustment of activity of the other enzymes of the 

sphingolipid pathway contributing to cellular ceramide levels, e.g. sphingomyelin synthase, 

acid or neutral sphingomyelinase and glucosylceramide synthase, etc. [1].

Our results showed that disruption of ceramide synthesis by CerS2 down-regulation led to 

increased CerS5 and CerS6 message levels (Figure 3A). While at this point we do not know 

how cells sense the disruption of ceramide synthesis in the ER, which leads to increased 

CerS5 and CerS6 message levels, the phosphorylation of eIF2α (Figure 8A and 8B) can 

mechanistically explain why the increase in the message levels did not result in a significant 

increase in protein level (Figures 3A and 3B). The phosphorylation of eIF2α results in 

attenuation of general translation during UPR [28].

Disrupted ceramide homoeostasis in the ER by CerS2 down-regulation probably disrupted 

intracellular ceramide distribution and trafficking. Such disruption could lead to autophagy 

and the UPR induction. Several sphingolipid storage diseases, e.g. Sandhoff disease and 

Niemann–Pick disease Type C, which exhibit impaired sphingolipid trafficking, also show 

signs of autophagy [46]. A recent study in yeast links endosomal trafficking and ceramide 

homoeostasis to the UPR [47]. In a very recent study with the CERT (ceramide transfer 

protein) mutant mouse, investigators reported that the mutant exhibited signs of the UPR 

[48]. CERT facilitates ceramide transport between the ER and Golgi [49]. CERT down-

regulation by siRNA, together with paclitaxel treatment, in human colon cancer HCT116 

cells was also shown to result in autophagy (C. Swanton, personal communication).

Interestingly, CerS2 down-regulation and the changes in sphingolipids that accompany it 

(Figure 2), resulted in growth arrest (Figure 5), but not apoptosis (Table 2). Instead, these 

cells exhibited signs of the UPR and autophagy (Figures 6–8). Closer examination of the 

mechanism of UPR activation in the CerS2-down-regulated cells revealed that the IRE1 

pathway was activated at the same time as the PERK pathway (Figure 8). IRE1 activation is 

considered pro-survival, whereas PERK activation is associated with an apoptotic outcome 

[27,42]. The fact that CerS2-down-regulated cells exhibit PERK up-regulation at the same 

time as IRE1 activation can explain why these cells do not show signs of apoptotic cell 

death.

In conclusion, the results of the present study suggest that loss of CerS2 leads to multiple 

changes in sphingolipid metabolism and cellular homoeostasis. These included increased LC 
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ceramide levels, which are probably due, in part, to an increase in reverse ceramide activity. 

The alteration in sphingolipid metabolism resulted in disruption of ER homoeostasis which 

in turn elicited the UPR and autophagy. It is likely that these responses enable the cell to 

maintain overall homoeostasis and prevent induction of cell death.
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Refer to Web version on PubMed Central for supplementary material.
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ER endoplasmic reticulum
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FBS fetal bovine serum
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IRE1 inositol-requiring 1

LC long-chain
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RT real-time

siRNA small interfering RNA
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UPR unfolded protein response

uXBP-1 unspliced variant of X-box binding protein 1

VLC very-long-chain

XBP-1 X-box binding protein 1
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Figure 1. CerS2 siRNA treatment effectively down-regulated CerS2 protein level and activity
SMS-KCNR neuroblastoma cells were treated with two CerS2-specific siRNA 

oligonucleotides (20 nM) and a control siRNA oligonucleotide (20 nM) for 72 h. Cells were 

lysed, and microsomes isolated from the lysates were used for Western blot analysis or in 

vitro ceramide synthase assay. (A) Western blot analysis with CerS2-specific antibody. Lane 

1, control siRNA; Lanes 2 and 3, CerS2-specific siRNAs. Na+/K+-ATPase was used as a 

loading control. The Western blots are representative of four independent experiments. (B) 

In vitro ceramide synthase assay with C24 fatty acid CoA and C17 sphingosine substrates. 

The error bars represent the range for two independent experiments.
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Figure 2. MS analysis of sphingolipids in CerS2 and control siRNA-treated SMS-KCNR 
neuroblastoma cells
Cells were treated with two CerS2-specific siRNA oligonucleotides (20 nM) and a control 

siRNA oligonucleotide (20 nM) for 72 h. Lipids were extracted from the cell pellets and 

subjected to MS analysis. (A) Ceramide analysis and (B) sphingomyelin analysis. 

Sphingolipid levels were normalized to cellular lipid phosphate. Values are means±S.E.M 

from four independent experiments.
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Figure 3. Effect of CerS2 siRNA on ceramide synthesis
SMS-KCNR neuroblastoma cells were treated with 20 nM CerS2-specific and control 

siRNA oligonucleotides. At 72 h after siRNA treatment, cells were lysed, and microsomes 

or RNA were isolated from the lysates. (A) RT-PCR results with CerS1-, CerS4-, CerS5- 

and CerS6-specific primers. The error bars represent the range for two independent 

experiments. (B) Western blot analysis on microsomes with a CerS6-specific antibody. 

Na+/K+-ATPase was used as a loading control. The Western blots are representative of four 

independent experiments. (C) Microsomes were used for in vitro ceramide synthase assay 

with C16 fatty acyl-CoA and C17 sphingosine substrates. The error bars represent the range 

for two independent experiments. (D) At 48 h after the siRNA treatment, cells were labelled 

with 1 μM C17 sphingosine for 30 min. Where appropriate, 30 μM FB1 was added to the 

samples 30 min before cells were labelled with C17 sphingosine. Lipids were extracted from 

the cell pellets and subjected to MS analysis. Sphingolipids were normalized to cellular lipid 

phosphate. The error bars represent the range for two independent experiments.
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Figure 4. Effect of simultaneous down-regulation of CerS2 and individual ceramidases on LC 
and VLC ceramides
SMS-KCNR neuroblastoma cells were treated with 30 nM control siRNA, 15 nM CerS2 

siRNA alone or in combination with 15 nM alkaline ceramidase 1 (alkCDase1) siRNA, 15 

nM alkaline ceramidease 2 (alkCDase2) siRNA or 15 nM acid ceramidase (aCDase) siRNA 

for 48 h. Lipids were extracted from the cell pellets and subjected to MS analysis. 

Sphingolipid levels were normalized to cellular lipid phosphate (pmol/nmol of phosphate) 

and are presented as a fold-change over control. The error bars represent the range for two 

independent experiments. (A) C16 ceramide and (B) C24:1 ceramide.
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Figure 5. Cell-cycle analyses of SMS-KCNR cells treated with 20 nM CerS2 and control siRNA 
oligonucleotides for 72 h
Cells were stained with PI and analysed by flow cytometry. Values are means±S.E.M. from 

four independent experiments.
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Figure 6. Down-regulation of CerS2 results in autophagy
SMS-KCNR cells were treated for 48 h (A–G) or 72 h (H) with 20 nM control (A, D and E) 

or CerS2 (B, C, F and G) siRNA. (A, B and C) Confocal images with LC3 antibody. Cell 

nuclei are stained with DRAQ5. (D, E, F and G) Electron micrograph images. Arrows point 

to autophagy-related structures (enlarged in the insets). Bars represent 500 nm. (H) Western 

blot with LC3 antibody on total membrane fractions isolated from cells treated with control 

and two different CerS2 siRNA oligonucleotides. The Western blot is representative of four 

independent experiments. (I) Western blot analysis with LC3 antibody in MCF-7 cell 

samples treated with 20 nM control and CerS2 siRNA for 72 h. The Western blot is 

representative of three independent experiments. Na+/K+-ATPase was used as a loading 

control. The ImageJ program was used for quantification of LC3-I and LC3-II bands on the 

Western blots. *P<0.02 and **P<0.01 (compared with control siRNA; measured using a 

Student’s t test; SigmaPlot).
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Figure 7. Down-regulation of CerS2 results in induction of autophagy
SMS-KCNR cells were treated for 48 h with 20 nM control or CerS2 siRNA 

oligonucleotides. At 24 h after siRNA treatment SMS-KCNR cells were treated with 

lysosomal protease inhibitors, pepstatin A (10 μg/ml) and E-64d (10 μg/ml), for a further 24 

h. (A) Western blot analysis with LC3 antibody on total membrane fractions. The Western 

blot is representative of two independent experiments. Na+/K+-ATPase was used as a 

loading control. (B) Quantification of LC3-I and LC3-II bands from (A) by ImageJ. The 

error bars represent the range for two independent experiments.
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Figure 8. Down-regulation of CerS2 resulted in activation of the UPR
(A) Western blot analyses with phospho- and total eIF2α antibodies on lysates from SMS-

KCNR cells treated with 20 nM control and two different CerS2 siRNAs oligonucleotides 

for 72 h. Values are means±S.E.M. from three independent experiments. (B) Western blot 

analyses with phospho- and total eIF2α antibodies on lysates from MCF-7 cells treated with 

20 nM control and CerS2 siRNA for 72 h. Values are means±S.E.M. from three independent 

experiments. The ImageJ program was used for quantification of phospho- and total eIF2α 

bands. *P < 0.02 in (A) or *P < 0.05 in (B); **P < 0.01 (compared with control siRNA; as 

measured using a Student’s t test; SigmaPlot). (C and D) RT-PCR results with primers 

specific for CHOP (C) or sXBP-1 (D) on RNA samples isolated from SMS-KCNR cells 

treated with 20 nM control and two different CerS2 siRNA oligonucleotides for 72 h. Values 

are means±S.E.M. from four independent experiments. *P < 0.02 and ** P < 0.01 

(compared with control siRNA; as measured using a Student’s t test; SigmaPlot).
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Table 1
Primer sequences used in the RT-PCR

F, forward; R, reverse.

Primer Sequence

CerS1 (F) 5′-ACGCTACGCTATACATGGACAC-3′

CerS1 (R) 5′-AGGAGGAGACGATGAGGATGAG-3′

CerS2 (F) 5′-CCGATTACCTGCTGGAGTCAG-3′

CerS2 (R) 5′-GGCGAAGACGATGAAGATGTTG-3′

CerS4 (F) 5′-CTTCGTGGCGGTCATCCTG-3′

CerS4 (R) 5′-TGTAACAGCAGCACCAGAGAG-3′

CerS5 (F) 5′-GCCATCGGAGGAATCAGGAC-3′

CerS5 (R) 5′-GCCAGCACTGTCGGATGTC-3′

CerS6 (F) 5′-GGGATCTTAGCCTGGTTCTGG-3′

CerS6 (R) 5′-GCCTCCTCCGTGTTCTTCAG-3′

Alkaline ceramidase 1 (F) 5′-GCCTAGCATCTTCGCCTATCAG-3′

Alkaline ceramidase 1 (R) 5′-GGAAGTTGCTCTCACACCAGTC-3′

Alkaline ceramidase 2 (F) 5′-AGTGTCCTGTCTGCGGTTACG-3′

Alkaline ceramidase 2 (R) 5′-TGTTGTTGATGGCAGGCTTGAC-3′

Acid ceramidase (F) 5′-TCTTCCTTGATGATCGCAGAACGCC-3′

Acid ceramidase (R) 5′-ACGGTCAGCTTGTTGAGGAC-3′

XBP-1 (F) 5′-AGTGAGCTGGAACAGCAAGTGGTA-3′

sXBP-1 (R) 5′-ACATGACTGGGTCCAAGTTGTCCA-3′

uXBP-1 (R) 5′-TGCAGAGGTGCACGTAGTCTGAGT-3′

CHOP (F) 5′-CCTCACTCTCCAGATTCC-3′

CHOP (R) 5′-TGTCACTTTCCTTTCATTC-3′

GAPDH (F) 5′-ACGGACTTCCTCGGTGATAC-3′

GAPDH (R) 5′-CGGTGACTGTAGCCATATTCG-3′
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Table 2
Flow cytometry analyses of SMS-KCNR cells treated with control and CerS2 siRNA

CerS2 siRNA (20 nM) treatment was for 72 h. Cells were subsequently stained with annexin V–FITC and PI. 

The S.D. was from four independent experiments.

Sample PI-positive cells (%) S.D. Annexin V-positive cells (%) S.D.

Control siRNA 2.4 0.7 0.9 0.2

CerS2 siRNA #1 5.9 2.9 2.5 1.4

CerS2 siRNA #2 2.9 0.4 0.4 0.1
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