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Abbreviations

BSA  bovine serum albumin
Cer  ceramide
CERT  ceramide transfer protein
CPE  ceramidephosphoethanolamine
CPI  ceramidephosphorylinositol
DAG  diacylglycerol
DAPI  4’,6-diamidino-2-phenylindole
DMEM  Dulbecco’s modified Eagle’s medium
EDTA  ethylenediaminetetra-acetic acid
ER  endoplasmic reticulum
FCS  fetal calf serum
FITC  fluorescein isothiocyanate
GlcCer  glucosylceramide
HBSS  Hank’s balanced salt solution
HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
MS  mass spectrometry
NBD  7-nitro-2,1,3-benzoxadiazol/nitrobenzoxadiazole
NEM  N-ethylmaleimide
PBS  phosphate buffered saline
PC  phosphatidylcholine
PE  phosphotidylethanolamine
PI  propidium iodide
PIC  protein inhibitor cocktail
PKD  protein kinase D
PMSF  phenylmethylsulphonyl fluoride
PNS  post nuclear supernatant
RNAi  RNA interference
siRNA  short interfering RNA
SM   sphingomyelin
SAM   sterile alpha motif
TLC  thin layer chromatography
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Scope of this thesis

Sphingolipids form a vital class of lipids because they cause lateral heterogeneity in membranes 
(“nanoclusters” or “rafts”) with important implications for protein sorting between cellular 
organelles and signal transduction at the plasma membrane. Sphingolipids also function as 
signaling molecules, some of which stimulate proliferation and others triggering cell death.

Sphingomyelin (SM) is the most abundant sphingolipid in mammalian cells. 
Its production is mediated by SM synthase (SMS), an enzyme catalyzing the transfer of 
phosphocholine from phosphatidylcholine (PC) onto ceramide. Mammalian cells contain 
two isoforms of SMS, namely SMS1 and SMS2. Besides, they also have a third, SMS-related 
enzyme whose function is unknown. Why mammalian cells contain a multiplicity of SMS 
enzymes is not known. Intriguingly, SMSr is better conserved across species than SMS1 and 
SMS2. It exists in organisms such as Drosophila, which does not produce SM but instead 
synthesizes a structural analogue, ceramide phosphoethanolamine (CPE). No CPE synthase 
has been identified so far and the biological significance of CPE production remains to be 
established. Since SM and CPE production involves a similar reaction mechanism and SMS1, 
SMS2 and SMSr are structurally alike, SMSr is a prime candidate for the elusive CPE synthase. 
The aim of this thesis is to systematically analyse the functions of SMS family members, using 
both cells and a multicellular organism as model systems. 

Chapter 1 describes the pathways of sphingolipid biosynthesis with a special 
emphasis on the discovery and potential functions of the multigenic SMS family. 

In Chapter 2 we demonstrate that SMS1 and SMS2 are co-expressed in a variety of cell 
types and correspond to the principal Golgi- and plasma membrane-associated SM synthases, 
respectively. While SMS1 functions as the bulk producer of SM by consuming ceramide 
synthesized in the ER, SMS2 seems to play a primary role in regenerating SM from ceramide 
released by SMases at the plasma membrane. This may explain our observation that some cell 
types require both SMS1 and SMS2 for growth.

In Chapter 3, we report that SMSr is a CPE synthase located in the ER. Intriguingly, 
SMSr is inherently unable to produce bulk amounts of CPE. Nevertheless, blocking SMSr 
activity causes a substantial rise in ER ceramide levels, resulting in fragmentation of ER exit 
sites and a structural collapse of the Golgi. Our findings indicate that SMSr is not a conventional 
sphingolipid synthase. Instead, we propose that SMSr serves as a ceramide sensor involved in 
a tight regulation of ceramide levels in the ER. 

In Chapter 4, we extend our quest to understand the biological implications of SMSr 
as ceramide sensor. Strikingly, we find that loss of SMSr triggers mitochondria-mediated 
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apoptosis. This can be prevented by reducing ceramide levels in the ER or by disrupting 
ER-mitochondrial contact sites, indicating that apoptosis is caused by mistargeting of ER 
ceramide to mitochondria.

To better understand the role of SMS proteins at the level of a multicellular organism, 
we report in Chapter 5 the systematic characterization of SMS family members in C. elegans. 
Using heterologous expression systems and gene knockout approaches, we were able to 
assign the enzymatic function of three out of the five SMS family members in the worm. 
Surprisingly, removal of multiple SMS proteins had no obvious impact on animal growth and 
development. 

Finally, the implications of the findings reported in this thesis are discussed in Chapter 

6. A model is proposed to explain how SMSr may accomplish its ceramide sensor function 
and convey a tight regulation of ER ceramide levels to protect cells against inappropriate 
apoptosis.
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Sphingomyelin (SM) is a vital component of cellular membranes in organisms ranging 
from mammals to protozoa. Its production involves the enzymatic transfer of a phosphocholine 
head group from phosphatidylcholine to ceramide, yielding diacylglycerol in the process. The 
enzyme catalyzing this reaction, SM synthase, thus occupies a central position in sphingolipid 
and glycerophospholipid metabolism and has considerable biological potential as regulator 
of pro-apoptotic factor ceramide and mitogenic factor diacylglycerol. Recent identification 
of the enzyme uncovered a multiplicity of SM synthase genes in each organism where SM 
synthesis is known to occur. This has shed new light on the pathways, reaction mechanism, 
regulation, phylogenetic distribution and biological significance of SM synthesis.

Initial steps in SM synthesis

The first committed step in SM synthesis is the condensation of L-serine and palmitoyl CoA. 
This reaction is catalyzed by serine palmitoyltransferase and yields 3-keto-dihydrosphingosine, 
which is reduced to dihydrosphingosine. Dihydrosphingosine undergoes N-acylation 
followed by desaturation to generate ceramide, a central molecule in sphingolipid metabolism 
(1,2). These reactions occur on the cytosolic surface of the endoplasmic reticulum (ER)(3). 
Subsequently, ceramide is delivered to the Golgi apparatus where it is converted to SM or 
glucosylceramide (GlcCer). GlcCer synthesis is mediated by GlcCer synthase, which catalyzes 
the transfer of glucose from UDP-glucose to ceramide. This enzyme resides in the cis Golgi 
and has its active site oriented towards the cytosol (4). After translocation to the Golgi lumen, 
GlcCer is converted to more complex glycosphingolipids. 

However, in most mammalian cell types the bulk of ceramide is converted to SM 
by a SM synthase in the lumen of the trans Golgi (5-7). This enzyme, named SMS1, catalyzes 
the transfer of phosphocholine from phosphatidylcholine (PC) to ceramide, yielding 
diacylglycerol (DAG) as a side product (Fig. 1) (8,9). A second SM synthase, SMS2, resides at 
the plasma membrane (6,10) but it is unclear whether this enzyme participates in the de novo 
synthesis of SM. 

An alternative pathway of SM synthesis has been postulated in which ceramide is first 
converted to ethanolamine phosphorylceramide (EPC) via transfer of the head group from 
phosphatidylethanolamine (PE) (11). EPC is then converted to SM by stepwise methylation 
in a reaction analogous to the S-adenosylmethionine-dependent conversion of PE to PC (Fig. 
1). Even though this pathway has been demonstrated in isolated membrane fractions from rat 
brain and liver (12,13), its precise contribution to the de novo synthesis of SM remains to be 
established.

Biological significance of SM synthesis

Several lines of evidence indicate that SM formation is critical for cell growth and survival. 
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CHO mutant cells with a thermolabile serine palmitoyltransferase, the rate-limiting enzyme 
in sphingolipid synthesis, die in the absence of exogenously added sphingoid base when 
shifted to the restrictive temperature (14). The mutant cells could be rescued by added SM, but 
not by GlcCer, the precursor of complex glycosphingolipids. Moreover, a mouse lymphoid 
cell line with diminished SM synthase activity ceases growth when cultured under serum-free 

conditions; growth could be restored by heterologous expression of SMS1 or supplementation 
with exogenous SM (7). Finally, up- and down-regulation of SM synthase activity has been 
linked to mitogenic and pro-apoptotic signaling in a variety of mammalian cell types (15-17). 

How SM synthesis contributes to cell growth and survival is unclear, but any 
of the following scenarios may explain its critical function: (i) SM accumulates in the 
exoplasmic leaflet of the plasma membrane where its high packing density and affinity for 
sterols help create a rigid barrier to the extracellular environment; (ii) The SM pool in the 
plasma membrane acts as a reservoir of lipid signaling molecules the liberation of which is 
catalyzed by acidic or neutral SMases in response to a variety of biological stimuli (18,19). 
SM metabolites like ceramide, sphingosine and sphingosine-1-phosphate are emerging 
as critical regulators of cell proliferation, differentiation and apoptosis (20,21); (iii) As SM 
has a strong, inherent capacity to form microdomains, its production in the trans Golgi may 

Figure 1. SM synthases and related enzymes interconnect pathways of sphingolipid and glycerolipid 
metabolism. The enzymes SM synthase and EPC syntase in animals and IPC synthase in plants and 
fungi transfer the headgroups from PC, PE and PI onto ceramide to make SM, EPC and IPC, respectively. 
DAG is generated as side product. Because the reactions are reversible, these enzymes simultaneously 
control the balance between phosphoglycerolipids and phosphosphingolipids on one hand and between 
ceramide and DAG on the other.  In the same way that PE can be converted into PC by a triple methylation, 
Muehlenberg et al. (11) proposed that EPC can be methylated to form SM. This alternative pathway of 
SM synthesis has been detected in rat liver and brain microsomes (12,13). SAM, S-adenosylmethionine; 
SAH, S-adenosylhomocysteine.
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Figure. 2. SM synthases comprise a family of integral membrane proteins whose members occur 
throughout the animal kingdom. A, Like most LPPs, SM synthases have six predicted transmembrane 
helices, cytosolic N- and C-terminal tails, and two putative active site motifs (C2 and C3) with conserved 
histidine and aspartic acid residues that are located at the exoplasmic side of the membrane (6). The 
N-terminus of several family members contains a SAM domain that may be involved in protein–protein 
interactions. B, A phylogenetic tree showing that SM synthase (SMS) family members can be divided 
into three clusters. Proteins from both the vertebrate and invertebrate SMS clusters were found to 
possess SM synthase activity (underlined)(6). In contrast, none of the proteins from the SMSr cluster 
show SM synthase activity. Instead, SMSr proteins are prime candidate EPC synthases. SAM domains 
(s) are present in vertebrate SMS1 and in SMSr proteins, but not in vertebrate SMS2 or invertebrate SMS 
proteins. Protein sequences were aligned with ClustalX (36).  After alignment, the N- and C-terminal 
cytosolic tails (including SAM domains) were removed manually and a phylogenetic tree was constructed 
with ClustalX. SWISS-PROT/TrEMBL or NCBI accession numbers of SMS proteins are: Homo sapiens 
hsSMS1: Q86VZ5, hsSMS2: Q8NHU3, hsSMSr: Q96LT4; Xenopus tropicalis (western clawed frog) xtSMS1: 
Q640R5, xtSMS2: Q5M7L7, xtSMSr: CAJ81494; Apis mellifera (honey bee) amSMS: XP_392299, amSMSr: 
XP_396152; Drosophila melanogaster dmSMSr: Q9VS60; Caenorhabditis elegans ceSMSa: Q9XTV2, ceSMSb: 
Q20735, ceSMSg: Q965Q4, ceSMSd: Q9TYV2, ceSMSr: Q20696. SMS protein sequences from Fugu rubripes 
(puffer fish) have been provided freely by the Fugu Genome Consortium for use in this publication 
only and their accession numbers are: frSMS1: SINFRUP00000154157, frSMS2a: SINFRUP00000163409; 
frSMS2b: SINFRUP00000155834; frSMSra: SINFRUP00000164184; frSMSrb: SINFRUP00000164390.
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affect the lateral organization of other membrane molecules and thus provide a physical basis 
for sorting events that help establish the compositional and functional differences between the 
ER, plasma membrane and Golgi itself (22); (iv) SM synthesis in the trans Golgi may create a 
local pool of DAG, which provides a cue for protein kinase D recruitment and the formation 
of secretory vesicles (23); (v) By regulating the cellular levels of pro-apoptotic factor ceramide 
and mitogenic factor DAG in opposite directions, SM synthesis may have a direct impact on 
cell proliferation and life span (17,24). 

SM synthase cloning strategies

Initial studies revealed that mammalian SM synthases are tightly membrane-bound enzymes 
that readily loose activity upon solubilization with various detergents (8,9). This severely 
hampered their identification by classical biochemical approaches. Purification of a soluble 
SM synthase released by Pseudomonas aeruginosa (25) provided no clues on the identity of its 
mammalian counterparts. 

Complementary efforts focused on the isolation of SM synthase mutants by screening 
Chinese hamster ovary CHO cells for resistance to a SM-directed cytolysin (26). Instead of 
yielding mutants with a primary defect in SM synthesis, this approach led to the discovery of 
CERT, a ceramide transfer protein mediating non-vesicular transport of ceramide from the ER 
to the site of SM synthesis in the trans Golgi (27). 

Using an expression cloning strategy in yeast, Huitema et al. (6) identified a family 
of integral membrane proteins exhibiting all features previously ascribed to mammalian SM 
synthases. This approach exploited structural information available for an enzyme catalyzing 
inositol phosphorylceramide (IPC) synthesis in yeast, a reaction analogous to SM production 
in which the head group of phosphatidylinositol is transferred to ceramide (Fig. 1). IPC 
synthesis requires the product of the AUR1 gene (28), a protein containing the C2 and C3 active 

Phylum Species Phosphosphingolipid SMS genes 

Vertebrata 

Nematoda 
Arthropoda 

Apicomplexa 
Fungi 
Viridiplantae 

H. sapiens 
X. tropicalis 
D. rerio 
F. rubripus 
C. elegans 
A. mellifera 
D. melanogaster 
P. falciparum 
S. cerevisiae 
A. Thalania 

SM, EPCref.1  
SMref2 
n.d. 
n.d. 
SMref3 
SM, EPCref4  
EPCref5 
SMref6 
IPCref7 
IPCref7 

3 
3 
4 
5 
5 
2 
1 
2 
0 
0 

n.d.: not determined; number in parenthesis are refernces
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site motifs characteristic for members of the lipid phosphate phosphatase (LPP) superfamily 
(29,30). BLAST searches for novel sequences encoding integral membrane proteins containing 
active site motifs common to Aur1p and LPPs identified three families of candidate SM 
synthase genes with homologues throughout the animal kingdom. Several members of each 
family were cloned and analyzed for their ability to mediate SM synthesis upon expression in 
yeast, an organism lacking SM synthase activity. Two of the human proteins tested, SMS1 and 
SMS2, were active in these assays and localized to the trans Golgi and plasma membrane (6), 
the two principle sites of SM synthesis in mammalian cells (5,9,10). 

Consistent with these findings, a subsequent study reported the expression cloning of 

Figure 3. Putative reaction mechanism of SMS-
mediated SM synthesis. As the simplest model, 
we propose an LPP-like reaction mechanism that 
involves a single lipid binding site and proceeds 
via formation of a choline phosphohistidine 
intermediate along the following steps: (1) PC binds 
to the enzyme; (2) The phosphocholine headgroup 
is transferred to a conserved histidine residue in 
the enzyme’s active site; (3) While the headgroup 
stays bound to the enzyme, DAG is replaced by 
ceramide; (4) The phosphocholine headgroup 
is transferred to ceramide forming SM, which is 
then released from the enzyme. All steps in this 
reaction mechanism are reversible, thus satisfying 
the experimental observation that also SM and 
DAG can be converted to PC and ceramide (6). 
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human SMS1 employing a mouse lymphoid cell-line with severely diminished SM synthase 
activity and susceptible to methyl-b-cyclodextrin-induced cell death (7). Moreover, this work 
provided evidence that SMS1 represents a major SM synthase activity in mammalian cells 
with a critical role in cell growth.

Structural organization and reaction chemistry of SMS family members

Like most LPPs (30,31), SMS1 and SMS2 have a six times membrane-spanning core domain 
topology with both termini facing the cytosol and the C2 and C3 active site residues facing 
the exoplasmic leaflet (Fig. 2A) (6), the side of the membrane where SM synthesis is known 
to occur (5,10). This strongly suggests that SM synthases adapted an LPP-type reaction 
chemistry to catalyze the choline phosphotransferase reaction. As outlined in Fig. 3, this 
reaction is bi-directional and likely proceeds through the following steps: (i) binding of a 
two-chain choline phospholipid, PC or SM, to a single binding site; (ii) nucleophilic attack 
on the lipid-phosphate ester bond by the histidine in C3 assisted by the conserved aspartate 
in this motif; (iii) formation of a choline phosphohistidine intermediate and release of DAG 
or ceramide, facilitated by the histidine in C2 acting as a base; (iv) nucleophilic attack of the 
primary hydroxyl of ceramide or DAG on the choline phosphohistidine intermediate assisted 
by the histidine in C2; (v) release of SM or PC from the active site to allow another round of 
catalysis. 

Consistent with the reported enzymatic characteristics of mammalian SM synthases 
(10,32), SMS1 and SMS2 function as bi-directional lipid cholinephosphotransferases capable 
of converting PC and ceramide into SM and DAG and vice versa (6). Directionality of the 
reaction would be primarily determined by the relative concentrations of the phosphocholine 
acceptors ceramide and DAG in the membrane. However, since the latter compounds are 
potent modulators of cell behavior, SMS enzymes are likely subject to additional levels of 
control. For example, SMS1 contains a predicted SAM (sterile alpha motif) domain at its amino 
terminus that might provide a means for the enzyme to interact with regulatory proteins. 
SAM domains can bind to SH2 (Src homology 2) domains or other SAM domains and are 
often found in proteins involved in signal transduction (33). 

Curiously, the mouse SMS1 gene is subject to alternative splicing and gives rise to 
full-length SMS1 as well as two truncated proteins that contain the amino-terminal SAM 
domain and the first two of the six transmembrane domains (34). It will be of interest to 
determine whether these truncated SMS1 proteins, which lack an active center, participate in 
the regulation of SM synthesis.

Phylogenetic distribution of SMS family members

Consistent with the presence of SM in many organisms, SMS homologues are found 
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Figure 4. SMS-mediated pathways of SM synthesis and their potential impact on fundamental cellular 
processes. Initial steps of SM synthesis involve the formation of ceramide from fatty acyl-CoA (FA-CoA) 
and serine on the surface of the endoplasmic reticulum (ER). Part of the newly synthesized ceramide is 
flipped to the ER lumen where it is converted to EPC by EPC synthase (12,13), an enzyme for which SMSr 
is a prime candidate (6).Methylation of EPC could then give rise to significant amounts of SM already in 
the ER. The major part of ceramide is exported to the Golgi by both vesicular and monomeric transport 
involving ceramide transfer protein CERT (27). SMS1 active in the Golgi lumen consumes ceramide for 
SM synthesis. DAG generated in this reaction stimulates protein kinase D (PKD) recruitment (23) and 
facilitates the budding of exocytic vesicles by satisfying the geometrical constraints of the emerging 
vesicle neck. SM cycles in vesicles between the Golgi and plasma membrane (PM) where it contributes 
to bilayer rigidity and the formation of microdomains that act as sorting and signaling platforms (37). 
At the PM, SMS2 regulates the balance between pro-apoptotic signaling molecule ceramide and pro-
mitogenic signaling molecule DAG by reversibly interconverting PC and SM.
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throughout the animal kingdom, from mammals and nematodes to protozoa like the malaria 
parasite Plasmodium falciparum. In fact, each organism capable of SM production displays 
a multiplicity of SMS genes in its genome (Table 1; Fig. 2B). Hence, two orthologous SMS 
sequences have been identified in P. falciparum and the nematode C. elegans contains five SMS 
homologues, at least two of which function as SM synthases (6). 

In addition to SMS1 and SMS2, the human genome contains a third, SMS-related 
(SMSr) gene of unknown function. This gene is highly conserved. SMSr homologues occur 
in vertebrates, nematodes and insects, including the fruit fly Drosophila melanogaster (Fig 2B). 
Strikingly, Drosophila lacks SMS1 and SMS2 homologues and does not synthesize SM. Instead, 
this organism produces the SM analogue EPC (35). Although EPC is widely spread among 
animals, no EPC synthase has been identified to date. SM and EPC synthesis involve a similar 
reaction mechanism (12,13). Since SMS1, SMS2 and SMSr are structurally related and share 
conserved sequence motifs with putative active site residues (6), SMSr proteins are prime 
candidates for the elusive EPC synthase.

SM synthase multiplicity and its biological implications

Fig. 4 summarizes the concepts discussed in this review concerning the pathways of SM 
synthesis and their potential impact on fundamental cellular processes. The uniform tissue 
distribution of SMS1 and SMS2 transcripts in mammals (6,34) indicates that most mammalian 
cell types contain two distinct SM synthases: SMS1 in the trans Golgi and SMS2 predominantly 
at the plasma membrane. Since SMS1 is located proximal to SMS2 with respect to receiving 
newly synthesized ceramide from the ER, one may anticipate that SMS1 is primarily 
responsible for generating the bulk of cellular SM. 

In fact, cells seem to do everything to prevent newly synthesized ceramide from 
reaching the plasma membrane. This transport block, which may serve to avoid mixing of the 
metabolic pool of ceramide with the signaling pool of ceramide at the plasma membrane, is 
accomplished by the combined actions of GlcCer synthase on the Golgi surface, SMS1 in the 
Golgi lumen, and ceramide transfer protein CERT in the cytosol, with the latter ensuring that 
no ceramide formed on the ER surface can escape the metabolic trap in the Golgi. If SMS2 does 
not contribute significantly to the de novo SM synthesis, what role does it have? 

Like SMS1, SMS2 is a phosphocholine transferase that uses PC or SM as donors and 
ceramide or DAG as acceptors in any combination (6). In the ample presence of PC and SM 
at the plasma membrane, the reaction catalyzed by SMS2 will in first instance be driven by 
the relative concentrations of ceramide and DAG. Consequently, an exciting prospect is that 
SMS2 serves to balance the local pools of DAG and ceramide generated by phospholipases C 
and SMases in its vicinity, and hence plays a role in attenuating mitogenic and pro-apoptotic 
lipid signaling at the plasma membrane. However, given the opposing effects of ceramide 
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and DAG on cell proliferation and life span, it’s not very hard to imagine that cells developed 
mechanisms to control the SMS-mediated interconversion of these lipids beyond their relative 
concentrations in the membrane. 

Outlook

The co-existence of multiple SM synthases in animal cells raises a number of important issues 
with great potential for future investigation. If SM formation is required for cell growth and 
survival, then what part do SMS1 and SMS2 play in these processes? Are these enzymes 
functionally redundant or do they serve unique biological roles owing to their association 
with different cellular organelles? 

How significant is the site of SM synthesis for membrane trafficking and the 
compartmental organization of cells? For example, what would happen if SMS1 would be 
relocated from the Golgi to the ER? Does SMSr indeed represent the elusive EPC synthase? 
Where is this enzyme localized? Does EPC methylation, as postulated more then 30 years 
ago (11), contribute to the de novo SM synthesis? If so, can cells or animals survive with EPC 
methylation as the only pathway for SM production? 

Given that some animals, including fruit flies, produce EPC and no SM, can EPC 
synthesis functionally substitute for SM synthesis in mammalian cells if it would occur at the 
same location? Why is the SMS family in nematodes and in some vertebrates, including puffer 
fish, so elaborate? Does each SMS family member in these organisms act as SM synthase, or 
do some catalyze a related reaction? How do cells regulate SM synthesis in accordance to 
their needs? More specifically, what are the mechanisms by which cells control the rate and 
directionality of the reactions catalyzed by SMS proteins? 

Only a few years ago, many of these questions would have seemed far-fetched, if not 
impossible to tackle. However, with the identification of a multigenic SM synthase family in 
animals, a unique toolbox has been uncovered whose contents can now be used to dissect the 
pathways, biological roles and regulation of SM synthesis in molecular detail.
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Abstract

Sphingomyelin (SM) is a vital component of cellular membranes in organisms ranging 
from mammals to protozoa. Its production involves the transfer of phosphocholine from 
phosphatidylcholine to ceramide, yielding diacylglycerol in the process. The mammalian 
genome encodes two known SM synthase isoforms, SMS1 and SMS2. However, the relative 
contributions of these enzymes to SM production in mammalian cells remained to be 
established. In here we show that SMS1 and SMS2 are co-expressed in a variety of cell types 
and function as the key Golgi and plasma membrane-associated SM synthases in human 
cervical carcinoma HeLa cells, respectively. RNAi-mediated depletion of either SMS1 or SMS2 
caused a substantial decrease in SM production levels, accumulation of ceramides and a block 
in cell growth. While SMS-depleted cells displayed a reduced SM content, external addition 
of SM did not restore growth. These results indicate that the biological role of SM synthases 
goes beyond formation of SM.

Introduction

Sphingolipids are ubiquitous components of biomembranes in eukaryotic cells. The most 
abundant sphingolipid species in mammalian cells is sphingomyelin (SM), which comprises 
5-15% of total phospholipids. SM synthesis involves the transfer of a phosphocholine headgroup 
from phosphatidylcholine (PC) to ceramide with concomitant production of diacylglycerol 
DAG (1,2). The enzyme catalyzing this reaction, SM synthase, thus occupies a central position 
at a crossroads of sphingolipid and glycerolipid metabolism and has considerable biological 
potential as regulator of pro-apoptotic factor ceramide and mitogenic factor DAG.

Indeed, several lines of evidence indicate that SM synthesis plays a critical role in cell 
growth and survival. Chinese hamster ovary (CHO) mutant cells with a thermolabile serine 
palmitoyltransferase, the rate-limiting enzyme in sphingolipid synthesis, die in the absence of 
externally added sphingoid base when shifted to the non-permissive temperature. The mutant 
cells could be rescued by added SM, but not by glucosylceramide (GlcCer), the precursor of 
higher glycosphingolipids (3). Another study reported the isolation of a mouse lymphoid 
cell line with diminished SM synthase activity and a defect in cell growth when cultured 
under serum-free conditions; growth could be restored by supplementing the medium with 
exogenous SM (4). Finally, fluctuations in SM synthase activity have been linked to mitogenic 
and pro-apoptotic signaling in a variety of mammalian cell types (5-7).

The molecular basis for the requirement of SM synthesis in cell growth is not clear 
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and any of the following scenarios may apply. To begin with, SM accumulates in the outer 
leaflet of the plasma membrane and its high packing density and affinity for cholesterol likely 
contributes to the barrier function of this organelle. In addition, SM at the plasma membrane 
provides a reservoir of lipid signaling molecules that are liberated by acidic or neutral 
SMases in response to a variety of biological stimuli (8); these molecules include ceramide, 
sphingosine and sphingosine-1-phosphate, and have been implicated in the regulation of 
cell proliferation, differentiation and apoptosis (9,10). As SM has a strong capacity to form 
microdomains, its production in the trans Golgi may affect the lateral organization of other 
membrane components and hence provide a physical basis for sorting events that help 
establish the compositional and functional differences between the endoplasmic reticulum, 
plasma membrane and Golgi itself (11). Moreover, SM synthesis in the trans Golgi may create 
a local pool of DAG, which provides a cue for protein kinase D recruitment and the formation 
of secretory vesicles (12). Finally, by regulating the cellular levels of pro-apoptotic factor 
ceramide and mitogenic factor DAG in opposite directions, SM synthesis may have a direct 
impact on cell proliferation and life span (13,14).

Using an expression cloning strategy in yeast, we previously identified a family of 
SM synthases whose members are present throughout the animal kingdom, from mammals 
and nematodes to protozoa like the malaria parasite Plasmodium falciparum (15,16). In fact, 
each organism capable of SM production displays a multiplicity of SM synthase (SMS) 
genes. The human genome contains two of these genes, named SMS1 and SMS2. The 
corresponding enzymes fulfill essentially all criteria previously attributed to SM synthase 
and reside in organelles where SM synthesis is known to occur, namely the Golgi (SMS1) 
and plasma membrane (SMS2)(15,17). In line with these findings, Yamaoka et al. reported 
the expression cloning of human SMS1 employing a mouse lymphoid cell line with severely 
reduced SM synthase activity and susceptible to methyl-b-cyclodextrin-induced cell death 
(4). This work suggested that SMS1 represents a major SM synthase activity in mammalian 
cells with a critical role in cell growth. However, the molecular basis of the SM synthase defect 
in the lymphoid cell line has not yet been clarified. Interestingly, a recent study showed that 
resistance of S49 mouse lymphoma cells to alkyl-lysophospholipid (ALP)-induced apoptosis 
is due to transcriptional downregulation of SMS1 (18). Whether ALP-resistant S49 cells are 
defective in growth when cultured under serum-free conditions (i.e. without exogenous SM) 
is unclear. Consequently, the precise contribution of SMS1 and SMS2 to SM production and 
growth in mammalian cells remains to be determined.

In the present paper we used RNA interference to specifically deplete SMS1 or SMS2 
from human cervical carcinoma HeLa cells and analyzed the effect of these manipulations 
on the Golgi and plasma membrane-associated SM synthase activities, SM production levels, 
overall lipid composition and cell growth.
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Results

SMS1 and SMS2 are co-expressed in various cell types  

Northern blot analysis previously showed that SMS1 and SMS2 are expressed in all major 
human tissues (15). Therefore, one may anticipate that most cell types contain both SM 
synthase isoforms. To verify this, we analyzed various mammalian cell-lines for SMS1 and 
SMS2 expression using RT-PCR. Total RNA was isolated from human cervical carcinoma HeLa 
cells, human hepatoma HepG2 cells, human colon carcinoma CaCo2 cells, mouse melanoma 
MEB4 cells and mouse fibroblast MF cells. As shown in Fig. 1, RT-PCR revealed the presence 
of both SMS1 and SMS2 transcripts in all five cell-lines analyzed. These results indicate that 
SMS1 and SMS2 are encoded by ubiquitously expressed genes. 

Characterization of SMS1- and SMS2-overexpressing HeLa cells

SMS1 and SMS2 reside in organelles where SM synthesis is known to occur, namely in the 
Golgi and at the plasma membrane, respectively (15). However, whether SMS1 and SMS2 
are responsible for SM synthesis at these locations is not known. This led us to analyze the 
impact of SMS1 and SMS2 overexpression and depletion on Golgi- and plasma membrane-
associated SM synthase activities. To this end, HeLa cells were stably transfected with V5-
epitope tagged SMS1 or SMS2 constructs. Consistent with our previous work (15), SMS1-V5 
localized exclusively to the peri-nuclear region where it displayed extensive co-localization 
with Golgi marker GM130 (Suppl. Fig. 1). SMS2-V5, on the other hand, primarily localized 
to the plasma membrane. A small portion of the protein was also found in the peri-nuclear 
region where it co-localized with GM130. 

In line with the immunofluorescence microscopy data, subcellular fractionation 
on Percoll density gradients showed that SMS1-V5 co-migrated with the Golgi-resident 

Figure 1. SMS1 and SMS2 are co-expressed in various mammalian cell types. Reverse transcription 
PCR of SMS1 and SMS2 mRNAs was carried out on total RNA (~0.5 mg/reaction) isolated from human 
cervical carcinoma HeLa cells, human hepatoma HepG2 cells, human colon carcinoma CaCo2 cells, 
mouse melanoma MEB4 cells and mouse fibroblast MF cells using the Titan One Tube RT-PCR System 
(Roche, Penzberg, Germany). To verify that the SMS1- and SMS2-specific primers themselves did not 
result in a product, RNA was omitted in control reactions.
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glucosylceramide transferase (GlcCerT) activity and segregated from the bulk of Na+/
K+ATPase, a marker of the plasma membrane (Fig. 2A). In contrast, the fractionation profile 
of SMS2-V5 matched that of Na+/K+ATPase and was distinct from the fractionation profile 
of GlcCerT (Fig. 2B). The SM synthase activity in SMS1-V5 expressing cells was 2-fold higher 
than in untransfected cells (891 versus 427 pmol C6-NBD-SM formed/mg protein/h) and co-
migrated with SMS1-V5 and GlcCerT (Fig. 2A). In SMS2-V5 expressing cells, on the other 
hand, the SM synthase activity displayed a 4-fold increase relative to untransfected cells (1,662 
versus 427 pmol C6-NBD-SM formed/mg protein/h) and co-fractionated with SMS2-V5 and 
Na+/K+ATPase (Fig. 2B). Hence, over-expression of SMS1 primarily increases the Golgi-

Figure  2. Subcellular fractionation 
of SM synthase activity from SMS1- 
and SMS2-overexpressing HeLa 
cells. Post nuclear supernatants 
of untransfected HeLa cells (A) or 
HeLa cells stably transfected with 
SMS1-V5 (B) or SMS2-V5 constructs 
(C) were fractionated on 22.5% 
Percoll gradients. Fractions were 
collected from the top and analysed 
for SM synthase activity and GlcCerT 
activity as described in Experimental 
procedures. In brief, fractions were 
incubated with C6-NBD-ceramide 
and the products formed (NBD-SM 
and NBD-GlcCer) were separated 
by 1D-TLC and quantified using a 
fluorescence imager. In addition, 
fractions were immunoblotted with 
mouse monoclonal anti-V5 and rabbit 
polyclonal anti-plasma membrane 
Na+/K+-ATPase antibodies. 
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associated SM synthase activity while over-expression of SMS2 primarily increases the SM 
synthase activity at the plasma membrane.

SMS1 represents a major, whereas SMS2 represents a minor SM synthase activity in HeLa 

cells 

To address whether SMS1 and SMS2 are responsible for the endogenous Golgi- and plasma 
membrane-associated SM synthase activities in HeLa cells, their expression was blocked 
using small interfering RNA duplexes (siRNAs). Non-silencing (NS) siRNA and siRNA 
directed against the nuclear matrix protein lamin A (LA) served as controls. Several different 
SMS1- and SMS2-directed siRNAs were initially tested on SMS1-V5 and SMS2-V5 expressing 
HeLa cells. This yielded one SMS1 siRNA and three different SMS2 siRNAs that each gave 
a strong (80 to 90%) and specific reduction in expression of the corresponding SMS protein 
after 3 days of treatment (Fig. 3A and data not shown). To verify that these siRNAs were also 
effective in down-regulating expression of endogenous SMS proteins, we raised a polyclonal 

Figure  3. siRNA-induced down-regulation of SMS1 and SMS2 expression in HeLa cells. A, SMS1-V5 
or SMS2-V5 expressing HeLa cells were treated with siRNA duplexes targeting lamin A (LA), SMS1 
or SMS2 for 3 days and then processed for immunoblot analysis. Blots were stained with antibodies 
directed against the V5 epitope, LA or p24 protein. B, Immunoblots of membrane extracts from yeast 
cells transfected with empty vector (control) or with expression vectors containing SMS1-V5 or SMS2-V5. 
Blots were stained with anti-V5 antibody or a rabbit polyclonal antibody directed against the C-terminus 
of SMS2. The positions of intact SMS2-V5 and a C-terminal SMS2-V5 degradation product are indicated 
with an arrow and an arrowhead, respectively. C, HeLa cells were treated with LA, SMS1 or SMS2 siRNAs 
for 3 days and then processed for immunoblot analysis. Blots were stained with rabbit polyclonal anti-
SMS2 and anti-plasma membrane Na+/K+-ATPase antibodies.
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Figure  4. Effect of SMS1 and SMS2 
depletion on total SM synthase 
activity in HeLa cells. A, HeLa cells 
were treated for 3 or 7 days with 
SMS1, SMS2 or both SMS1 and SMS2 
siRNAs and then lysed and incubated 
with C6-NBD-ceramide. Formation 
of NBD-SM was monitored by TLC, 
normalized against total protein, and 
then expressed as percentage of the 
amount of NBD-SM formed in LA 
siRNA-treated cells. Data shown are 
means ± SD of three independent 
experiments (except for data on 
cells treated with SMS1 and SMS2 
siRNAs simultaneously, which were 
obtained from a single experiment). 
B, Post nuclear supernatants derived 
from HeLa cells pre-treated with 
LA, SMS1 or SMS2 siRNA for 3 days 
were fractionated on 22.5% Percoll 
gradients. Fractions were collected 
from the top and analysed for SM 
synthase activity, GlcCerT activity 
and immunoblotted with anti-plasma 
membrane Na+/K+-ATPase antibodies 
as described in the legend of Fig. 2.
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antibody against an 18-amino-acid synthetic peptide corresponding to the C-terminus of 
human SMS2. This antibody cross-reacted with human SMS2 expressed in yeast (Fig. 3B) 
and primarily recognized a 38-kDa protein in HeLa membrane extracts (Fig. 3C). The latter 
protein represents endogenous SMS2 since its expression in HeLa cells was drastically (~80%) 
reduced after treatment with SMS2 siRNA but unaffected after treatment with LA or SMS1 
siRNAs (Fig. 3C).

To determine the individual contributions of SMS1 and SMS2 to the total cellular SM 
synthase activity, HeLa cells were treated for 3 or 7 days with LA, SMS1 or SMS2 siRNAs, 
lysed, and then incubated with C6-NBD-ceramide in the presence of N-ethylmaleimide 
(NEM), an inhibitor of mammalian SMases that does not interfere with SM synthase activity 
(15). Formation of C6-NBD-SM was monitored by TLC and then normalized for total amount 
of protein. As shown in Fig. 4A, cells treated for 3 days with SMS1 siRNA showed a major 
(~60%) reduction in SM synthase activity compared to LA siRNA-treated cells. Moreover, 

these cells proved virtually devoid of the SM synthase activity peak that normally co-migrates 
with the GlcCerT peak on a Percoll density gradient (Fig. 4B). When the siRNA treatment was 
prolonged to 7 days, the SM synthase activity in SMS1-depleted cells dropped even further, 
namely to ~20% of that in LA-depleted cells (~80% reduction; Fig. 4A). SMS2-depleted cells, 
on the other hand, displayed a less pronounced reduction in SM synthase activity (~40% 
reduction after 7 days of siRNA treatment; Fig. 4A) and, unlike SMS1-depleted cells, still 

Figure  5. SMS1 depletion abolishes C6-NBD-ceramide staining of the Golgi complex. HeLa cells were 
treated with LA, SMS1 or SMS2 siRNAs for 3 days and then incubated with C6-NBD-ceramide for 30 
min at 4ºC. Next, cells were washed, chased for 10 min at 37ºC in BSA-containing medium, fixed and 
visualized by fluorescence microscopy. 
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contained the bulk of SM synthase activity that co-migrates with GlcCerT when fractionated 
on a Percoll density gradient (Fig. 4B). When cells were treated simultaneously with SMS1 
and SMS2 siRNAs for 7 days, the SM synthase activity was reduced to nearly 10% of that 
in LA-depleted cells (~90% reduction; Fig. 4A). These results indicate that SMS1 and SMS2 
together make up the bulk of SM synthase activity in HeLa cells, with SMS1 acting as a major 
SM synthase activity and SMS2 as a minor one.

SMS1 depletion abolishes C6-NBD-ceramide staining of the Golgi complex 

The fluorescent ceramide analogue, C6-NBD-ceramide, stains the Golgi complex (30) and 
has been applied to study the dynamics of this organelle in living cells (31). The mechanism 

Figure  6. SMS1 depletion has no general impact on the structural integrity of the Golgi complex. HeLa 
cells expressing a red fluorescent protein-tagged version of the medial Golgi marker a-mannosidase II 
were treated with LA, SMS1 or SMS2 siRNAs for 3 days and then incubated with C6-NBD-ceramide for 
30 min at 4ºC. Next, cells were washed, chased for 10 min at 37ºC in BSA-containing medium, fixed and 
visualized by fluorescence microscopy. 



32

Both SMS1 and SMS2 are required for SM homeostasis and cell growth

by which C6-NBD-ceramide accumulates in the Golgi is unclear. Fluorescence microscopy 
of live yeast incubated with C6-NBD-ceramide revealed bright cytoplasmic patches similar 
in appearance to the Golgi (32). Interestingly, this staining was absent in cells treated with 
aureobasidin A, a potent inhibitor of the enzyme responsible for inositolphosphorylceramide 
synthesis in the Golgi lumen. We reasoned that, analogous to the situation in yeast, C6-NBD-
ceramide staining of the Golgi in mammalian cells might require an active SM synthase in the 
Golgi. To investigate this possibility, HeLa cells were treated with LA, SMS1 or SMS2 siRNA 
for 3 days and then stained with C6-NBD-ceramide as described in Experimental Procedures. 
Cells depleted of LA or SMS2 showed a bright perinuclear staining reminiscent of the Golgi 
complex (Fig. 5). However, this perinuclear staining was strongly reduced in a substantial 
portion (up to 50%) of SMS1-depleted cells. Instead, these cells primarily showed a faint 
staining of the endoplasmic reticulum and nuclear envelope.

To investigate the possibility that the absence of perinuclear staining in SMS1-depleted 
cells was due to collapse of the Golgi complex, we next used HeLa cells stably expressing a 
red fluorescent protein (RFP)-tagged version of the Golgi-resident enzyme a-mannosidase 
II. As shown in Fig. 6, the perinuclear C6-NBD-ceramide staining in LA- or SMS2-depleted 
cells co-localized with RFP-tagged a-mannosidase II. In contrast, even though SMS1-depleted 
cells contained RFP-labeled perinuclear structures reminiscent of the Golgi complex, these 
structures were devoid of C6-NBD-ceramide staining. These findings suggest that C6-NBD-
ceramide labeling of the Golgi requires ongoing SM synthesis in the Golgi lumen. Moreover, 
they provide complementary evidence that SMS1 is the key Golgi-associated SM synthase in 
HeLa cells.

SMS2 is the principal plasma membrane-associated SM synthase in HeLa cells

Cell fractionation data on rat liver indicate that, even though most SM synthase activity is 
associated with the Golgi, about 10% localizes to the plasma membrane (33). Cell surface SM 
synthase assays on dog epithelial MDCK cells confirmed that a minor fraction of the total SM 
synthase activity is associated with the plasma membrane (29). SMS2 predominantly resides 
at the plasma membrane and therefore is a strong candidate for the cell surface-associated 
SM synthase. To test whether SMS2 is responsible for this activity, HeLa cells overexpressing 
or deficient in SMS2 were analyzed for cell surface SM synthase activity using the assay 
developed by van Helvoort et al. (29). To this end, cells were incubated with C6-NBD-ceramide 
for 3 h on ice in medium supplemented with BSA to extract any newly formed C6-NBD-SM 
from the cell surface. Under these conditions, vesicular traffic is blocked so that C6-NBD-SM 
produced in the Golgi is unable to reach the cell surface. 

As shown in Fig. 7A, some newly synthesized C6-NBD-SM could be extracted from 
normal HeLa cells. This was not due to leakage from damaged cells since newly synthesized 
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C6-NBD-glucosylceramide, a product synthesized from C6-NBD-ceramide on the cytosolic 
surface of the Golgi, could not be extracted from the cells. SMS2-V5 expressing cells displayed 
a 10-fold increase in the cell surface-associated SM synthase activity (Fig. 7A,B). In contrast, 
cells expressing SMS1-V5 showed only a minor (2-fold) increase in this activity.  Depletion 
of LA or SMS1 had no effect on the cell surface-associated SM synthase activity in SMS2-V5 
expressing cells. However, this activity was strongly reduced upon depletion of SMS2 (Fig. 7C). 
Moreover, normal HeLa cells depleted for SMS2 displayed a strong (~70%) reduction in cell 
surface-associated SM synthase activity compared to LA-depleted cells (Fig. 7D). Collectively, 

Figure  7. SMS2 serves as the principal plasma membrane-associated SM synthase activity in HeLa 
cells. A, Normal HeLa cells (control) or HeLa cells expressing SMS1-V5 or SMS2-V5 were incubated 
for 3 h at 0ºC with 5mM C6-NBD-ceramide in BSA-containing medium. NBD-SM synthesized on the 
cell surface was depleted by the BSA in the medium. NBD-labeled lipids were extracted from cells 
and medium, separated by TLC and then visualized on a fluorescence imager. B, Amount of NBD-SM 
formed on the surface of normal, SMS1-V5 or SMS2-V5 expressing HeLa cells was quantified using 
a fluorescence imager and after normalization against total cellular protein expressed in pmol. Cells 
were processed for immunoblotting with mouse monoclonal anti-V5 and rabbit polyclonal anti-p24 
antibodies. C, HeLa cells expressing SMS2-V5 were treated with LA, SMS1 or SMS2 siRNAs for 3 days 
and then analysed for cell surface-associated SM synthase activity as under A. D, Normal HeLa cells 
were treated with LA or SMS2 siRNAs for 7 days and then analysed for cell surface-associated SM 
synthase activity as under A. Amount of NBD-SM formed on the cell surface was normalized against 
total cellular protein and then expressed as percentage of cell surface derived NBD-SM in LA siRNA-
treated cells. Data shown in D are means ± SD of three independent experiments. Cells were processed 
for immunoblotting with rabbit polyclonal anti-SMS2 and anti-plasma membrane Na+/K+-ATPase 
antibodies. 
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these data indicate that SMS2 is primarily responsible for the cell surface-associated SM 
synthase activity in HeLa cells.

Both SMS1 and SMS2 contribute to SM production in HeLa cells

To determine the contributions of SMS1 and SMS2 to SM synthesis in vivo, siRNA-treated 
HeLa cells were metabolically labeled for 4 h with the SM precursor [14C]N-methyl-choline 
and the amount of radiolabeled SM formed was quantified by TLC and autoradiography. 
To exclude uptake of substantial amounts of exogenous SM from the medium (which may 
influence endogenous production levels) while avoiding the harsh conditions associated with 
serum deprivation, siRNA treatment and metabolic labeling was performed in Opti-MEM 
containing 3% delipidated serum. Remarkably, cells treated with SMS1 or SMS2 siRNAs for 
3 days displayed a 4- and 2-fold decrease in [14C]-PC levels compared to NS or LA siRNA-

Figure  8. SMS1 and SMS2 each contribute to SM production in HeLa cells. A, HeLa cells treated 
with SMS1, SMS2 or SMS1 and SMS2 siRNAs for 7 days were metabolically labelled with [14C]methyl-
choline or [14C]3-L-serine for 4 h or with [3H]1-sphingosine for 1 h at 37°C. Formation of radiolabelled 
SM was monitored by TLC, normalized against [14C]choline-labelled PC, [14C]serine-labelled PS or [3H]-
labelled PE, respectively, and then expressed as percentage of radiolabelled SM formed in LA siRNA-
treated cells. Data shown are means ± SD of two independent experiments. B, Lipids extracted from 
siRNA-treated, [3H]1-sphingosine labelled HeLa cells (as in A) were separated by 1D-TLC and then 
visualized by autoradiography. The location of SM, ceramide (Cer), GlcCer, PE (PE is probably labelled  
via degradation of sphingosine-1-phosphate to phosphoethanolamine) and a lipid of unknown identity 
(asterisk) is indicated.



35

Chapter 2

treated cells, respectively (our unpublished results). This was likely due to a general down-
regulation of phospholipid biosynthesis in SMS-depleted cells since incorporation of [14C]3-L-
serine into phosphatidylserine (PS) was affected to a similar extent (3- and 2-fold decrease in 
SMS1 and SMS2 siRNA-treated cells, respectively). Nevertheless, after normalization against 
[14C]-PC levels, SMS1-depleted cells displayed a marked reduction in the amount of [14C]-SM 
compared to NS or LA siRNA-treated cells, namely from 45% after 3 days to 70% after 7 days 
of depletion (Fig. 8A and data not shown). In comparison, SMS2-depleted cells displayed 
a less pronounced but still significant decrease in [14C]-SM levels, namely from 20% after 3 
days to 40% after 7 days of depletion. Very similar reductions in SM production levels were 
observed when SMS-depleted cells were labeled with two alternative SM precursors, [14C]3-
L-serine and [3H]1-sphingosine (Fig. 8A, B). These results demonstrate that both SMS1 and 
SMS2 contribute to SM production in HeLa cells.

Impact of SMS1 and SMS2 depletion on the lipid composition of HeLa cells

We next determined the effect of SMS1 and SMS2 depletion on the overall lipid composition of 
HeLa cells using liquid chromatography and mass spectrometric analysis. To exclude uptake 
of substantial amounts of lipid from the culture medium, siRNA treatment was performed on 
cells cultured in Opti-MEM containing 3% delipidated serum. Remarkably, cells treated with 
SMS1 siRNA for 7 days displayed only a minor (up to 20%) reduction in SM levels compared 
to NS or LA siRNA-treated cells, namely from 7.7 to 6.3 mol-% of total phospholipid (Table 1). 
This reduction was reached within 3 days of siRNA treatment (our unpublished results) and 
affected all major SM species to a similar extent (Fig. 9). Moreover, it was accompanied by a 
1.8-fold increase in ceramide and a 3-fold increase in GlcCer levels. Compared to SMS1 siRNA-
treated cells, cells treated with SMS2 siRNAs showed a slightly less pronounced reduction in 

Treatment

Lipid class
Sphingomyelins        Ceramides Glucosylceramides Phosphatidylcholine

mol-% % of 
control mol-% % of 

control mol-% % of
control mol-% % of

control
NS siRNA 
(control) 7.7±0.6 100±7 0.36±0.05 100±15 0.27±0.03 100±12 36.4±4.4 100±12

LA siRNA 7.5±0.2 97±2 0.32±0.04 87±10 0.29±0.07 108±27 36.7±1.1 101±3
SMS1 siRNA 6.3±0.2 81±3 0.66±0.10 182±27 0.86±0.20 318±73 37.5±4.0 103±11
SMS2 siRNA 6.6±0.3 86±4 0.57±0.11 165±31 0.36±0.03 136±12 40.8±1.8 112±5
SMS1+2 siRNA 6.2±0.3 82±4 0.60±0.04 167±12 0.68±0.03 250±12 41.1±4.3 116±12

Table 1. Lipid composition of control and SMS-depleted HeLa cells. HeLa cells cultured in Opti-MEM 
containing 3% delipidated serum were treated for 7 days with NS, LA, SMS1 and/or SMS2 siRNA and 
then subjected to lipid extraction and analyzed by LC-MS as described in Experimental procedures. 
Levels of sphingomyelins, ceramides, glucosylceramides and phosphatidylcholines are given as mol-% 
and relative to levels in cells treated with NS siRNA. Data shown are means ± SD of three independent 
experiments.
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SM levels (max. 14%), a similar (1.7-fold) increase in ceramide levels and only a very minor 
(1.3-fold) increase in GlcCer levels (Table 1, Fig. 9). The molecular species composition of the 
ceramides that accumulate in SMS1 and SMS2-depleted cells was virtually identical, indicating 
that SMS1 and SMS2 have common substrate specificity. Cells treated with both SMS1 and 
SMS2 siRNAs displayed a lipid composition very similar to that of SMS1-depleted cells. SMS 
depletion had no significant effect on the proportion of the major phosphoglycerolipid classes 
(PC, PS, PE, PI) or on the levels of cholesterol or DAG (Table 1; our unpublished results). 

Figure  9. Sphingolipid mass levels in 
control and SMS-depleted HeLa cells. HeLa 
cells cultured in Opti-MEM containing 3% 
delipidated serum were treated for 7 days 
with NS, LA, SMS1 and/or SMS2 siRNA 
and then subjected to lipid extraction, liquid 
chromatography and electrospray ionization 
tandem MS as described in Experimental 
procedures. Amounts of the most abundant 
molecular species of SM, ceramide and GlcCer 
are given in pmol/nmol total phospholipid 
(PL). Data shown are representative of three 
independent experiments.
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 The limited impact of SMS depletion on cellular SM levels was rather unexpected in 
light of the strongly reduced enzyme activity (80-90%; Fig. 4A). However, cells treated with 
SMS siRNAs under serum-free conditions also showed only a modest (max. 20%) reduction 
in SM levels (our unpublished results). Hence, the limited impact of SMS depletion on cellular 
SM levels cannot be ascribed to uptake of residual SM from delipidated serum.

Both SMS1 and SMS2 are required for growth in HeLa cells

Previous work suggested that SM synthesis is essential for cell growth in mammalian cells 
(3,4). Whether SMS1, SMS2 or both enzymes play a role in this process is unknown. To address 
this issue, we analyzed the effect of NS, LA, SMS1 and SMS2 siRNA treatment on the growth 
and viability of HeLa cells cultured in Opti-MEM containing 3% normal, 3% delipidated or no 
fetal calf serum. Transfection with LA or NS siRNAs had no significant effect on cell growth 
or viability compared to mock tranfected cells (our unpublished results). In contrast, growth 
of cells treated with SMS1 siRNAs ceased within 3 days after transfection, regardless of the 
culture conditions (Fig. 10A, B). Propidium iodine (PI) staining revealed that depletion of 

Figure 10. Growth in HeLa cells is dependent on both SMS1 and SMS2. A, HeLa cells plated at a 
density of 2 x 105/9.6-cm2 dish were treated with LA, SMS1 and/or SMS2 siRNA in Opti-MEM without 
serum. At the indicated time points, viable cell numbers were assessed by the dye exclusion method. 
B, HeLa cells plated as in A were treated with LA, NS, SMS1 or SMS2 siRNA in Opti-MEM without 
serum or in Opti-MEM supplemented with 3% normal or delipidated serum. After 3 days, viable cell 
numbers were assessed by the dye exclusion method and expressed as the percentage of cell numbers 
in LA siRNA-treated cultures. Data shown are means ± SD of two independent experiments performed 
in duplicate.
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SMS1 caused a slight reduction in cell viability compared to LA-depleted cells (from 98±1% 
to 94±2%). This drop in viability was accompanied by a 2-fold increase in the number of 
apoptotic (annexin V-positive/PI-negative) cells, namely from 3.3±0.7% to 7.5±1.5%. The 
percentage of apoptotic cells did not further increase upon prolonged treatment with SMS1 
siRNA. Cells treated with SMS2 siRNA also displayed a growth defect, a reduction in viability 
(from 98±1% to 92±3%) as well as a 2-fold increase in cells undergoing apoptosis (from 
3.3±0.7% to 7.1±1.1%). The growth arrest in SMS2-depleted cells occurred within 2 days of 
siRNA treatment, was independent of serum, and could be induced by any of three different 
SMS2 siRNAs that proved efficient in blocking cell surface-associated SM synthase activity 
(Fig. 10A,B; Suppl. Fig. 2). From these results we conclude that HeLa cells require both SMS1 
and SMS2 to sustain growth.
 Yamaoka et al. reported the isolation of a mouse lymphoid cell line with diminished 
SM synthase activity and a defect in cell growth when cultured in serum-free medium (4). 
Growth of these cells could be restored by external addition of SM. As shown in Fig. 11, 
supplementing the culture medium with exogenous SM at concentrations sufficient to relieve 
the growth arrest in SM synthase-deficient mouse lymphoid cells did not restore growth in 
SMS1- or SMS2-depleted HeLa cells. These results suggest that a drop in SM levels is not the 
sole or primary cause of the growth defect in SMS-deficient HeLa cells.
 

Figure 11. External addition of SM does not 
restore growth in SMS-depleted HeLa cells. 
HeLa cells were treated with LA, NS, SMS1 
or SMS2 siRNA in Opti-MEM supplemented 
with 3% delipidated serum in the absence 
(control) or presence of 80 mM SM or PC 
as described in Experimental procedures. 
After 3 or 7 days, viable cell numbers were 
assessed by the dye exclusion method and 
expressed as the percentage of cell numbers 
in LA siRNA-treated cultures. Data shown 
are means ± SD of three independent 
experiments performed in duplicate.
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Discussions

We previously reported that the mammalian genome contains two conserved SM synthase 
(SMS) genes, SMS1 and SMS2 (15). In this study we have shown that SMS1 and SMS2 
function as the principal Golgi and plasma membrane-associated SM synthases in human 
cervical carcinoma HeLa cells, respectively. Moreover, SMS1 and SMS2 each contribute to SM 
production in vivo and turn out to be essential for growth in HeLa cells. While both SMS1 and 
SMS2-depleted cells display a reduced SM content, external addition of SM did not restore 
growth. These results indicate that the requirement of SM synthases for growth in HeLa cells 
goes beyond formation of SM.

SMS1 is localized exclusively to the Golgi complex and three lines of evidence argue 
that this enzyme is primarily responsible for the Golgi-associated SM synthase activity in 
HeLa cells. First, overexpression of SMS1 led to a substantial increase in a SM synthase 
activity that co-fractionated with the Golgi-resident enzyme GlcCerT and segregated from the 
plasma membrane on a Percoll density gradient. This was in contrast to the situation in SMS2-
overexpressing cells, which showed a marked increase in plasma membrane-associated SM 
synthase activity. Second, HeLa cells treated with siRNA to specifically down regulate SMS1 
expression were devoid of the SM synthase activity that normally co-migrates with GlcCerT 
on a Percoll gradient; the latter activity was essentially unaffected in SMS2-depleted cells. 
Finally, SMS1 depletion abolished vital staining of the Golgi complex with C6-NBD-ceramide; 
this staining was unperturbed in SMS2-depleted cells. 

C6-NBD-ceramide vitally stains the Golgi complex of a wide range of cultured cells 
(30,31) but the mechanism by which this lipid accumulates in the Golgi is unclear. Our present 
findings indicate that molecular trapping of C6-NBD-ceramide at the Golgi requires SMS1. 
This suggests that the Golgi labeling is due to formation of C6-NBD-SM rather than to C6-
NBD-ceramide itself. Owing to its short chain fatty acid and absence of a polar head group, 
C6-NBD-ceramide readily diffuses across cellular membranes and through the cytosol. Upon 
arrival in the Golgi lumen, C6-NBD-ceramide will be converted into C6-NBD-SM. The latter 
is resistant to interorganellar partitioning and cannot be back-exchanged from cells with BSA 
because addition of the charged phosphorylcholine head group will trap it on the luminal 
leaflet of the Golgi membrane (34). This scenario is consistent with the observation that C6-
NBD-ceramide labeling of the Golgi complex in yeast is blocked instantly by aureobasidin 
A (32), a potent inhibitor of the enzyme responsible for inositolphosphorylceramide (IPC) 
synthesis in the Golgi lumen (35). However, our data do not exclude an alternative scenario, 
namely that SMS1 traps C6-NBD-ceramide at the Golgi by creating a unique lipid composition 
that slows down its monomeric diffusion to other cellular organelles. Hence, whereas our 
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findings demonstrate that C6-NBD-ceramide staining of the Golgi requires SMS1, it remains to 
be established whether this staining involves production of C6-NBD-SM or some preferential 
interaction between C6-NBD-ceramide and endogenous lipids whose levels in the Golgi are 
(in)directly controlled by SMS1 (SM, DAG and/or cholesterol). In any case, it appears that 
C6-NBD-ceramide labeling of the Golgi provides a useful method to monitor SM synthase 
activity at this organelle in situ.

As reported previously for rat liver (33) and dog epithelial MDCK cells (29), we found 
that HeLa cells contain a plasma membrane-associated SM synthase activity. This activity was 
increased in SMS2-overexpressing cells, strongly reduced (~70% reduction) in SMS2-depleted 
cells and essentially did not correlate with changes in SMS1 expression levels. Together with 
the finding that SMS2 primarily resides at the plasma membrane, these observations indicate 
that SMS2 operates as the major, if not only cell surface-associated SM synthase in HeLa 
cells. Since SMS2 is expressed in essentially all major tissues (15,17,36) and in a variety of 
mammalian cell lines (this study), we anticipate that the presence of a cell surface-associated 
SM synthase activity is a general feature of mammalian cells. 

In vitro enzyme assays on lysates of siRNA-treated cells showed that SMS1 and SMS2 
together are responsible for the bulk of SM synthase activity in HeLa cells with SMS1 acting as 
a major (60-80% of total) and SMS2 as a minor (20-40% of total) SM synthase activity. Metabolic 
labeling of siRNA-treated cells with three different SM precursors revealed that both SMS1 
and SMS2 contribute to SM production in vivo with a primary role for SMS1. Even though 
SMS2 is predominantly associated with the plasma membrane, a minor fraction of the protein 
resides in the Golgi complex (15; Suppl. Fig. 1). This raises the question of whether SMS2-
dependent SM production occurs in the Golgi, at the plasma membrane or both. Besides a 
reduced SM content, SMS1-depleted cells showed a nearly 2-fold increase in ceramides as well 
as a 3-fold increase in GlcCer levels. The latter finding indicates that blocking SM production 
in the Golgi causes a diversion of ceramide to GlcCer synthesis, which takes place in the 
same organelle. Compared to SMS1-depleted cells, cells deficient in SMS2 showed a similar 
increase in ceramide levels but no appreciable accumulation of GlcCer. This suggests that 
SMS2-dependent SM production primarily occurs at the plasma membrane.

Given that SMS1 and SMS2 together are responsible for the bulk of SM synthase activity 
in HeLa cells, it was rather unexpected that prolonged SMS depletion caused only a minor 
(max. 20%) reduction in SM levels. This discrepancy cannot be explained by uptake of SM 
from the medium since cells treated with SMS siRNAs under serum-free conditions showed a 
similar reduction in SM content. An alternative explanation could be that mammalian cells are 
equipped with an SMS-independent pathway of SM synthesis. For example, Muehlenberg et al. 
(37) proposed a pathway of SM synthesis in which ceramide is first converted to ethanolamine 
phosphorylceramide (EPC) via transfer of the head group from phosphatidylethanolamine 
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(PE). EPC is then converted to SM by step-wise methylation in a reaction analogous to the 
S-adenosylmethionine-dependent conversion of PE to PC. Because HeLa cells contain an EPC 
synthase activity (Ternes et al., man. in prep), we tested whether SMS-depleted cells utilize 
EPC methylation to compensate for a drop in SMS-mediated SM production. However, LC-
MS analysis of cells metabolically labeled with D4-ethanolamine and D9-choline revealed no 
evidence for an EPC methylation pathway that contributes significantly to SM homeostasis 
(Ternes et al., man. in prep). Instead, we anticipate that the limited impact of SMS depletion 
on cellular SM composition is due to the growth arrest, which sets in within 3 days of siRNA 
treatment and which is accompanied by a general down regulation of phospholipid synthesis 
and a substantial reduction in SM turnover rate (up to 4-fold decrease in SMS1/2-depleted 
cells as indicated by pulse-chase labeling with D9-choline; our unpublished results). 

Remarkably, we found that HeLa cells require both SMS1 and SMS2 for growth. 
Concomitant with a substantial decrease in SM production levels, SMS1 and SMS2-depleted 
cells displayed a reduced SM content as well as an accumulation of ceramides. Considering 
the potentially vital contribution of SM to the barrier function of the plasma membrane and the 
anti-mitogenic properties of ceramide (9), either condition may compromise a normal growth 
rate. Yamaoka et al. reported that a mouse lymphoid cell line with diminished SM synthase 
activity was defective in growth when cultured in the absence of serum or externally added 
SM (4). These data strongly suggest that SM plays a critical role in cell growth. However, we 
observed that the growth defect in SMS-depleted HeLa cells occurred regardless of whether 
the culture medium was supplemented with serum or exogenous SM. While this does not 
preclude a vital function of SM in cell growth, our data indicate that the requirement of SMS1 
and SMS2 in this process is not limited to maintaining a critical level of SM. Moreover, they 
raise the question of why cells need two SM synthases for growth. 

One explanation may be that SMS1 and SMS2 utilize different molecular species of 
ceramide and/or PC to create distinct pools of SM and/or DAG that each serves an essential 
role in growth. However, characterization of SMS1 and SMS2 in vitro thus far revealed no 
fundamental differences in enzymatic properties. Both enzymes recognize synthetic short-
chain (C6-NBD) as well as naturally occurring long chain (C18 to C26) ceramides as suitable 
substrates for SM synthesis (15). In addition, MS analysis did not show any significant 
difference in molecular species composition between the ceramides that accumulate in SMS1- 
and SMS2-depleted HeLa cells (this study). It therefore appears that SMS1 and SMS2 posses a 
common substrate specificity, at least towards ceramides.

Instead, our data indicate that cell growth requires SM synthases to operate 
simultaneously in the Golgi and at the plasma membrane. SM synthesis generates DAG and 
it has been reported that the level of DAG in the trans Golgi is critical for protein transport to 
the plasma membrane, a process essential for cell growth. In particular, three related protein 



42

Both SMS1 and SMS2 are required for SM homeostasis and cell growth

kinases, PKD1, PKD2 and PKD3 are directed to Golgi membranes via DAG-specific cysteine-
rich domains, and these kinases are required for efficient formation of Golgi-derived secretory 
vesicles (12,38). Moreover, fumonisin B1, an inhibitor of ceramide synthesis that indirectly 
prevents production of DAG and SM from ceramide and PC, has been found to inhibit PKD 
recruitment and to block protein transport from the trans Golgi network to the cell surface 
(12). 

Due to its location, SMS2 may complement SMS1 by maintaining an appropriate level 
of SM at the plasma membrane, but probably not with respect to liberating DAG for secretory 
vesicle formation at the Golgi. The requirement of SMS2 in cell growth may reflect a role in 
signal transduction at the plasma membrane. SMase-catalyzed hydrolysis of SM in response 
to external stimuli generates ceramide, a negative regulator of cell growth (14). By converting 
ceramide back to SM, SMS2 may attenuate SMase-induced signaling at the plasma membrane. 
This reaction would produce DAG, which is a well-established mitogenic factor (39). Hence, 
SMS2 may serve a critical role in cell growth by regulating the balance between pro- and anti-
mitotic stimuli at the plasma membrane.

The widespread multiplicity of SM synthase genes in organisms generating SM 
suggests that it serves a fundamental role. In here we have demonstrated that this multiplicity 
is essential for growth in human HeLa cells. The mechanisms by which SMS1 and SMS2 
contribute to cell growth will be the subject of future studies. 

Experimental procedures

Chemicals 

NBD-hexanoyl-ceramide (C6-NBD-ceramide) was from Molecular Probes (Eugene, OR). PercollTM was 
from Amersham Pharmacia (Piscataway, NJ) and [14C]N-methyl-choline, [14C]3-L-serine and [3H]1-
sphingosine (spec. act. 30-60 mCi/mmol) was from MP Biomedicals (Irvine, CA). All other chemicals 
were from Sigma Aldrich (St. Louis, MO). 

Cell culture, plasmid transfection and RNA interference 
HeLa cells were routinely cultured at 37°C and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal calf serum. Cells were transfected with human SMS1-V5/pcDNA3.1, 
human SMS2-V5/pcDNA3.1 (15) or mouse a-mannosidase II-RFP/plk13 (a gift from L. Krueschner, 
Max Planck Institute of Molecular Cell Biology and Genetic, Dresden) using Lipofectamine 2000 
(Invitrogen Corp. Carlsbad, CA). Stable transfectants were selected in medium containing 0.8 mg/ml 
G418 (Invitrogen). RNA interference was performed on HeLa cells transfected with small interfering 
RNA duplexes (siRNAs; Qiagen, Germantown) using Oligofectamine (Invitrogen) as described 
(19). All transfections with siRNAs were carried out in Opti-MEM I Glutamax medium (Invitrogen) 
supplemented with 3% normal or delipidated fetal calf serum, as indicated. Delipidated serum was 
prepared by butanol-di-isopropyl ether extraction according to Chem and Knowels (20). Several 
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different SMS1- and SMS2-directed siRNAs were initially tested on SMS1-V5 and SMS2-V5 expressing 
HeLa cells. This yielded one SMS1 siRNA (sense, CUACACUCCCAGUACCUGG) and three different 
SMS2 siRNAs (2a sense, GGCUCAAUUCCUUGCUGCU; 2b sense, CCCAAGAGCUUAUCCAGUG; 2c 
sense, GUCAAUAGUGGGACGCAGA) that each gave a strong (80 to 90%) and specific reduction in 
expression of the corresponding SMS protein after 3 days of treatment. Non-silencing siRNA (NS; sense, 
UUCUCCGAACGUGUCACGU) and siRNA directed against the nuclear matrix protein lamin A (LA; 
sense, CUGGACUUCCAGAAGAACA) served as controls. For long-term RNA interference, cells were 
passaged after 3 days of siRNA transfection, retransfected with siRNAs and then incubated for 3 or 4 
additional days, as indicated. 

Antibodies, immunoblotting and immunofluorescence microscopy 
HeLa cells and yeast strains expressing V5-tagged SMS1 or SMS2 were processed for immunoblot analysis 
as described previously (15). An 18-amino-acid peptide (CRKYSRVQKIGEDNEKST) corresponding to 
the C-terminus of human SMS2 was coupled to keyhole limpet hemocyanin and used to immunize rabbits 
(Exalpha Biologicals Inc., Maynard, MA). One of the resulting antisera (antiserum 15910) was selected 
for this study and used at a dilution of 1:1,000 for immunoblot analysis. Rabbit polyclonal anti-rat Na+/
K+-ATPase antibody (M09-C356) was a gift of J. Koendering (CMLS, Radboud Univeristy Nijmegen). 
Rabbit polyclonal anti-Lamin A/C antibody was from Santa Cruz Biotechnology (Santa Cruz, CA) and 
mouse monoclonal anti-GM130 antibody from BD Biosciences (San Jose, CA). Antibodies against the V5 
epitope and p24 protein were described previously (15). For immunoblot analysis, antibody incubations 
were carried out in PBS containing 2% ovalbumine and 0,5% Tween-20. After incubation with peroxidase-
conjugated secondary antibodies (Biorad), blots were developed using a chemiluminescent substrate kit 
(Pierce, Rockford, USA). Chemiluminescent bands were quantified using a GS-710 calibrating imaging 
densitometer (BioRad) with QuantityOne software. Immunofluorescence microscopy was carried out as 
described (15). 

Cell fractionation and enzyme assays 
Subcellular fractionations on Percoll density gradients were performed as described (21) with minor 
modifications. Briefly, HeLa cells grown on 15 cm dishes were scraped and disrupted in ice-cold lysis 
buffer (10 mM Tris/HCl pH 7.4, 0.25 M sucrose containing freshly added protease inhibitors (15) with 
80 strokes of a loose fitting Dounce homogenizer. Homogenates were centrifuged at 700 g for 15 min 
and pellets were washed once in ice-cold lysis buffer. Supernatants were pooled and Percoll was added 
to a final concentration of 22.5% (v/v). Lysates were centrifuged at 17,000 rpm in a Beckman 50Ti rotor 
for 30 min at 4ºC and 24 x 0.4 ml fractions were collected from the top. Equal amounts per fraction were 
subjected to immunoblotting and analyzed for GlcCer and SM synthase activity. To this end, gradient 
fractions (100 µl) were incubated for 1 h at 37ºC in Hanks’ Buffered Saline Solution (HBSS) containing 
10 µM C6-NBD-Cer, 1 mM UDP-glucose, 1 mM MgCl2 and 1 mM MnCl2 in a total volume of 0.5 ml. 
Lipids were extracted by addition of 1.7 ml chloroform:methanol (1:2.2), dried under N2 and subjected 
to butanol/water partitioning. Lipids recovered from the butanol phase were separated by TLC for 
30 min in chloroform:acetone:methanol:acetic acid:water (50:20:10:10:5, v/v/v/v). Fluorescent lipids 
were visualized on a STORM 860 Imaging Analysis System (Molecular Dynamics, Sunnyvale, CA) and 
quantified with ImageQuant software.

Metabolic labeling 
HeLa cells were labeled with [14C]N-methyl-choline (2 mCi/ml) or  [14C]3-L-serine (1 mCi/ml) for 4 h 
or in case of [3H]1-sphingosine (1 mCi/ml) for 1 h in Opti-MEM containing 3% delipidated serum at 
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37°C. Cells were washed in PBS and then subjected to lipid extraction using the Bligh and Dyer method 
(22). The organic extracts were dried under N2 and, where indicated, deacylated by mild base treatment 
in 0.5 M methanolic NaOCH3 (60 min, RT). Lipids were extracted with chloroform and separated by 
TLC in chloroform:methanol:25% ammonia solution (50:25:6, v/v/v) or in the case of [3H]1-sphingosine 
labeling, using chloroform:methanol:0.2% CaCl2 (60:40:9, v/v/v). Radiolabeled lipids were detected by 
exposure to BAS-MS imaging screens (Fuji Photo Film Co., Japan), read out on a BIO-RAD Personal 
Molecular Imager and quantified with ImageQuant software.

Mass spectrometric analysis
HeLa cell lipid extracts were prepared according to the method of Folch et al. (23) but omitting the 
salt. Crude lipid extracts were evaporated under N2, dissolved in chloroform:methanol (1:2) and 
supplemented with internal standards for SM, PC, PE, PS, PI, ceramide and glucosylceramide (GlcCer) 
as described (24). Phospholipid concentration was determined by phosphate analysis (25), sphingolipids 
according to Naoi et al. (26) and cholesterol as described in Gamble et al. (27). The lipid molecular 
species and classes were quantified by LC/MS as detailed in Hermansson et al. (24) using an Interchrom 
Lichrosphere diol-modified silica column coupled on-line to a Quattro Micro triple quadrupole mass 
spectrometer (Micromass, Manchester, UK). 

C6-NBD ceramide staining of the Golgi 
C6-NBD-ceramide labeling of live HeLa cells was performed as described by (28) with some minor 
modifications. Briefly, subconfluent cells grown on glass coverslips were incubated for 30 min in HBSS 
containing 5 mM C6-NBD-ceramide complexed with 5 mM fatty acid-free BSA at 4ºC. Cells were washed 
three times, chased in HBSS + 1% BSA for 10 min at 37 °C and then fixed with 0.125% glutaraldehyde in 
HBSS for 5 minutes at 4°C. Cells were immediately observed using a Nikon D-eclipse C1 microscope.

Cell surface SM synthase assay 
Cell surface SM synthase activity was assayed essentially as described (29). In brief, subconfluent 
HeLa cells were washed with ice cold HBSS and incubated for 3 h at 0°C in HBSS containing 5 mM C6-
NBD-ceramide and 1% (w/v) fatty acid-free BSA, followed by 30 min incubation in HBSS + 1% (w/v) 
BSA. The medium was pooled and lipids were extracted by Bligh and Dyer and subjected to butanol/
water partitioning. Lipids recovered from the butanol phase were separated by one-dimensional TLC 
in chloroform:methanol:25% ammonia solution (9:7:3, v/v/v). Fluorescent lipids were visualized and 
quantified as above.

Cell growth assay 
HeLa cells plated at 2x105 cells/9.6-cm2 dish were treated with siRNAs in Opti-MEM as above. After 6 h 
of treatment, the medium was changed for Opti-MEM containing 3% normal or 3% delipidated fetal calf 
serum supplemented with 80 µM exogenous SM or PC, as described (3). In brief, lipids were dissolved 
in a small amount of chloroform, dried under sterile conditions and then dispersed in autoclaved water 
at concentrations of 5-10 mM with a bath type sonicator for 30 min at room temperature. At the indicated 
time points, cells were washed with PBS, trypsinized and resuspended in HBSS containing 1% FCS. 
Next, 100 ng/ml propidium iodine was added and the number of viable and dead cells was analyzed on 
a FACScalibur flow cytometer using CellQuest software. To determine apoptotic events, cells were first 
resuspended in binding buffer (10 mM Hepes, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) and then labeled 
with FITC-conjugated annexin V. After 15 min of incubation, 100 ng/ml propidium iodine was added 
and the cells were analyzed by flow cytometry as above.
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Supplemetal information

Suppl. Figure 1. Characterization of HeLa cell lines stably transfected with V5-tagged SMS1 or 
SMS2 expression constructs. A, Immunoblot of membrane protein extracts derived from HeLa cells 
left untransfected, or stably transfected with SMS1-V5 and SMS2-V5 constructs, probed with mouse 
monoclonal anti-V5 and rabbit anti-p24 polyclonal antibodies. B, Immunofluorescence microscopy of 
HeLa cells left untransfected, or stably transfected with SMS1-V5 and SMS2-V5 constructs. Cells were 
grown on coverslips, fixed and then co-stained with rabbit polyclonal anti-V5 and mouse monoclonal 
anti-GM130 antibodies. Counterstaining was with FITC-conjugated goat anti-rabbit and Texas red-
conjugated goat anti-mouse antibodies.
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Suppl. Figure 2. Effect of SMS2 depletion on growth and plasma membrane-associated SM synthase 
acitivity in HeLa cells. A, HeLa cells plated at a density of 2 x 105/9.6-cm2 well were treated with non-
silencing (NS), LA, SMS1 or three different SMS2 siRNAs for 3 days. Next, cells were replated at the 
same density and treatment with siRNAs was continued for 3 additional days. Viable cell numbers 
were assessed by the dye exclusion method and expressed as the percentage of cell numbers in LA 
siRNA-treated cultures. Data shown are means ± SD of two independent experiments performed in 
duplicate. B, HeLa cells expressing SMS2-V5 were treated with NS, LA or three different SMS2 siRNAs 
for 6 days and then incubated for 3 h at 0ºC with 5mM C6-NBD-ceramide in BSA-containing medium. 
NBD-SM synthesized on the cell surface was depleted by the BSA in the medium. NBD-labeled lipids 
were extracted from the medium, separated by 1D-TLC and then visualized on a STORM 860 Imaging 
Analysis System.
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Abstract

Ceramides are central intermediates of sphingolipid metabolism with critical functions in cell 
organization and survival. They are synthesized on the cytosolic surface of the endoplasmic 
reticulum (ER) and then transported by ceramide transfer protein to the Golgi for conversion 
to sphingomyelin (SM) by SM synthase SMS1. In this study, we report the identification of 
an SMS1-related (SMSr) enzyme, which catalyses the synthesis of the SM analog ceramide 
phosphoethanolamine (CPE) in the ER lumen. Strikingly, SMSr produces only trace amounts 
of CPE, i.e., 300-fold less than SMS1-derived SM. Nevertheless, blocking its catalytic activity 
causes a substantial rise in ER ceramide levels and a structural collapse of the early secretory 
pathway. We find that the latter phenotype is not caused by depletion of CPE, but rather 
a consequence of ceramide accumulation in the ER. Our results establish SMSr as a key 
regulator of ceramide homeostasis that seems to operate as a sensor rather than a converter 
of ceramides in the ER.

Introduction

Sphingolipids are vital components of cellular membranes in organisms ranging from 
mammals to yeast. Besides providing a structural framework for plasma membrane (PM) 
organization, sphingolipids are dynamic regulators of a wide range of cellular processes. 
Sphingoid long-chain bases (LCBs), ceramides, and other intermediates of sphingolipid 
metabolism act as signaling molecules in the regulation of cell growth, death, migration, 
and membrane trafficking (Spiegel and Milstien, 2003; Hannun and Obeid, 2008). Notably, 
a sensitive balance between phosphorylated LCBs and ceramides, referred to as the LCBP/
ceramide rheostat, appears critical for normal cell growth and lifespan (Mandala et al., 1998; 
Kobayashi and Nagiec, 2003). Moreover, sphingolipids form gradients along the secretory 
pathway that may affect protein sorting through hydrophobic matching of membrane spans 
(Bretscher and Munro, 1993; Holthuis et al., 2001; Patterson et al., 2008).
 Given their impact on cell organization and survival, the local concentration of 
sphingolipids and their metabolic intermediates must be tightly controlled. Although the 
mechanisms that regulate membrane sterol concentrations are well established (Goldstein 
et al., 2006), little is known about the mechanisms controlling sphingolipid homeostasis. As 
ceramides constitute the backbone of all sphingolipids and directly participate in cellular 
life and death decisions (Morales et al., 2007), controlling their local concentration is critical. 
Ceramides can be generated by the breakdown of sphingomyelin (SM) through SMases at the 
PM (Andrieu-Abadie and Levade, 2002), or synthesized de novo by N-acylation of LCBs on 
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the cytosolic surface of the ER (Mandon et al., 1992; Hirschberg et al., 1993). The latter reaction 
is controlled by components of TORC2 (target of rapamycin complex 2) presumably through 
phosphorylation of the ceramide synthase (Aronova et al., 2008). 

In mammalian cells, the bulk of newly synthesized ceramides is converted to SM 
in the lumen of the Golgi (Tafesse et al., 2006). Efficient delivery of ER-derived ceramides 
to the site of SM production requires a cytosolic ceramide transfer protein (CERT; Hanada 
et al., 2003). Besides a START domain that binds ceramide, CERT contains a FFAT motif for 
interaction with the ER membrane and a pleckstrin homology domain targeting the Golgi. 
CERT is phosphorylated at a serine-repeat motif, which down-regulates its ceramide transport 
function. Loss of SM and cholesterol from cells causes dephosphorylation of the motif, 
resulting in CERT activation (Kumagai et al., 2007). Thus, the local concentration of ceramides 
in cells is controlled by an intricate network of lipid-metabolizing enzymes, transfer proteins, 
kinases and phosphatases.

SM production is mediated by a phosphatidylcholine (PC)/ceramide 
cholinephosphotransferase or SM synthase (SMS). Mammalian cells contain two SMS 
isoforms, SMS1 in the Golgi and SMS2 at the PM (Huitema et al., 2004). In addition, the 
mammalian genome encodes a third SMS-related (SMSr) protein of unknown function with 
homologs in nematodes and insects, like Drosophila melanogaster (Fig. 1A). Drosophila does not 
synthesize SM, but produces the SM analog ceramide phosphoethanolamine (CPE) as a major 
membrane constituent (Rao et al., 2007). CPE production also occurs in mammals, and is 
catalyzed by a phosphatidylethanolamine (PE)/ceramide ethanolamine- phosphotransferase 
or CPE synthase (CPES; Malgat et al, 1986, 1987). The identity of the responsible enzyme is not 
known. Production of SM and CPE involves a similar reaction chemistry (Malgat et al. 1986). 
Because SMS1, SMS2, and SMSr are structurally related and share two highly conserved 
sequence motifs with putative active site residues (Fig. 1B; Huitema et al., 2004; Tafesse et al., 
2006), SMSr is a prime candidate for the elusive CPES. 

In tthis study, we show that SMSr displays CPES activity and, contrary to SMS1 
and 2, localizes to the ER. However, we find that SMSr produces only trace amounts of 
CPE and that bulk production of CPE in insect cells is mediated by a different enzyme. 
Unexpectedly, blocking SMSr activity causes a marked increase of ceramide levels in the ER. 
This is accompanied by a fragmentation of ER exit sites and a structural collapse of the Golgi. 
These morphological aberrations are not caused by a lack of CPE but rather a consequence 
of the ceramide accumulation in the ER. We propose that SMSr is a CPES with dual activity 
as ceramide sensor to control ceramide homeostasis in the ER and that the latter process is 
critical for the integrity of the early secretory pathway.
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Results 

SMSr proteins display CPES activity

To test whether SMSr proteins catalyze CPE production, human SMSr (hSMSr) and Drosophila 
SMSr (dSMSr) were expressed in budding yeast, an organism lacking endogenous CPES 
activity. SMSr-expressing cells were lysed and incubated with fluorescent C6-NBD-ceramide 
(NBD-Cer). TLC analysis of the reaction mixtures showed the presence of an NBD-labeled 
product with an retention factor value distinct from that of NBD-ceramide phosphoinositol 
and NBD-SM. The product was missing in reactions performed with control (empty vector) 
cells (Fig. 1C). Liquid chromatography (LC) mass spectrometry (MS)/MS analysis identified 
the product as NBD-CPE (unpublished data), suggesting that SMSr proteins can synthesize 
CPE.

To determine whether SMSr proteins recognize natural ceramides as substrates for 
CPE production, a yeast strain was used in which the endogenous enzymes for ceramide 
production were replaced by mouse ceramide synthase CerS5 (Cerantola et al., 2007). As the 
ceramides produced in this strain structurally resemble those found in animal cells, they were 
expected to be suitable substrates for CPE biosynthesis. LC/MS/MS analyses revealed the 
presence of several molecular species of CPE in lipid extracts of both hSMSr- and dSMSr-
expressing strains (Fig. 1D). The extracts were devoid of SM. No CPE was detectable in control 
cells. Together, these results demonstrate that SMSr proteins function as CPESs.

SMSr represents a major CPE synthase activity in mammalian cells

To investigate whether SMSr corresponds to the CPES activity previously described 
in mammalian cells (Malgat et al., 1986; 1987), lysates of HeLa cells in which hSMSr was 
overexpressed or depleted by RNAi were analyzed for CPES activity. Incubation of control 
cell lysates with NBD-Cer yielded three fluorescent products, corresponding to NBD-
glucosylceramide (GlcCer), NBD-SM, and NBD-CPE (Fig. 2A, left lane). Although formation 
of NBD-CPE was stimulated by addition of PE, addition of either PC or CDP-ethanolamine 
had no effect, suggesting that PE is the headgroup donor in the CPES reaction (Fig. 2B; Fig. 
S1; and see Fig. 4E). Heterologous expression of V5-tagged hSMSr led to a six-fold increase 
in CPES activity, leaving SMS activity unaffected (Fig. 2, A and C). Conversely, CPES activity 
dropped >50% after depletion of hSMSr by RNAi (Fig. 2D). This shows that hSMSr represents 
a major CPES activity in HeLa cells.

To determine the contribution of SMSr to CPE biosynthesis in vivo, endogenous 
CPE production levels were monitored by metabolic labeling of various cell lines. Labeling 
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Figure 1. SMSr proteins display CPE synthase activity. (A) Phylogenetic tree of SMS family members 
from Homo sapiens (h), Xenopus tropicalis (x), Fugu rubripes (f), Drosophila melanogaster (d), Apis 
mellifera (a), and Caenorhabditis elegans (c). The tree was constructed using ClustalX. (B) SMSr proteins 
share a common domain structure with vertebrate SMS1, which includes six transmembrane helices, an 
active site consisting of conserved His and Asp residues, and a N-terminal Sterile-Alpha Motif (SAM) 
domain. (C) TLC separation of reaction products formed when NBD-ceramide (NBD-Cer) was incubated 
with lysates of yeast strains expressing hSMSr or dSMSr, or transfected with empty vector (control). (D) 
Yeast strains expressing hSMSr or dSMSr produce CPE in vivo. Different molecular species of CPE were 
detected by electrospray LC/MS/MS (neutral loss of 141) after alkaline hydrolysis of glycerolipids. No 
CPE was detected in lipid extracts of control (untransfected) yeast.
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Figure 2. Mammalian cells synthesize only trace amounts of CPE despite the ER residency of SMSr. 
(A) TLC analysis of reaction products formed when lysates of control (untransfected) or hSMSr-V5 
expressing HeLa cells were incubated with NBD-Cer. (B) TLC analysis of reaction products formed when 
NBD-Cer was incubated with lysates of HeLa cells expressing hSMSr-V5 in the presence or absence of 
externally added PE or PC. (C) Expression of hSMSr-V5 stimulates CPE synthase (CPES) activity in 
HeLa cells. CPES and SMS activity levels were determined by TLC analysis of reaction products formed 
when cell lysates were incubated with NBD-Cer and expressed relative to control cells. (D) CPES and 
SMS activity levels were determined in lysates of HeLa cells treated for 7 d with siRNA targeting lamin 
A (si LA) or hSMSr (si hSMSr) or with non-silencing siRNA (si NS) as in (C) and expressed relative to 
si LA-treated cells. (E) Confocal sections of HeLa cells transfected with hSMSr-V5 or a SAM-deficient 
truncation mutant, hSMSrDSAM-V5, and immunolabeled for V5. Note that removal of SAM causes 
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human colon carcinoma Caco-2, liver carcinoma Hep-G2 or HeLa cells for 48 h with [14C]
ethanolamine yielded only trace amounts of radiolabeled CPE (Fig. 2F). The same was true 
when HeLa or CHO-K1 cells were labeled with [3H]sphingosine (Fig. 2G). In contrast, labeling 
Drosophila S2 cells with [14C]ethanolamine showed that the CPE production level in these cells 
is much higher (Fig. 2F, right). Indeed, MS analyses revealed that although S2 cells contain a 
substantial amount of CPE (15.3±1.1 mol% of total phospholipid; n=3), the CPE levels in HeLa 
or CHO-K1 cells are exceedingly low (~0.03 mol%, i.e., 300-fold lower than SM; see Fig. 5A).

SMSr produces only trace amounts of CPE 

Although mammalian cells contain a readily detectable CPES activity (Fig. 2A), their CPE 
content is very low. One explanation for this discrepancy could be that SMSr resides in a 
compartment that is not easily reached by newly synthesized ceramide. To test this, the 
subcellular distribution of hSMSr-V5 was analyzed in HeLa cells by immunofluorescence 
microscopy. hSMSr-V5 gave a reticular and nuclear envelope staining pattern, and colocalized 
with the ER marker protein disulfide isomerase (Fig. 2E and Fig. S2 A). The ER localization 
of hSMSr does not explain why mammalian cells contain only trace amounts of CPE, as the 
substrates for CPE synthesis, PE and ceramide, are made in the ER.

We tested whether these substrates have limited access to the enzyme’s active site. 
SMSr and SMS1 share a common transmembrane domain organization with the active site 
facing the exoplasmic leaflet (Fig. 1B; Huitema et al., 2004). SMSr-catalyzed CPE production 
would therefore occur in the ER lumen. As ceramide is synthesized on the cytosolic surface 
of the ER (Mandon et al., 1992; Hirschberg et al., 1993), it could be scavenged by ceramide 
transfer protein CERT before being able to flip to the site of CPE production. To test this, we 
used CHO-K1-derived LY-A mutant cells, which are defective in CERT-mediated ceramide 
transport (Hanada et al., 2003). As shown in Fig. 2G, [3H]sphingosine labeling of CHO-K1 and 
LY-A cells yielded similar levels of 3H-CPE, indicating that the low CPE content of mammalian 
cells is unlikely due to scavenging of ceramides from the site of CPE production.

Another explanation for the low CPE content could be the presence of an inhibitory 
factor or environment in the ER. We found that removal of the N-terminal sterile alpha motif 
(SAM) domain of hSMSr caused its redistribution from the ER to the Golgi (Fig. 2E and Fig. 

hSMSr-V5 to redistribute from the ER to the Golgi. Scale bars: 5µm. (F) Human Caco-2, Hep-G2, HeLa, 
hSMSrDSAM-V5-expressing HeLa, and Drosophila S2 cells were labeled with [14C]ethanolamine 
for 48 h and then subjected to lipid extraction, TLC analysis and autoradiography. In some extracts, 
glycerolipids were deacylated by mild alkaline hydrolysis (+). (G) Chinese hamster CHO-K1, CHO-K1-
derived LY-A (CERT mutant) and LY-A/hCERT cells (mutant expressing human CERT) were labeled 
with [3H]sphingosine for 24 h and then subjected to lipid extraction, TLC analysis and autoradiography. 
Error bars in (C) and (D): SD, n = 3.
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S2 B), but did not affect its enzymatic activity (see Fig. 4A). However, metabolic labeling of 
HeLa cells expressing hSMSrDSAM showed no significant increase in CPE production levels 
compared to cells expressing the full-length protein (Fig. 2F). Thus, the ER does not seem to 
impose an inhibitory environment on SMSr enzymatic activity.

Last, we investigated whether CPE is readily converted to another product. Although 
SM production in mammalian cells mainly occurs through SMS1-mediated headgroup transfer 
from PC to ceramide (Tafesse et al., 2006), an alternative pathway involves methylation of CPE 
(Muehlenberg et al., 1972). To investigate the relative contribution of the latter pathway to 
SM production, HeLa cells were metabolically labeled with D4-ethanolamine and D9-choline 
simultaneously. MS/MS analysis showed that the D4/D9-ratio of SM after 24-h labeling was 
~1:100, indicating that headgroup transfer from PC is the major pathway of SM biosynthesis. 
Moreover, the D4-labeled SM pool most likely originated from headgroup transfer of D4-labeled 
PC, as this pool was reduced by depletion of human SMS1 (unpublished data). Finally, pulse-
chase experiments with [14C]ethanolamine and [14C]choline showed that the turnover rate of 
CPE in HeLa cells was similar to that of SM (unpublished data). Thus, the low CPE content 
of mammalian cells is unlikely the result of CPE being a short-lived metabolic intermediate. 

Together, these results suggest that SMSr proteins are intrinsically unable to produce 
bulk amounts of CPE. This is consistent with our finding that CPE levels in SMSr-expressing 
yeast strains are invariably low (≤0.5 mol% of total phosphosphingolipid). As bulk amounts of 
CPE are present in Drosophila, we next addressed the contribution of dSMSr to CPE production 
in Drosophila S2 cells.

Bulk production of CPE in insect cells is independent of SMSr

We first analyzed the subcellular distribution of dSMSr in S2 cells by using an antibody that 
specifically cross reacted with dSMSr on immunoblots of S2 cell extracts (see Fig. 4C). As 
the endogenous protein was hardly detectable by immunofluorescence microscopy, S2 cells 
were transfected with a Cu+2-inducible dSMSr construct, and expression of the protein was 
enhanced fivefold (as indicated by immunoblotting). dSMSr co-localized extensively with a 
GFP-tagged version of the ER marker PE N-methyltransferase (PEMT; PEMT-GFP), but not 
with the Golgi microtubule-associated protein dGMAP (Fig. 3, A and B). The ER residency 
of dSMSr was confirmed by quantitative immunoelectron microscopy (Fig. 3, C and D). As 
observed for hSMSr, removal of its SAM domain caused dSMSr to redistribute from the ER to 
the Golgi (Fig. S2, C-E), which consistent with a fundamental role of SAM in ER retention of 
SMSr proteins.

We next investigated the contribution of dSMSr to CPE production in S2 cells. 
Incubation of S2 cell lysates with NBD-Cer led to formation of NBD-CPE (Fig. 4A). NBD-CPE 
formation increased fivefold after overexpression of dSMSr. Mutation of active site residues 
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Figure 3. dSMSr resides in the ER of insect cells. (A) Confocal sections of Drosophila S2 cells double-
transfected with native dSMSr and ER marker PEMT-GFP, and then immunolabeled for dSMSr. (B) 
Confocal sections of S2 cells transfected with untagged dSMSr and then double-labeled for dSMSr and 
cis-Golgi marker dGMAP. Arrows indicate nuclear envelope staining. Scale bars: 5mm. (C) Localisation 
of dSMSr by immuno-electronmicroscopy. Ultrathin cryosections of S2 cells transfected with dSMSr 
were double-labeled for dSMSr (15nm gold) and dSec23 (tER site marker; 10nm gold). ER, endoplasmic 
reticulum; PM, plasma membrane; G, Golgi stack; N, Nucleus. Scale bar: 500nm. (D) Quantification of 
immuno-gold labeling of S2 cells co-transfected with dSMSr and PEMT-GFP. Low expressing cells are 
those with <40 gold particles per cell section; high expressing cells are those with ≥40 gold particles per 
cell section.
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His401 or Asp405 abolished dSMSr-mediated CPE synthase activity (Fig. 4A). Depletion of 
endogenous dSMSr resulted in a 60-70% drop in cell lysate-associated CPE synthase activity 
(Fig. 4B, left). Surprisingly, no significant reduction in CPE production levels was found when 
intact dSMSr-depleted S2 cells were metabolically labeled with NBD-Cer (Fig. 4B, right) or 
[14C]ethanolamine (Fig. 4D), athough the RNAi treatment reduced dSMSr protein levels by 
~90% (Fig. 4C). These results suggest that S2 cells are able to produce CPE through a second, 
dSMSr-independent enzyme. 

One reason why this second enzyme is not readily detectable in cell lysates might 
be that it requires a soluble substrate that is continuously regenerated in living cells. CDP-
ethanolamine is an attractive candidate for such a substrate given its role as headgroup 
donor in PE biosynthesis (Vance, 2008). Indeed, CPE production in S2 cell lysates increased 
dramatically after addition of CDP-ethanolamine, provided that Mn2+ ions were present 
(Fig. 4E, top). The CDP-ethanolamine-dependent CPES activity was unaffected by dSMSr 
depletion (Fig. 4F) and appears unique for insect cells, as addition of CDP-ethanolamine did 
not enhance NBD-CPE production in HeLa cell lysates (Fig. 4E, bottom). 

In sum, insect cells contain two distinct CPESs: a PE/ceramide ethanolamine 
phosphotransferase corresponding to dSMSr and a dSMSr-unrelated CDP-ethanolamine/
ceramide ethanolamine phosphotransferase that is likely responsible for bulk production of 
CPE. Importantly, these findings confirm that SMSr proteins in general lack the ability to 
produce bulk amounts of CPE.

Blocking SMSr catalytic activity causes ceramide accumulation in the ER

Although SMSr produces only trace amounts of CPE, SMSr-depleted HeLa cells showed a 
fourfold increase in ceramide levels (from 0.31 ± 0.01 to 1.29 ± 0.15 mol%, n=3). This was 
accompanied by a threefold increase in GlcCer levels (from 0.32 ± 0.03 to 0.86 ± 0.09 mol%, 
n=3; Fig. 5A). Depletion of SMS1 caused a very similar rise in ceramide and GlcCer levels. 
In the latter case, however, this can be fully explained by a block in SM production (Tafesse 
et al., 2007). In contrast, the amount of ceramide and GlcCer accumulating in SMSr-depleted 
HeLa cells is 50-fold higher than can be ascribed to a block in CPE production (Fig. 5A). The 
rise in ceramides affected all major species (Fig. S3 A and Table S1), could also be detected 
by [14C]serine labeling, and was not accompanied by an increase in sphingosine levels (Fig. 
S3 C). Moreover, it also occurred in SMSr-depleted hamster CHO-K1 and Drosophila S2 cells, 
although in the latter case to a lesser extent (Fig. S3 B).

As SMSr resides in the ER, the ceramide accumulation in SMSr-depleted cells likely 
originates from this organelle. This was confirmed by subcellular fractionation, which showed 
that the ER of SMSr-depleted HeLa cells contains nearly 300% more ceramide than the ER 
of lamin A (LA)-depleted control cells (Fig. 5, B and C). To verify this also for S2 cells, we 
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Figure 4. Bulk production of CPE in insect cells is independent of SMSr. (A) TLC analysis of reaction 
products formed when NBD-Cer was incubated with lysates of Drosophila S2 cells expressing dSMSr-V5, 
active site mutants of dSMSr-V5 (H401A, D405E), hSMSr-V5, active site mutant of hSMSr-V5 (D348E) 
or SAM-deficient hSMSr-V5 (hSMSrDSAM-V5). (B) S2 cells treated with dsRNA targeting GFP (ds GFP) 
or dSMSr (ds dSMSr #1 or #2) for 7 d were metabolically labeled with NBD-Cer (intact cells) or lysed 
and incubated with NBD-Cer for 2 h (cell lysates). CPE synthase activity levels were determined by TLC 
analysis and expressed relative to mock-treated cells. Error bars: SD, n = 3. (C) Immunoblots of S2 cells 
treated with dsRNA as in (B) were stained for dSMSr and dGolgin245. (D) S2 cells treated with dsRNA as 
in (B) were metabolically labeled with [14C]ethanolamine for 2 h and then subjected to TLC analysis and 
autoradiography. (E) TLC analysis of products formed in S2 (top) or HeLa cell lysates (bottom) when 
incubated with 50 mM NBD-Cer in the presence or absence of 500mM CDP-ethanolamine, 5mM MgCl2 
or 10 mM MnCl2. (F) TLC analysis of products formed in lysates of dsRNA-treated S2 cells incubated 
with NBD-Cer and MnCl2 in the presence or absence of CDP-ethanolamine as in (E).
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Figure 5. SMSr-depleted cells accumulate ceramides in the ER. (A) HeLa cells treated with si LA, 
si hSMSr or si hSMS1 for 3 d were subjected to lipid extraction. Lipid classes were quantified by 
MS/MS analyses and expressed in mol% of total lipid analyzed. Data shown are representative of 
three independent experiments. (B) HeLa cells expressing hSMS1-V5 were subjected to subcellular 
fractionation, yielding a post-nuclear supernatant (PNS) and fractions enriched for mitochondria/
Golgi (Mito/Golgi), plasma membrane/early endosomes (PM/EE) or ER. Equal amounts of protein 
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created an ER-resident form of hSMS1 and analyzed its ability to reduce ceramide levels in 
dSMSr-depleted S2 cells. Consistent with a role of SMSr-derived SAM in ER retention, an 
hSMS1 swap mutant carrying the SAM-containing cytosolic tail of hSMSr, hSMS1Nr, localized 
primarily to the ER (Fig. 5, D and E). hSMS1Nr retained its SMS activity, as its expression 
in S2 cells supported production of SM (Fig. 5F). Expression of ER-resident hSMS1Nr, but 
not Golgi-associated hSMS1, prevented the accumulation of [14C]serine-labeled ceramides in 
dSMSr-depleted S2 cells (Fig. 5G). Together, these results indicate that SMSr acts as a negative 
regulator of ceramide levels in the ER.

To investigate whether SMSr requires its catalytic activity to prevent ceramide 
accumulation, dSMSr-depleted S2 cells were transfected with wild type or an enzyme-dead 
version of hSMSr. Expression of wild type hSMSr effectively reduced the ceramide pool in 
dSMSr-depleted S2 cells (Fig. 5H). However, mutation of active site residue Asp348 to Glu 
was sufficient to abrogate this effect. Transfection of hSMSr-depleted HeLa cells with siRNA-
resistant hSMSr or hSMSrD348E yielded the same results (Fig. 5H). Thus, even though SMSr 
produces only trace amounts of CPE, this appears essential to control the ceramide pool in 
the ER.

Loss of SMSr perturbs the organization of the early secretory pathway

Recent work revealed that CERT-/- mouse embryos accumulate ceramide in the ER and 
display a chronic state of ER stress, characterized by vesiculation and engorgement of the 
ER and upregulation of down-stream components of the unfolded protein response pathway 
(Wang et al., 2009). Even though SMSr-depleted S2 and HeLa cells show a substantial rise in 
ER ceramide levels, they did not display any of the morphological (ER dilation, vesiculation) 

from each fraction were analyzed by immunoblotting. Note that the ER fraction was virtually free of 
other organelles, except for a minor contamination with PM (<10%). (C) MS/MS analysis of ceramide 
and PE levels in ER fractions prepared from HeLa cells treated with si LA or si hSMSr for 3 d. (D) 
HeLa cells transfected with hSMS1-V5 or an hSMS1-swap mutant carrying the N-terminal tail of hSMSr, 
hSMS1Nr-V5, were double-labeled for V5 and cis-Golgi marker GM130. (E) S2 cells co-transfected with 
hSMS1-V5 or hSMS1Nr-V5 and ER marker PEMT-GFP were labeled for V5. Note that hSMS1Nr-V5 
localizes to the ER and nuclear envelope (D and E, arrows). (F) S2 cells transfected with hSMS1-V5 
or hSMS1Nr-V5 were labeled with [14C]choline for 5 h and then subjected to lipid extraction, TLC 
and autoradiography. (G) dSMSr-depleted S2 cells were transfected with hSMS1-V5 or hSMS1Nr-V5 
and then labeled for 5 h with [14C]serine. Levels of radiolabeled ceramides were determined by TLC 
and autoradiography, and expressed as % of mock-treated cells. (H) SMSr-depleted cells (S2, HeLa) 
were transfected with hSMSr-V5 or hSMSrD348E-V5 and then labeled for 5 h with [14C]serine. Levels of 
radiolabeled ceramides were determined as in (G). SMSr depletions were with ds dSMSr #2 (S2) or si 
hSMSr #2 (HeLa). Transfection of HeLa cells was with siRNA-resistant (res) hSMSr constructs. Error 
bars in (G): SD, n = 3. Error bars in (C) and (H): range, n = 2.
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Figure 6. SMSr depletion disrupts tER–Golgi units in insect and mammalian cells. (A) S2 cells were 
treated for 7 d with ds GFP, ds dSMSr #1 or ds dSMSr #2 and then double-labeled for dSec23 (tER sites) 
and d120kD (Golgi stacks). Confocal projections of the merge are presented. The single channels are 
presented in Suppl. Fig. S6A. Scale bar: 5µm. (B-F) S2 cells treated for 5 d with ds GFP (B,D) or dSMSr 
#2 (C,E,F) were fixed and processed for IEM. Ultrathin cryosections were visualized before (B,C) or after 
double-labeling for dSec23 (15nm gold) and KDEL (10nm gold) (D,E,F). Note that Golgi stacks in most 
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or biochemical (XBP-1 splicing, induction of CHOP/GADD153, and upregulation of ER 
chaperones) features of ER stress (unpublished data). Instead, we found that the organization 
of ER exit sites and the Golgi complex was greatly perturbed. 

Golgi stacks in S2 cells do not form a large Golgi ribbon capping the nucleus as 
in mammalian cells. Instead, they remain discrete in the cytoplasm and are found in close 
proximity to transitional ER (tER) sites, forming 17-25 tER-Golgi units (Kondylis and Rabouille, 
2003; Kondylis et al., 2007). In dSMSr-depleted S2 cells, the tER-Golgi units were much smaller 
and more numerous than in mock-depleted cells. Though the spatial relationship between 
the Golgi (marked by d120kD) and tER sites (marked by the COPII subunit dSec23) was 
maintained, both structures had a fragmented, hazy appearance (Fig. 6A; and Fig. S4, A-I). 
This effect was quantitative as more than half of the depleted cells displayed a fragmented 
Golgi (Fig. 7C). However, the global architecture of the ER was unaffected by the depletion.

At the ultrastructural level, Golgi morphology in dSMSr-depleted S2 cells was 
profoundly affected. Instead of showing the typical organization of stacked cisternae (Fig. 6, B 
and D), the Golgi was converted into many short tubular structures in the majority of the cells 
(Fig. 6, C, E and F). These tubular clusters were mostly devoid of KDEL-containing proteins, 
but were positive for dSec23 (Fig. 6, E and F), suggesting that they represent a mixture of Golgi 
and tER membranes. 

hSMSr-depleted HeLa cells showed a very similar phenotype. The Golgi ribbon was 
completely fragmented in more than half of the cells, as indicated by immunostaining against 
markers of medial (MannII-RFP) and trans-Golgi compartments (TGN46; Fig. 6G; Fig. 7C; Fig. 
S4, J-L). These results further strengthen the functional similarity between hSMSr and dSMSr. 
Moreover, the requirement of SMSr for Golgi integrity appears specific because the Golgi 
ribbon was unperturbed in hSMS1-depleted HeLa cells (Fig. 6G). 

We next tested whether fragmentation of the early secretory pathway could result in 
or be the result of inhibition of anterograde transport. To this end, we monitored the transport 
efficiency of the transmembrane protein Delta from the ER to the PM in S2 cells (Kondylis 
and Rabouille, 2003). Brefeldin A treatment blocked plasma membrane delivery of Delta and 
caused its accumulation in the ER. In contrast, PM delivery of Delta was not significantly 
impaired in dSMSr-depleted S2 cells, suggesting that the fragmented tER-Golgi units in these 

dSMSr-depleted cells are converted to a cluster of short tubular profiles (arrowheads) in cytoplasmic 
regions normally occupied by tER-Golgi units (between brackets). These short tubules are positively 
labeled for Sec23, suggesting that they comprise membrane of both compartments. ER, endoplasmic 
reticulum; G, Golgi stack. Scale bars: 200nm. (G) Mannosidase II-RFP-expressing HeLa cells were treated 
with si LA, si hSMSr #2 or hSMS1 for 3 d and then labeled for TGN46 and DNA (DAPI). Confocal 
projections of the merge are presented. The single channels are presented in Suppl. Fig. S6J-L. Scale bars: 
5µm.
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cells are fully competent for anterograde transport (Fig. S5 A). Similar results were obtained 
in hSMSr-depleted HeLa cells using the well-established VSV-045G transport assay (Fig. S5, 
C and D). Moreover, SMSr depletion had no major impact on protein glycosylation (Fig. S5 
E). Together, these findings indicate that SMSr proteins play a critical role in the acquisition of 
Golgi stack morphology without affecting the functional integrity of the organelle. This adds 
further evidence to the notion that transport of cargo to, through and out of the Golgi complex 
does not require a fully developed organelle and can proceed under conditions in which the 
cisternal stacks are severely disorganized (Kondylis and Rabouille, 2003; Zolov and Lupashin, 
2005).  

Golgi fragmentation in SMSr-depleted cells is due to ceramide accumulation in the ER

To test whether catalytic activity of SMSr is required to prevent Golgi fragmentation, we 
monitored the rescue of this phenotype by transfecting dSMSr-depleted S2 cells with wild-
type or enzyme-dead hSMSr. Expression of wild-type hSMSr almost completely restored 
Golgi integrity. However, mutation of active site residue Asp348 to Glu was sufficient to 
abolish the rescuing effect (Fig. 7, A and C). These results completely parallel those obtained 
with hSMSr-depleted HeLa cells after transfection with siRNA-resistant hSMSr or hSMSrD348E 
(Fig. 7, B and C). 

One possible interpretation of these results is that the structural integrity of the early 

     Figure 7. Structural integrity of tER-Golgi units requires an enzyme-active form of SMSr. (A) S2 
cells were treated with ds SMSr #2 and then transfected with hSMSr-V5 or hSMSrD348E-V5. After 7 d, cells 
were double labeled for Golgi marker dGMAP and V5 to mark transfected cells. Confocal projections 
are presented. Note that cells expressing hSMSr (arrows) mostly show the typical wild-type Golgi 
organization of 17-25 large spots. In contrast, non-transfected cells or those expressing enzyme-dead 
hSMSr (arrowheads) typically have more numerous and smaller Golgi spots. Scale bar: 5µm. (B) Mann 
II-RFP-expressing HeLa cells were treated with si hSMSr #2 and then transfected with siRNA-resistant 
(res) hSMSr-V5 or hSMSrD348E-V5. After 3 d, cells were labeled for V5 to mark transfected cells. Confocal 
projections are presented. Note that cells expressing hSMSr-V5 contain an intact Golgi (arrows). In 
contrast, cells expressing enzyme-dead hSMSr still have fragmented Golgi (arrowheads). Scale bar: 
5µm. (C) Quantitation of the rescue of the Golgi fragmentation phenotype in SMSr-depleted cells (HeLa, 
S2) after tranfection of wild-type or enzyme-dead SMSr. SMSr-depleted cells are compared to control 
cells (si LA- or ds GFP-treated) and SMSr-depleted cells transfected with wild-type or enzyme-dead 
SMSr are compared to untransfected SMSr-depleted cells. (D) Quantification of the rescue of the Golgi 
fragmentation phenotype in SMSr-depleted cells (Hela, S2) after tranfection with hSMS1Nr-V5 or CERT-
Flag, or after treatment with 50 mg/ml Fumonisin B1 (FB1) for 2 d (HeLa) or 5 h (S2) prior to fixation. 
SMSr-depleted cells expressing hSMS1Nr-V5 or CERT-Flag are compared to untransfected cells, and 
mock-treated cells are compared to FB1-treated cells. Errors bars in (C) and (D): SD, n = 3; * p<0.001 by 
two-tailed unpaired student’s t-test.
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secretory pathway depends on the trace amounts of CPE produced by SMSr. Alternatively, as 
an enzyme-dead mutant of SMSr is unable to prevent ceramide accumulation in the ER (Fig. 
5H), fragmentation of the early secretory pathway in SMSr-depleted cells could be caused by 
the rise in ceramide levels in the ER. To distinguish between these possibilities, ER resident 
SMS hSMS1Nr was expressed in SMSr-depleted S2 or HeLa cells and analyzed for its ability 
to rescue Golgi fragmentation. Expression of hSMS1Nr partially restored Golgi integrity in 
both cell types (Fig. 7D), indicating that acquisition of Golgi stack morphology is not strictly 
dependent on production of CPE. As expression of hSMS1Nr was effective in preventing 
ceramide accumulation in SMSr-depleted cells (Fig. 5G), we then asked whether blocking 
ceramide production or stimulating ceramide export from the ER would also suppress Golgi 
fragmentation. Treatment with ceramide synthase inhibitor Fumonisin B1 or overexpression 
of CERT partially but reproducibly restored Golgi integrity in both SMSr-depleted HeLa and 
S2 cells (Fig. 7D). This indicates that the structural collapse of the early secretory pathway 
in SMSr-depleted cells is the result of ceramide accumulation in the ER. Thus, these results 
further support a primary role of SMSr in controlling ceramide homeostasis in the ER.

Discussion

SMSr proteins define an unconventional class of sphingolipid synthases

In this study, we show that SMSr, the most conserved  member of the multigenic SMS family, 
catalyzes production of the SM analog CPE. SMSr likely accounts for the CPES activity 
described two decades ago in rat brain and liver microsomes (Malgat et al., 1986, 1987). 
Common features between these enzymes include the use of PE as headgroup donor, their ER 
residency, and a membrane topology in which the active site is facing the ER lumen. Although 
mammalian cells contain a readily detectable CPES activity, their CPE content is very low (i.e. 
300-fold lower than SM). This enigma is neither caused by a limited supply of substrates to 
the enzyme’s active site nor by CPE being a short-lived metabolic intermediate. Instead, we 
find that SMSr intrinsically lacks the ability to synthesize significant amounts of CPE. This is 
radically different from closely related SMS1, which catalyses bulk production of SM (Tafesse 
et al., 2007). 

What makes SMSr so different from SMS1? SMS1 utilizes a lipid phosphate 
phosphatase-type reaction mechanism, which involves a single lipid-binding site and 
proceeds via transfer of phosphocholine from PC to a conserved histidine in the enzyme’s 
active site (Huitema et al., 2004; Tafesse et al., 2006). When DAG is replaced by ceramide, the 
phosphocholine headgroup is transferred onto ceramide to form SM. The latter is then released 
from the active site to allow another round of catalysis. Mutational analysis of putative active 
site residues indicates that SMSr-mediated CPE production involves a very similar reaction 
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mechanism. However, although SM readily dissociates from SMS1, we propose that CPE 
remains bound to the active site of SMSr, thus blocking a further round of catalysis. This 
could be the result of several factors. First, SMSr might have a higher affinity for CPE than for 
PE. Second, dissociation of SM from SMS1 might be facilitated by its preferential interaction 
with cholesterol. Contrary to SM, CPE lacks this interaction (Terova et al., 2005). Thus, in the 
presence of cholesterol, SM production might be thermodynamically more favorable than 
CPE production. 

The notion that SMSr is unable to produce significant amounts of CPE is further 
substantiated by our finding that bulk production of CPE in insects is mediated by a different 
enzyme. This second CPE synthase uses CDP-ethanolamine instead of PE as headgroup 
donor, which is analogous to the ethanolamine phosphotransferases of the Kennedy pathway 
(Vance et al., 2008). This implies that, contrary to SM synthesis in mammals, bulk production 
of CPE occurs in the cytosolic leaflet of the membrane. As insects require CERT for efficient 
CPE production (Rao et al., 2007), the second enzyme likely resides in the Golgi. 

SMSr qualifies for a ceramide sensor in the ER 

Although SMSr is a poor CPES, we find that the enzyme has a major impact on ceramide levels 
in the ER. Indeed, SMSr-depleted mammalian cells display a rise in ceramide levels that is one 
order of magnitude too high to be explained by a reduced ceramide consumption for CPE 
biosynthesis. SMSr-depleted insect cells and SMSr null mutants in Caenorhabditis elegans also 
show a marked increase in ceramide levels (this study; unpublished data). Strikingly, a single 
point mutation in the active site of SMSr proved sufficient to induce ceramide accumulation. 
This shows that SMSr must be catalytically active to keep ER ceramide levels low, even if the 
enzyme lacks the ability to consume significant amounts of ceramide. Together, these results 
establish SMSr as a novel regulator of ceramide homeostasis in the ER. 
 How does SMSr control ceramide levels in the ER? We anticipate that under normal 
conditions, only small amounts of ceramide will reach the enzyme’s active site. This is because 
ceramides synthesized in the cytosolic surface of the ER are continuously removed by CERT 
(Fig. 8A). Consequently, only a minor fraction of SMSr enzymes will be trapped in a CPE-
bound form. Yet when the rate of ceramide production exceeds ceramide removal by CERT, 
the pool of CPE-bound enzymes will expand. It is possible that CPE-bound SMSr adopts a 
conformation that relays a signal to inhibit ceramide biosynthesis and/or stimulate ceramide 
degradation (Fig. 8 B). Alternatively, SMSr-derived CPE might directly influence the activity 
of ceramide-metabolizing enzymes in the ER. Either feedback mechanism would ensure 
maintenance of ceramide homeostasis in the ER. Distinguishing between these possibilities 
will require reconstitution experiments with purified enzymes.

Collectively, our data suggest that SMSr is a CPES with a dual role as ceramide 
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sensor to control ceramide homeostasis in the ER. As its active site faces the ER lumen, SMSr 
would only sense ceramides present in the exoplasmic leaflet, i.e., molecules that escaped 
CERT-mediated extraction at the cytosolic surface and flipped to the lumenal side. Notably, 
this arrangement implies cooperativity between SMSr and CERT in keeping ER ceramide 
levels low. Thus, SMSr serves a biological role that is different from closely related SMS1, but 
analogous to the ensemble of membrane proteins that monitor sterol concentrations in the ER 
(Goldstein et al., 2006). In this respect, the SMS enzyme family displays an interesting parallel 
with the nutrient transporter family. Besides conventional transporters, the latter family also 
harbors transceptors that play a dual role as nutrient sensor because their conformational 
change during the transport process can trigger downstream signaling pathways (Holsbeeks 
et al., 2004).

Functional implications of SMSr-controlled ceramide homeostasis

Concurrent with the accumulation of ceramide in the ER, blocking SMSr activity causes a 
structural collapse of the early secretory pathway. The disruption of tER-Golgi organization 
completely parallels the rise in ER ceramide levels. Indeed, any condition that normalizes the 
ceramide concentration in the ER seems to restore Golgi stack morphology: i.e., the presence 
of enzymatically active SMSr, the consumption of ceramide by ER resident SMS, stimulation 
of ER export of ceramide by overexpression of CERT, or a block in ceramide production by 
ceramide synthase inhibitors. Conversely, blocking SM production to accumulate ceramides 
in the Golgi does not perturb its morphology.

How can an excess of ceramides in the ER affect Golgi organization? As the biogenesis 
of the Golgi is tightly linked to that of tER sites (Bevis et al., 2002), a disruption of tER sites 
likely contributes to the structural collapse of the Golgi. tER sites are thought to arise from 
patches of ER membrane proteins that have weak, cooperative affinity for one another (Bevis 
et al., 2002; Heinzer et al., 2008). These patches capture additional tER proteins until they 
grow large enough to produce COPII vesicles. A rise in ER ceramides may perturb the local 
physical environment required to stabilize patches of tER proteins. Alternatively, ceramides 
may affect tER site morphology by altering the membrane turnover of COPII components, 
analogous to the situation in sterol-depleted cells (Runz et al., 2006). Moreover, ceramides 
serve as early mediators of apoptosis, an event accompanied by fragmentation of the Golgi 
complex. Apoptosis-induced Golgi fragmentation requires caspase 3-mediated cleavage of 
golgins, a family of coiled-coil proteins involved in maintenance of Golgi stack morphology 
(Lane et al., 2002). Interestingly, SMSr-depleted HeLa cells display hallmarks of apoptosis, 
including activation of caspase-3 (unpublished data). Whether blocking caspase activation 
prevents Golgi fragmentation in SMSr-deficient cells remains to be established.

A tight regulation of ceramide homeostasis in the ER likely has functional implications 
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beyond sustaining the structural integrity of the early secretory pathway. Down-regulation of 
CERT sensitizes cancer cells to paclitaxel, suggesting that ER ceramides are integral to taxane-
induced cell death (Swanton et al., 2007). Moreover, CERT-/- mouse embryos accumulate 
ceramide in the ER and display a chronic state of ER stress (Wang et al., 2009). As components 
of the unfolded protein response are up-regulated during animal development (Reimold et 
al., 2000; Iwakoshi et al., 2007), a defective transport of ceramide might potentiate ER stress 
in the embryo (Wang et al., 2009). Whether loss of SMSr sensitizes cells to ER stress-inducing 
conditions is currently under investigation. 

The ER is a highly efficient lipid distribution system that is intimately associated with 
other organelles, including mitochondria (Levine and Rabouille, 2005). Ceramides have been 
implicated in mitochondria-induced apoptosis and may reach these organelles via contact 
sites with the ER (Siskind et al., 2008; Stilban et al., 2008; Wang et al., 2009). The present 
identification of SMSr as a key regulator of ceramide homeostasis in the ER provides novel 
opportunities to explore the role of ceramides in mitochondria-induced cell death and for 
modulating taxane effects on tumors.

Figure 8. Model of how SMSr might control ceramide homeostasis in the ER. (A) Normally, only small 
amounts of newly synthesized ceramides can reach the active site of SMSr in the ER lumen due to their 
efficient removal from the cytosolic surface by ceramide transfer protein CERT. (B) When CERT can’t 
cope with the rate of ceramide production, more ceramides will reach the active site of SMSr, resulting 
in production of CPE. Due to its high affinity for the enzyme’s active site, CPE remains bound to SMSr, 
hence blocking a further round of catalysis. CPE-trapped SMSr adopts a conformation that relays a 
signal inhibiting ceramide production or stimulating ceramide breakdown in the ER, thereby restoring 
ceramide homeostasis. Cer, ceramide; sph, sphingoid base. 
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Materials and methods

Chemicals
NBD-Cer was from Invitrogen, NBD-SM, POPE (2-oleoyl-1-palmitoyl-sn-glycerol-3-
phosphoethanolamine), and POPC (2-oleoyl-1-palmitoyl-sn-glycerol-3-phosphocholine) were obtained 
from Avanti Polar Lipids, Inc. NBD-CPE was provided by P. Devaux (Institut de Biologie Physico-
chimique, Paris, France). 2-[14C]ethan-1-ol-2-amine hydrochloride and 3-[14C]L-serine were from GE 
Healthcare, and  methyl-[14C]choline chloride and [3H]sphingosine were obtained from MP Biomedicals. 
D4-ethanolamine and D9-choline were obtained from Cambridge Isotope Laboratories. All other lipids 
and chemicals were obtained from Sigma Aldrich.

Antibodies 
The following antibodies were used: rabbit polyclonal anti-V5 and mouse monoclonal anti-FLAG 
(Sigma-Aldrich), mouse monoclonal anti-V5 (Invitrogen), mouse monoclonal anti-GM130 (BD 
Biosciences), mouse monoclonal anti-KDEL, rabbit polyclonal anti-calnexin and anti-GRP75 (Santa 
Cruz Biotechnology, Inc.), mouse monoclonal anti-d120kD (EMD), rabbit polyclonal anti-dGOLGIN245 
(provided by S. Munro, Medical Research Council Laboratory of Molecular Biology, Cambridge, England, 
UK), rabbit polyclonal anti-Na+/K+-ATPase (C356-M09, provided by J. Koenderink, Radboud University 
Nijmegen, Nijmegen, The Netherlands), rabbit polyclonal anti-protein disulfide isomerase (provided 
by I. Braakman, Utrecht University, Utrecht, The Netherlands), rabbit polyclonal anti-GFP (Invitrogen), 
mouse monoclonal anti-EEA1 (BD), rabbit polyclonal anti-dGMAP (Kondylis et al. 2007), rabbit 
polyclonal anti-dSec23p and mouse monoclonal C594.9B (Kondylis and Rabouille, 2003). Horseradish 
peroxidase-conjugated secondary antibodies were from PerBio, whereas antibodies conjugated to FITC 
and Texas Red or Alexa dyes were from Jackson Immunoresearch and Invitrogen, respectively.

To raise an antibody against dSMSr, the N-terminus of dSMSr (residues 1–199) was expressed 
as glutathione S-transferase fusion in Escherichia coli and purified by affinity chromatography on 
glutathione agarose (Sigma-Aldrich). The purified fusion protein was used by PickCell Laboratories for 
the immunization of mice, yielding monoclonal anti-dSMSr antibody B5-G7. 

DNA constructs
hSMSr, hSMS1 and dSMSr cDNAs were cloned into yeast expression vector pYES2.1/V5-His-TOPO and 
mammalian expression vector pcDNA3.1/V5-His-TOPO (Invitrogen), as described previously (Huitema 
et al., 2004). For expression studies in Drosophila S2 cells, dSMSr, hSMSr and hSMS1 cDNAs were PCR-
amplified and ligated into the copper-inducible pMT/V5-His B vector (Invitrogen). Mutation of active 
site residues in dSMSr (H401A, D405E) and hSMSr (D348E) was performed using the megaprimer PCR 
method (Orr-Weaver et al., 1983). SAM-deficient mutants were obtained by truncation of the first 186 
N-terminal residues in dSMSr or the first 68 N-terminal residues in hSMSr. An ER-resident hSMS1 swap 
mutant, hSMS1Nr, was made by swapping the cytosolic N-terminus of hSMS1 (residues 1-133) with 
that of hSMSr (residues 1-150). The cDNA of human PE N-methyltransferase, PEMT, was purchased 
from RZPD (clone IRATp970D1078D6) and cloned into pMT/EGFP. hCERT-Flag (Fugman et al., 2007) 
and dCERT-Flag expression constructs (Rao et al., 2007) were provided by M. Olayioye (University of 
Stuttgart, Stuttgart, Germany) and J. Acharya (National Cancer Institute at Frederick, Frederick, MD), 
respectively.

Yeast culture
Yeast strain 4D.Lass5 (MATa ade2‑101ochre his3‑D200 leu2‑D1 lys2‑801amber trp1‑D63 ura3‑52 lag1::TRP1 
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lac1::LEU2 ydc1::natMX ypc1::kanMX4 p413MET25:Lass5; Cerantola et al. 2007) was transfected with 
hSMSr or dSMSr in pYES2.1/V5-His-TOPO and grown in selective synthetic medium containing 2% 
(wt/vol) galactose and 50 mg/l myo-inositol. 

Animal cell culture and RNA interference
CHO-K1 and LY-A cells were grown in F-12 medium with 10% FCS (Invitrogen), whereas LY-A/
human CERT cells were grown in F-12 medium containing 0.8 mg/ml G‑418 (Invitrogen). HepG2 
cells were grown in DMEM with 10% FBS (Cambrex) and CaCo-2 cells in DMEM-GlutamaxI with 
10% FCS. HeLa cells were grown in DMEM with 10% FCS. Stable transfections with hSMS1-V5, 
hSMSr-V5 or mouse a-mannosidase II-RFP in pcDNA3.1 and treatment with siRNA (Qiagen) were 
performed as described previously (Tafesse et al., 2007). siRNA target sequences were: non-sense, 
5’-AATTCTCCGAACGTGTCACGT-3’; LA, 5’-AACTGGACTTCCAGAAGAACA-3’; hSMSr #1, 
5’-AATCTTCTTCATCTTGGCTGC-3’;  hSMSr #2, 5’-CAAGAAGCTGGAAT
TTCTTGC-3’; hSMS1, 5’-AACTACACTCCCAGTACCTGG-3’. For rescue experi-ments, cells were 
transfected with siRNA-resistant hSMSr contructs 8 h after the start of siRNA treatment using Effectene 
(Qiagen). Constructs were made siRNA resistant by introducing five silent point mutations in the siRNA 
target sequence.

Drosophila S2 cells were grown in Schneider’s insect medium with 10% FBS. Treatment with 
double stranded RNA (dsRNA) was performed as described (Clemens et al., 2000). On day 1, 106 cells 
were plated in a 35-mm dish and incubated with 30 mg dsRNA in 1 ml serum-free medium for 1 h at RT, 
followed by addition of 2 ml of complete medium. Treatment with dsRNA was repeated on day 4. For 
rescuing experiments, cells were transfected with SMS/pMT/V5-HisB constructs on day 5 using Effectene. 
Expression of recombinant SMS protein was induced by addition of 1 mM CuSO4 for 3 h followed by a 
2 h-chase in the presence of 150 µg/ml cycloheximide. dsRNA was synthesized by in vitro transcription 
of PCR products flanked by T7 RNA polymerase binding sites (TTAATACGACTCACTATAGGGAGA) 
using the MEGASCRIPT T7 transcription kit (Ambion). dsRNA targeting dSMSr was synthesized 
from two ~800-bp PCR products that were generated from dSMSr cDNA using the following 
primer sets: 5’-T7-ATGTGCGACGGTGAAATTG-3’ / 5’-T7-GAGCCGGTTATTTCGCACAT-3’ 
(dsRNA-targeting SMSr [ds SMSr] #1) and 5’-T7-TTGGTCCTACTGAGGCGATTC-3’ / 5’-T7-
CGACTGGTGAGGACTAAAGAAAGC-3’ (ds SMSr #2). dsRNA targeting GFP (ds GFP) was synthesized 
from an ~800-bp PCR product, which was generated from pMT/EGFP plasmid using the primer set 
5’-T7-CTAGGCGGCCGCAAAAAATG-3’ / 5’-T7-CTGTTCGAAGGCGCGCCTTGT-3’. 

In vitro enzyme assays
100 ODs of yeast cells were lysed by bead bashing in 10 ml ice-cold reaction buffer (0.3M sucrose, 15mM 
KCl, 5mM NaCl, 1 mM EDTA, 20 mM Hepes-KOH, pH 7.0) containing freshly added protease inhibitors. 
HeLa and S2 cells were lysed in ice-cold reaction buffer by passing 20 times through a 26G 3/4-needle. 
200 µl of post-nuclear supernatant (PNS; 700 g, 10 min, 4°C) were combined with 200 µl reaction buffer 
containing 0.002% Triton X-100, 40 nmol POPE and/or POPC and 50µM C6-NBD-ceramide (NBD-Cer, 
Avanti Polar Lipids), and incubated at 37°C (HeLa, yeast) or 27°C (S2 cells) for 2 h. Reactions were 
stopped by adding 1 ml MeOH and 0.5 ml CHCl3 and lipids were extracted according to Bligh and Dyer 
(1959).  The lower phase was evaporated under N2 and the reaction products analyzed by TLC, which 
was developed first in acetone, and then in CHCl3/MeOH/25% NH4OH (50/25/6, v/v/v; Figs. 1 and 
2) or CHCl3/acetone/MeOH/acetic acid/H2O (50/20/10/10/5, v/v/v/v/v; Fig. 4). Fluorescent lipids 
were visualized on an image analysis synstem (STORM 860; Molecular Dynamics) and quantified with 
Quantity One software (Bio-Rad).
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Lipid MS 
100 ODs of yeast cells were washed with water, treated with trichloroacetic acid to inactivate lipases, 
and finally boiled for 10 min before lipid extraction by bead bashing in CHCl3/MeOH/H2O (10/10/3, 
v/v/v) according to Folch et al. (1957). HeLa and S2 lipid extracts were prepared according to Folch et 
al. (1957), but omitting the salt. The lower phase was evaporated under N2. Glycerolipids were removed 
by mild alkaline hydrolysis in 0.5 M sodium methoxide in MeOH for 1 h at RT. The lipids were analyzed 
with a triple quadrupole mass spectrometer (PE Sciex API-365; Applied Biosystems). Positive ions were 
generated by a turbo-ion spray ionization source operating at +5.5 kV ionization potential. N2 was used 
as drying gas at 350°C. The declustering potential (cone voltage) was set to 50 V, the collision energy to 
36 V, the entrance potential to –10 V and the focus potential to 160 V. The lipid molecular species and 
classes were quantified as detailed in Tafesse et al. (2007).

Metabolic labeling 
S2 cells (2-5 x106) were labeled in 0.5 ml of complete Schneider’s insect medium with 10 nmol NBD-
Cer, 1 mCi [14C]ethanolamine, 1 mCi [14C]choline or 1 mCi [14C]serine at 27°C for the indicated time. 
Mammalian cells (10 cm dish, 50% confluency) were labeled in complete medium with 1 µCi [14C]
ethanolamine or 1 µCi [3H]sphingosine for the indicated time. Lipids were extracted in CHCl3/
MeOH/10 mM acetic acid (1/4.4/0.2, v/v/v) and then processed according to Bligh and Dyer (1959). 
Half of the extract was subjected to mild alkaline hydrolysis. Radiolabeled lipids were analyzed by 
TLC in CHCl3/MeOH/25% NH4OH (50/25/6, v/v/v; [14C]ethanolamine/choline), CHCl3/MeOH/2M 
NH4OH (40/10/1, v/v/v; [14C]serine), CHCl3/MeOH/0.2%CaCl2 (60/40/9, v/v/v; [3H]sphingosine), 
detected by exposure to imaging screens (BAS-MS; Fuji Photo Film), scanned on a Personal Molecular 
Imager (Bio-Rad Laboratories)and quantified with Quantity One software.

Isolation of ER membranes
HeLa cells were washed twice and then harvested by scraping in ice-cold homogenization buffer (HB; 
10 mM HEPES, pH 7.8, 1 mM EGTA, 25 mM KCl, 1mM protease inhibitor cocktail and 1mM PMSF) 
supplemented with 0.25 M sucrose. Cells were pelleted by centrifugation at 600 g and gently disrupted 
by a dounce homogenizer in 11ml HB at 4°C. The homogenate was centrifuged twice at 500 average 
g ( gav; 5 min, 4°C) to generate a post-nuclear supernatant (PNS). The PNS was centrifuged at 10,000 
gav (10 min, 4°C) to pellet mitochondria. The post-mitochondrial supernatant was loaded onto a 1 ml 
68% (w/w) sucrose cushion (prepared in HB) and centrifuged at 100,000 gav. (1 h, 4°C) to collect crude 
microsomes. The microsomes were re-suspended in 1 ml of HB and loaded on top of a 25-60% (w/w) 
sucrose step gradient that was generated in HB using the following steps: 2 ml 25%, 2 ml 30%, 2 ml 37%, 
2 ml 39%, 2 ml 42% and 1 ml 60%. After centrifugation at 100,000 gav (18 h, 4°C) in a SW41 Ti rotor, 20 x 
0.6 ml fractions were collected from the top. PM and ER membranes peakes in fraction 7-9 and 17 and 
18, respectively. Equal amounts of protein from the PNS, the crude mitochondrial membrane pellet, and 
the collected PM and ER membrane peaks were subjected to immunoblot analysis. This revealed that 
the collected ER membranes were virtually devoid of other organelles, except for a minor contamination 
with PM (<10%).  

Microscopy and image analysis
Cells were fixed in 4% paraformaldehyde/PBS, processed for immunofluorescence as described 
previously for S2 (Kondylis and Rabouille, 2003) and HeLa cells (Tafesse et al., 2007), and mounted 
in Vectashield medium containing DAPI (Vector Laboratories). Images were captured at RT using a 



73

Chapter 3

confocal microscope (LSM 510 Meta; Carl Zeiss, Inc.) with a 63x 1.40 NA plan Apo oil objective (Carl 
Zeiss, Inc.) or with a confocal microscope (D-eclipse C1; Nikon) with 60x 1.40 NA plan Apo oil objective 
(Nikon). The fluorochromes used were DAPI, lex=360 nm and  lem=460 nm; FITC/Alexa Fluor 488, lex=488 
nm and  lem=515 nm; Texas red/ Alexa Fluor 568, lex=568 nm and  lem=585 nm. Projections were obtained 
by collecting series of 0.4-mm sections that were acquired and combined using LSM software (Carl 
Zeiss, Inc.) or EZ-C1 software (Nikon). Images were further processed using Photopshop software 
(version 7.0.1; Adobe).

The tER-Golgi fragmentation phenotype in S2 cells was assessed as described in Kondylis and 
Rabouille (2003). In brief, cells from each projection were counted and assigned to one of two categories: 
cells with a wild type Golgi morphology, which corresponds to 17-25 large, dGMAP or d120kDa-labeled 
spots, and cells with a fragmented Golgi morphology, corresponding to numerous smaller labeled 
spots. The averages were derived from three independent experiments analyzing at least 400 (or ≥75 
transfected) cells per condition. The statistical significance of all data obtained was assessed by two-
tailed unpaired Student’s t tests. p<0.001 were considered significant and are marked by an asterisk, 
whereas p>0.001 is indicated (Fig. 7, C and D).

S2 cells were fixed and processed for immunoelectron microscopy as described in Kondylis and 
Rabouille (2003). Ultrathin cryosections were examined using an electron microscope (1200 EX; JEOL). 
All antibodies used for immunolabeling are described in Online supplemental material.

Delta and VSV-045G transport assays
The Delta transport assay was performed using the cell line Delta-WTNdeMYC, as described in 
Kondylis and Rabouille (2003). In brief, S2 cells were treated with different dsRNA for the indicated 
time. The Delta protein was induced for 1 h with 1mM CuSO4, and then chased in the absence of CuSO4 
for different time points. Subsequently, cells were fixed, immunostained and Delta arrival at PM was 
monitored by immuno-fluorescence microscopy. For VSV-045G transport assay, HeLa cells were treated 
with different siRNA constructs for 7 d, transfected with VSV-045G-GFP, kept at 39.5oC for 16 h, and then 
chased at 32ºC for different time points as indicated.

Supplemental Information

Fig. S1 shows the effect of externally added phospholipid on CPE production levels in lysates 
of normal and hSMSr-overexpressing HeLa cells. Fig. S2 shows that loss of SAM domain 
causes a redistribution of SMSr from ER to the Golgi. Fig. S3 shows that SMSr-depleted cells 
accumulate all major ceramide species but not sphingosine. Fig. S4 shows the single channels 
of images presented in Fig. 6. Fig. S5 shows that anterograde protein transport to the PM is not 
impaired in SMSr-depleted cells. Table S1 shows a quantitative analysis of ceramide species in 
control, hSMSr-depleted, and hSMS1-depleted HeLa cells.
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Figure S1.  Effect of externally added 

phospholipid on CPE production levels in HeLa 

cell lysates. (A) Levels of CPE and SM synthase 
activity were determined by TLC analysis of 
reaction products formed when lysates of HeLa 
cells were incubated with NBD-Cer in the presence 
or absence of externally added PE or PC. (B) As in 
(A), except that incubations were with lysates of 
hSMSr-overexpressing HeLa cells (hSMSr-V5 #1), 
which have a sixfold higher level of CPE synthase 
activity than untransfected cells. Enzyme activity 
levels were expressed relative to control (no 
phospholipid added). Error bars in (A) and (B): 
range, n = 2. 

Table S1. Levels of ceramide species in control and SMS-depleted HeLa cells.

HeLa cells were treated for 3 d with si RNA targeting LA (si LA), hSMSr (si hSMSr #1) or SMS1 (si 
hSMS1), subjected to lipid extraction, and then analyzed by MS/MS as described under Experimental 
Procedures. Levels of ceramide species are given in mol% of total lipid analyzed. Data shown are means 

± SD, n = 3

Cer species
mol% of total lipid analyzed

mock si LA si hSMSr si hSMS1
Cer14:0 0.003±0.001 0.008±0.003 0.035±0.016 0.027±0.005

Cer16:0 0.077±0.002 0.081±0.002 0.353±0.121 0.279±0.009

Cer18:0 0.005±0.000 0.004±0.000 0.022±0.007 0.014±0.003

Cer18:1 0.002±0.001 0.000±0.000 0.003±0.001 0.002±0.000

Cer20:1 0.000±0.000 0.000±0.000 0.006±0.003 0.007±0.000

Cer22:0 0.016±0.000 0.012±0.000 0.049±0.021 0.049±0.001

Cer22:1 0.008±0.002 0.017±0.001 0.092±0.025 0.087±0.005

Cer24:0 0.043±0.006 0.007±0.001 0.039±0.020 0.049±0.003

Cer24:1 0.105±0.008 0.103±0.004 0.464±0.079 0.572±0.030

Cer24:2 0.010±0.001 0.011±0.000 0.045±0.009 0.054±0.002

    Cer26:1 0.011±0.002 0.007±0.000 0.036±0.008 0.039±0.001

Cer26:2 0.010±0.000 0.009±0.000 0.027±0.006 0.029±0.004

SUM 0.292±0.015 0.260±0.008 1.170±0.030 1.206±0.010
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Figure S2. The SAM domain-containing N-terminus of dSMSr is required for ER retention. (A) 
Confocal sections of Drosophila S2 cells double-transfected with V5-tagged dSMSr and the ER marker 
PEMT-GFP, and then immunostained for V5. (B) Confocal sections of dSMSr-V5 expressing S2 cells 
double-labeled for V5 and the cis-Golgi marker dGMAP. Arrows indicate nuclear envelope staining. (C) 
Confocal sections of S2 cells expressing a N-terminal dSMSr-V5 truncation mutant lacking the SAM-
domain and double labeled for V5 and cis-Golgi marker dGMAP. Note that, as for hSMSr (Fig. 2E), 
SAM-deficient dSMSr fails to be retained in the ER and is transported to the Golgi (arrows) and plasma 
membrane (arrowhead). Scale bars: 5mm.
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Figure S3.  SMSr-depleted cells accumulate ceramide but not sphingosine. (A) MS/MS quantification 
of ceramides in lipid extracts of mock-treated, LA-depleted, SMSr-depleted, or SMS1-depleted cells 
(HeLa, CHO-K1, S2). (B) Control (NS-depleted or mock-treated) and SMSr-depleted cells were labeled 
with [14C]serine for 5 h (S2) or 8 h (HeLa). Levels of radiolabeled ceramides (cer) and sphingoid bases 
(sph) were determined by TLC and autoradiography, and expressed as % of control. siRNA treatment 
(HeLa, CHO) was for 3 d whereas dsRNA treatment (S2) was for 7 d. SMSr depletions were with si 
hSMSr #2 or ds dSMSr #2. Error bars in (A): SD, n = 3. Error bars in (B): range, n = 2
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Figure S4. SMSr depletion causes the disorganization of tER–Golgi units. (A–C’) S2 cells treated for 7 d (see Materials and 
methods) with ds GFP or dSMSr (ds dSMSr #1 or #2) were double labeled for dSec23 (tER sites) and d120kd (Golgi stacks). 
Confocal projections of the single channels corresponding to Fig. 6 A are presented. (D–I) Confocal projections of S2 cells 
treated as in A–C’ and labeled for two additional Golgi markers, Golgin 245 and dGMAP. Note the disorganization of the 
tER–Golgi units in dSMSr-depleted cells, which is characterized by more numerous and smaller Golgi spots and a hazy stain-
ing pattern. (J–L) HeLa cells stably expressing mannosidase II–RFP were treated with si LA, hSMSr (si hSMSr #2), or hSMS1 
(si hSMS1) for 3 d. Confocal projections of the single channels corresponding to Fig. 6 G are presented. Bars, 5 µm.
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Figure S5. Anterograde protein transport to the PM is not impaired in SMSr-depleted cells. (A–B) 
Delta S2 cells were treated for 7 d with ds GFP (A), ds dSMSr #1 (A’), or ds dSMSr #2 (A’’) and in-
duced for 1 h with CuSO4 followed by 90-min chase in the presence of cycloheximide in the absence 
(A–A’’) or presence of BFA (B). The cells were double labeled for Delta and dGMAP. In contrast to 
BFA-treated cells, in which Delta is blocked in the ER (nuclear envelope staining marked by an ar-
row) and tER sites (partial colocalization with dGMAP), dSMSr depletion does not impair antero-
grade transport to the PM. Confocal sections are presented. (C) HeLa cells were treated with si LA 
or hSMSr (si hSMSr #2) for 7 d. After 6 d of treatment, cells were transfected with a plasmid-encod-
ing GFP-tagged VSV-G ts045 protein. VSV-G ts045 was arrested in the ER at 39.5°C and chased out 
at 31.5°C. Confocal images of cells fixed after 0, 20, and 90 min of chase are shown. Bars, 5 µm. (D) 
Quantification of cells treated as in C and expressing VSV-G in a particular location (ER, Golgi, and 
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Abstract

Ceramide has been implicated in mitochondrial apoptosis by initiating permeabilization of the 
outer mitochondrial membrane for apoptogenic factors. However, the origin of mitochondrial 
ceramide is unclear. The ceramide phosphoethanolamine (CPE) synthase SMSr is required for 
a tight regulation of ceramide homeostasis in the ER. Here we show that blocking the catalytic 
activity of SMSr induces mitochondrial apoptosis. This event can be suppressed by targeting 
sphingomyelin synthase to the ER, stimulating ceramide export from the ER, or blocking 
ceramide biosynthesis, hence defining ER ceramide accumulation as its primary cause. 
SMSr-depleted cells mislocalize ceramide to mitochondria and become resistant to apoptosis 
upon disruption of ER-mitochondria contact sites or expression of sphingomyelin synthase 
in mitochondria. SMSr itself is a target of the apoptotic machinery and loses its N-terminal 
SAM domain following caspase-mediated proteolysis. While SAM is dispensable for SMSr-
catalysed CPE production, its removal is sufficient to trigger ER ceramide accumulation and 
cell death. We propose that SMSr is an ER-resident ceramide sensor with a crucial role in 
controlling mitochondrial apoptosis.

Introduction

Apoptosis, or programmed cell death, is a fundamental process controlling tissue homeostasis 
by regulating a balance between cell proliferation and cell death. Mitochondria can initiate 
apoptosis by releasing apoptogenic proteins such as cytochrome c that activate caspase-9, a 
cysteine protease (Desagher and Martinou, 2002). Caspase-9 then goes on to activate other 
caspases, such as caspase-3, to orchestrate the biochemical execution of programmed cell 
death (Li et al., 1997). Many factors are known to contribute to the initiation of mitochondria-
mediated apoptosis, but those responsible for the crucial, decision-making step that results in 
formation of the protein-release pathway in the outer membrane are still debated. 

In addition to the generally accepted factors such as Bid, Bax and Bak, the sphingolipid 
precursor ceramide is believed to actively contribute to the formation of protein-permeable 
channels in the outer membrane (Siskind et al., 2008). Ceramide is routinely synthesized on 
the surface of the ER for the production of sphingomyelin (SM) in the Golgi, but can also 
be generated by SM hydrolysis at the plasma membrane (Marchesini and Hannun, 2004). 
The demonstration that a sphingomyelinase targeted specifically to mitochondria induces 
apoptosis defines mitochondrial ceramide is a key mediator of cell death (Birbes et al., 
2001). Several studies suggest the importance of the de novo pathway in producing the 
ceramide that is involved in mitochondrial apoptosis (Perry et al., 2002). However, the origin 
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of this ceramide remains to be established. A ceramide synthase activity has been found in 
mitochondria (Bionda et al., 2004). Moreover, a ceramidase has also been demonstrated there, 
and this enzyme can generate ceramide through a reverse ceramidase activity (El Bawab et 
al., 2000). In addition, mitochondria are closely associated with the ER, forming junctions or 
membrane contact sites that are believed to facilitate interorganellar lipid transport (Voelker, 
2005). A cytosolic protein called CERT has been identified that carries ceramide from the ER 
to the site of SM production in the Golgi (Hanada et al., 2003). A similar protein might exist to 
deliver ceramide to mitochondria. 
The bulk of newly synthesized ceramide is converted to SM by a PC:ceramide phosphocholine 
transferase or SM synthase (Voelker and Kennedy, 1982). Mammalian cells contain two 
SM synthase isoforms, namely SMS1 responsible for bulk production of SM in the Golgi 
lumen, and SMS2 serving a role in regenerating SM from ceramide liberated by SMase on 
the exoplasmic surface of the plasma membrane (Huitema et al., 2004; Yamaoka et al., 2004; 
Tafesse et al., 2007). Together with a closely related enzyme, SMSr, they form the SMS protein 
family (Huitema et al., 2004). We recently demonstrated that SMSr is not a SM synthase, but 
catalyses production of the SM analogue ceramide phosphoethanolamine in the lumen of 
the ER (CPE; Vacaru et al., 2009). While SMSr synthesizes only trace amounts of CPE, we 
observed that blocking its catalytic activity causes a substantial rise in ER ceramide levels. 
This is accompanied by a disruption of ER exit sites and a structural collapse of the Golgi. The 
latter phenotype could be fully suppressed by inhibiting ceramide biosynthesis or directing 
a SM synthase to the ER (Vacaru et al., 2009). Collectively, these findings established SMSr 
as a novel regulator of ceramide homeostasis in the ER with a critical role in sustaining the 
integrity of the early secretory pathway. As numerous studies have shown that the Golgi 
complex undergoes fragmentation during apoptosis (Mancini et al., 2000; Lane et al, 2002), 
we here investigated whether loss of SMSr and the subsequent rise of ER ceramide levels can 
trigger apoptosis.

Results

Loss of SMSr triggers apoptosis

Cells depleted of SMSr accumulate ceramide in the ER (Vacaru et al., 2009). As ceramide is a 
potential mediator of apoptosis, we analyzed SMSr-depleted HeLa cells for signs of apoptosis. 
After 3 days of treatment with siRNA targeting SMSr (siSMSr), a significant portion of cells (20.0 
± 2.5%) displayed membrane blebs and condensed nuclei, two morphological hallmarks of 
apoptosis (Fig. 1A-C; data not shown). In contrast, only few of the cells treated with non-sense 
siRNA (siNS) showed membrane blebs (3.0 ± 1.5%). SMSr depletion also triggered activation 
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of caspase-3, an effector caspase that is cleaved to its active form during the execution phase 
of apoptosis (Slee et al., 2001). Nearly 40% of siSMSr-treated cells stained positive with an 
antibody specific for cleaved caspase-3. A similar fraction of cells reacted with an antibody 
recognizing caspase-cleaved poly ADP ribose polymerase (PARP; Fig. 1C-E). Cleavage of 
caspase-3 and PARP was confirmed by immunoblotting (Fig. 1F,G), and occurred in various 
other SMSr-depleted cell lines (Fig. 1H). Loss of SMSr also triggered cleavage of Golgin-160 
(Fig. 1F), a caspase substrate whose proteolytic conversion is required for Golgi fragmentation 
during apoptosis (Mancini et al., 2000). This suggests that the Golgi fragmentation previously 
observed in SMSr-depleted cells (Vacaru et al., 2009) is secondary to activation of an apoptotic 
pathway. Depletion of SMS1 also triggered cleavage of PARP and Golgin-160, but to a lesser 
extend than in SMSr-depleted cells (Fig. 1F). Depletion of SMS2, on the other hand, did not 
result in any cleavage of these caspase substrates. This is remarkable, as HeLa cells depleted of 
SMS1, SMS2 or SMSr show a similar rise in ceramide levels (Tafesse et al., 2007; Vacaru et al., 
2009). This indicates that ceramide accumulation per se is not sufficient to trigger apoptosis, 
and that the site of ceramide accumulation may be important.

Apoptosis in SMSr-depleted cells is due to ceramide accumulation in the ER

We next investigated whether apoptosis in SMSr-depleted cells is caused by ceramide 
accumulation in the ER. Mutation of active site residue Asp348 to Glu blocks SMSr-mediated 
CPE production and triggers ceramide accumulation in the ER (Vacaru et al., 2009). While 
heterologous expression of siRNA-resistant SMSr suppressed cleavage of PARP in siSMSr-
treated cells, mutation of Asp348 to Glu completely abrogated this effect (Fig. 2A,B). One 
possible interpretation of this result is that apoptosis is triggered by a rise in ER ceramide 
levels. Alternatively, the trace amounts of CPE produced by SMSr may be essential to prevent 
apoptosis. To distinguish between these possibilities, siSMSr-treated cells were transfected with 

      Figure 1. SMSr-depleted HeLa cells show marks of apoptosis. (A) Light microscopy images of HeLa 
cells treated for 3 d with siRNA targeting SMSr (siSMSr) or nonsilencing siRNA (siNS). (B) Percentage 
of propidium iodide (PI)-negative cells showing membrane blebs after 3 d of treatment with siRNA 
targeting SMSr (siSMSr) or nonsilencing siRNA (siNS). Error bars indicate SD, n = 3. (C) HeLa cells were 
treated with siRNA as in A or with staurosporin (Stauro; 1 µg/ml, 8 h), fixed, and then co-stained with 
DAPI and an antibody recognizing cleaved caspase-3. (D) As in C, except that immunostaining was 
with an antibody recognizing cleaved PARP. (E) Quantification of cells immuno-positive for cleaved 
caspase-3 or cleaved PARP after treatment as in C and D. Error bars indicate SD, n = 3. (F) Immunoblots 
of cells treated as in C were stained for cleaved caspase-3 and b-actin. (G) Immunoblots of cells treated 
for 3 d with siRNA targeting SMSr (siSMSr), SMS1 (siSMS1), or SMS2 (siSMS2), or for 8 h with 1 µg/
ml staurosporin (Stauro) were stained for PARP, Golgin160 and b-actin. (H) Immunoblots of OVCAR-, 
IGROV- and SKOV cells treated as in B were stained for PARP. FL, full length; CL, cleaved; Bars, 5mm
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an enzymatically-active, ER-resident form of SMS1 (SMS1Nr; Vacaru et al., 2009). Expression 
of SMS1Nr blocked cleavage of PARP (Fig. 2B), indicating that suppression of apoptosis is not 
strictly dependent on production of CPE. Because SMS1Nr would consume ceramide in the 
ER, we asked whether blocking ceramide synthesis or stimulating ceramide export from the 
ER would also suppress apoptosis. Treatment with ceramide synthase inhibitor fumonisin B1 
or overexpression of the ceramide transfer protein CERT each prevented PARP cleavage in 
SMSr-depleted cells (Fig. 2, A-C). From this we conclude that apoptosis in SMSr-depleted cells 
is due to ceramide accumulation in the ER.

SMSr-depleted cells lack ER stress

A rise in ER ceramide levels is believed to sensitize cells to ER stress (Swanton et al., 2007; 
Wang et al., 2009). Because incessant ER stress can initiate apoptosis (Svegezdi et al., 2007), 
we examined whether apoptosis in SMSr-depleted HeLa cells is triggered by ER stress. The 
onset of ER stress is detected by ER transmembrane receptors that initiate the unfolded 
protein response (UPR) to restore normal ER function. Three ER stress receptors have been 
identified: IRE1, ATF6 and PERK (Ron and Walter, 2007). Activated IRE1 catalyses splicing 
of XBP1 mRNA. Spliced XBP1 mRNA encodes a potent transcriptional activator of ER stress 
markers, which include the ER chaperones BiP and calnexin (Sriburi et al., 2004). ATF6 is 
activated by limited proteolysis and translocates to the nucleus to induce expression of BiP, 
calnexin and the DNA-damage-inducible gene 153 (GADD153/CHOP; Wang et al., 1996). 
Activated PERK undergoes autophosphorylation and blocks general protein synthesis by 
phosphorylating eukaryotic initiation factor 2a (eIF2a), a condition causing transcriptional 
activation of GADD153 (Harding et al. 1993; Ron and Walter, 1997). 

Using RT-PCR, we found no evidence of XBP1 splicing in siSMSr-treated cells (Fig. 
3A,B). Moreover, immunoblot analysis showed that these cells lacked detectable amounts of 
GADD153 and contained similar levels of BiP and calnexin as mock or siNS-treated cells (Fig. 
3C,D). Conversely, XBP1 splicing and GADD153 expression were readily detectable in cells 
treated with tunicamycin, a potent inducer of ER stress. This indicates that loss of SMSr does 
not activate any of the three known branches of the UPR. Hence, apoptosis in SMSr-depleted 
cells seems to occur independently of ER stress.

SMSr-depleted cells mislocalize ceramide to mitochondria and undergo mitochondrial 

apoptosis

Ceramide has been implicated in mitochondrial apoptosis by increasing the permeability 
of the outer mitochondrial membrane (MOM) to proapoptotic intermembrane protein like 
cytochrome c (Stiban et al., 2008). The origin of mitochondrial ceramide is unclear, but may 
involve transfer of ceramide from the ER to mitochondria (Stiban et al., 2008; Wang et al., 
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Figure 2. Apoptosis in SMSr-depleted 

cells is due to ceramide accumulation in 

the ER. (A) HeLa cells were treated with 
siSMSr and incubated with fumonisin B1 
(FB1) or transfected with empty vector 
(EV), or with siRNA-resistant forms of 
SMSr (SMSr-V5-res) or enzyme-dead 
SMSr (SMSrD348E-V5-res). After 3 days, 
cells were fixed and stained for cleaved 
PARP. The white box in the bottom 
right image marks cells captured from 
a different field. (B) Quantification of 
the rescue of PARP cleavage in SMSr-
depleted cells after transfection with 
wild-type SMSr (SMSr-V5-res), enzyme-
dead SMSr (SMSrD348E-V5-res), ER-
resident SMS1 (SMS1Nr-V5), or CERT 
(CERT-FLAG). Error bars indicate SD, n 
=3. *, P < 0.001 by two-tailed unpaired 
Student’s t test. (C) Quantification of 
the rescue of PARP cleavage in SMSr-
depleted cells after treatment with FB1 
or myriocin (Myr). Error bars indicate 
range, n = 2; Bars, 5mm 
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2009). Consistent with this notion, mitochondria isolated from CERT-deficient mice embryos 
contain 1.5 more ceramide than those of wild type (Wang et al., 2009). To investigate whether 
SMSr-depleted HeLa cells mislocalize ceramide to mitochondria, we analyzed the ceramide 
content of ER-depleted mitochondrial membrane pellets isolated from cells treated with siNS 
or siSMSr for 3 days. This indicated that mitochondria from SMSr-depleted cells have a 2-fold 
(2.2 ± 0.4, n = 2) higher ceramide level than those of control cells. 

We next investigated whether the mislocalization of ceramide to mitochondria in 
SMSr-depleted cells is accompanied by mitochondria-mediated apoptosis. Dissipation of 
the mitochondrial membrane potential (∆Ym) is an early event in mitochondrial apoptosis 
that can be monitored by labeling cells with the membrane potential-sensitive dye JC-1. In 
healthy cells, JC-1 accumulates in mitochondria in which it oligomerises and fluoresces red. 
When ∆Ym collapses (e.g. in cells treated with staurosporine), JC-1 remains in the cytoplasm 
in a monomeric form that fluoresces green (Cossarizza et al., 1993). Cells treated with siSMSr 
for 3 days showed a diffuse JC-1 staining with a shift from red to green fluorescence when 
compared to siNS-treated cells (Fig. 4A). This reduction in red fluorescence was confirmed 
by FACS analysis (Fig. 4B), indicating that SMSr is essential to sustain the ∆Ym. Loss of SMSr 
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Figure 3. SMSr-depleted cells are devoid of ER-stress. (A) HeLa cells treated for 3 d with siNS, siLA, 
and siSMSr were analysed by semi-quantitative RT-PCR to verify efficiency and specificity of SMSr 
knockdown. RT-PCR on GADPH transcripts served as control. (B) Detection of XBP1 splicing by RT-
PCR on cells treated for 3 d with siNS or siSMSr, or for 16 h with tunicamycin (Tm). (C) Immunoblots of 
cells treated as in B and stained for GADD153 (CHOP) and b-actin. (D) Immunoblots of cells treated as 
in B and stained for calnexin, Grp94, BiP and b-actin. 
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also triggered the translocation of cytochrome c from the mitochondria to the cytosol, as 
evidenced by immunfluorescence microscopy (Fig. 4C) and immunoblot analysis of cytosolic 
fractions (Fig. 4D). Release of cytochrome c into the cytosol promotes activation of caspase-9, 
an initiator caspase associated with mitochondrial apoptosis (Li et al., 1993). Indeed, siSMSr-
treated cells showed a 3- to 4-fold induction of caspase-9 activity relative to mock or siNS-
treated cells (Fig.  4E). Immunoblot analysis showed that the bulk of procaspase-9 in SMSr-
depleted cells is cleaved to its active form (Fig. 4F). Moreover, expression of Bcl-2, an anti-
apoptotic protein tail-anchored to mitochondria (Zhai et al., 2008), suppressed cleavage of 
PARP in SMSr-depleted cells (Fig. 5A). Together, these results show that loss of SMSr activates 
a mitochondrial pathway of apoptosis.

Apoptosis in SMSr-depleted cells requires transfer of ceramide from ER to mitochondria

The foregoing data suggest that apoptosis in SMSr-depleted cells is triggered by mislocalization 
of ER ceramide to mitochondria. If this assumption is correct, blocking ceramide transport from 
the ER to mitochondria should prevent apoptosis. Membrane contact sites between the ER and 
mitochondria are believed to facilitate a rapid exchange of lipids (Voelker, 2005; Kornmann 
et al., 2009). The mitofusin MFN2 has a critical role in tethering the ER to mitochondria in 
mammalian cells (De Brito and Scorrano, 2008). This led us to investigate whether loss of 
MFN2 would rescue SMSr-depleted cells from apoptosis. After 3 days of treatment with siRNA 
targeting MFN2 (siMFN2), HeLa cells showed a substantial reduction in MFN2 protein levels 
(Fig. 5B) and a severe fragmentation of mitochondria (Fig. 5C, top right panel). The latter 
finding is consistent with a role of mitofusins in mitochondrial docking and fusion (Koshiba 
et al., 2004). Cells treated with siSMSr also displayed mitochondrial fragmentation (Fig. 5C, 
bottom left panel), which is a common feature of mitochondrial apoptosis (Arnoult, 2006). 
While cells treated with siSMSr displayed caspase-mediated cleavage of PARP, this event 
was largely suppressed in cells treated with siSMSr and siMNF2 simultaneously (Fig. 5C,D). 
Collectively, this indicates that mitochondrial apoptosis in SMSr-depleted cells requires intact 
contact sites between the ER and mitochondria. 
 To address if arrival of ER ceramide in mitochondria is essential for induction of 
apoptosis, we next investigated whether expression of a ceramide consuming enzyme 
in mitochondria would prevent PARP cleavage in SMSr-depleted cells. As approach, the 
mitochondrial-targeting sequence of human cytochrome c oxidase subunit VIII was fused 
to the N-terminus of SMS1 and a Myc-tag added to its C-terminus, yielding mitoSMS1-
Myc. When expressed in HeLa cells, mitoSMS1-Myc displayed a punctuated distribution 
reminiscent of mitochondria and distinct from Golgi and endosomal compartments (Fig. 5E; 
data not shown). This distribution pattern coincided, but did not completely overlap with that 
of the mitochondrial matrix protein Grp75, suggesting that mitoSMS1-Myc is concentrated in a 
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Figure 4. Loss of SMSr triggers a mitochondrial pathway of apoptosis. (A) HeLa cells treated for 3 
d with siNS or siSMSr, or for 8 h with staurosporine were stained with the mitochondrial membrane 
potential-sensitive dye JC-1. Note that JC-1 in cells treated with siSMSr or staurosporin shows a more 
diffuse staining and a shift from red to green fluorescence relative to siNS-treated cells, indicating a loss 
in mitochondrial membrane potential. (B) Quantification of JC-1 fluorescence in cells treated as in A by 
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subdomain of mitochondria. Whether mitoSMS1-Myc is able to reach the inner mitochondrial 
membrane, the native site of cytochrome c oxidase, remains to be established. Nevertheless, 
expression of mitoSMS1-Myc in SMSr-depleted cells effectively blocked cleavage of PARP 
(Fig. 5F). Importantly, this rescuing effect was completely abrogated by mutation of the 
invariant Asp residue in the enzyme’s active site (Asp332 in untagged SMS1), demonstrating 
that a catalytically active form of mitoSMS1-Myc is required to prevent apoptosis. Together, 
these results strongly suggest that mislocalization of ER ceramide to mitochondria is a crucial 
step in the induction of apoptosis upon loss of SMSr.

SMSr-mediated CPE production is required but not sufficient to prevent mitochondrial 

apoptosis

Our findings indicate that a tight regulation of ER ceramide levels by SMSr is crucial to prevent 
mitochondrial apoptosis, and that a point mutation in the enzyme’s active site is sufficient to 
induce ceramide accumulation (Vacaru et al., 2009) and cell death (Fig. 2A,B). Since SMSr 
produces only trace amounts of CPE (<0.05 mol%), the amount of ceramide accumulating in 
SMSr-depleted HeLa cells (~1 mol%) cannot be ascribed to a reduced ceramide consumption 
for CPE biosynthesis (Vacaru et al., 2009). This enigma could be explained if SMSr-derived 
CPE would directly influence the activity of enzymes responsible for ceramide biosynthesis 
or breakdown in the ER. An alternative possibility is that during CPE production, SMSr may 
adopt a conformation that relays a signal to control the ceramide-metabolizing enzymes in 
the ER (Vacaru et al., 2009). The N-terminus of SMSr contains a sterile a-motif or SAM domain 
(residues 12-78). SAM domains are protein interaction modules that can mediate homo- and 
heterodimerization of proteins (Kim and Bowie, 2005). To further explore the mechanism by 
which SMSr controls ER ceramide levels and mitochondrial apoptosis, we created a SAM-
deficient SMSr mutant and analyzed its ability to suppress ceramide accumulation and 
caspase-mediated cleavage of PARP. 

Removal of SAM caused a redistribution of SMSr from the ER to the Golgi (Vacaru et 
al., 2009). To retain SMSr∆SAM in the ER, a KKXX motif (KKAS) was added to its C-terminus 
(Fig. 6A). Heterologous expression of SMSr∆SAM-KKAS in HeLa cells showed that loss of 
SAM did not affect SMSr-mediated CPE production (Fig. 6B). Expression of siRNA-resistant 

flow cytometry. FL1-H, green fluorescence; FL2-H, red fluorescence. (C) Cells treated as in A were fixed 
and stained for cytochrome c. (D) Immunoblots of cytosol or mitochondrial pellets (mito) of cells treated 
for 3 d with siNS, siLA, or siSMSr, or for 8 h with staurosporin were stained for cytochrome c, GRP75 
and b-actin. (E) Cells treated as in D were lysed and analyzed for caspase-9 activity by a colorimetric 
assay. Levels of caspase-9 activity were expressed relative to mock-treated cells. Error bars indicate 
SD, n = 3. (F) Immunoblots of cells treated as in D were stained for caspase-9. White line indicates that 
intervening lanes have been spliced out. FL, full length; CL, cleaved; Bars, 5mm
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SMSr-KKAS in siSMSr-treated HeLa cells effectively suppressed both ceramide accumulation 
(Fig. 6C) and cleavage of PARP (Fig. 6D). Mutation of active site residue Asp348 (D348E) 
abolished the rescuing effect. Strikingly, removal of SAM also abrogated the ability of SMSr-
KKAS to suppress ceramide accumulation (Fig. 6C) and PAPR cleavage (Fig. 6D), despite the 
fact that it did not interfere with CPE production. From this we conclude that SMSr-catalyzed 
CPE production, although required, is not sufficient to control ceramide homeostasis and 
mitochondrial apoptosis. Hence, our findings argue against the model in which SMSr-derived 
CPE controls the activity of ceramide-metabolizing enzymes and point at a critical role of 
SAM in sustaining ceramide homeostasis in the ER. 

As SMSr acts as a negative regulator of ER ceramide levels and mitochondrial 
apoptosis, we reasoned that the enzyme itself may form a target of the apoptotic machinery. 
To test this prediction, HeLa cells expressing SMSr with a C-terminal V5 epitope were treated 
with staurosporine and subjected to immunoblot analysis. Staurosporine induced proteolytic 
cleavage of SMSr, which could be fully suppressed by the general caspase inhibitor z-VAD-fmk 
(Fig. 6E). Immunoblot analysis of cells expressing N-terminally tagged SMSr indicated that 
cleavage occurred at a single site downstream of the N-terminal SAM domain, but upstream 
of the first membrane span (data not shown). This region contains three predicted caspase 
cleavage sites, namely Asp81, Asp92 and Asp120. To test which of these sites is cleaved in 
staurosporine-treated cells, each of the corresponding aspartates was substituted for an 
alanine. Immunoblot analysis of cells expressing the Asp mutants showed that staurosporine-
induced cleavage of SMSr occurred at Asp120 (Fig. 6E). These results corroborate with a role 
of SMSr as key regulator of mitochondrial apoptosis and highlight the importance of SAM in 
how SMSr executes this function.   

     Figure 5. Apoptosis in SMSr-depleted cells relies on ceramide transfer from ER to mitochondria. 
(A) HeLa cells were treated with siSMSr and transfected with EV or Bcl-2. After 3 days, cells were fixed 
and stained for cleaved PARP. The percentage of cells containing cleaved PARP is given. Error bars 
indicate range, n = 2. (B) Immunoblots of cells treated for 3 d with siNS, siSMSr and/or siRNA targeting 
mitofusin-2 (siMFN2) were stained for MFN2 and and b-actin. (C) Cells treated as in B were fixed and 
stained for mitochondria (Mito) and cleaved PARP. (D) Quantification of the rescue of PARP cleavage 
in cells treated as in C. Error bars indicate SD, n = 4. *, P < 0.001 by two-tailed unpaired Student’s t test. 
(E) Cells were transfected with SMS1-Myc or mitoSMS1-Myc, fixed, and then stained for Myc, Golgi 
marker GM130 or mitochondria marker GRP75 (mito). (F) Cells were treated with siNS or siSMSr, and 
transfected with EV, mitoSMS1-Myc or mitoSMS1D348E-Myc. After 3 days, cells were fixed and stained 
for cleaved PARP. The percentage of cells containing cleaved PARP is given. Error bars indicate range, 
n = 2; Bars, 5mm
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Figure 6. SMSr requires its SAM domain to suppress ceramide-induced apoptosis. (A) HeLa cells 
were transfected with SMSr-V5, SMSr∆SAM-V5 or with these constructs containing a C-terminal ER-
retention signal (KKAS), fixed, and then stained with anti-V5 and Golgi marker anti-GM130. Bars, 5mm. 
(B) Left: cartoon of SMSr with the positions of the SAM domain, active site residues (in red) and caspase 
cleavage site (in green) indicated. Right: TLC analysis of reaction products formed when NBD-ceramide 
(NBD-Cer) was incubated with lysates of HeLa cells transfected with EV or SMSr constructs as in A. (C) 
Cells treated with siNS or siSMSr and transfected with EV or SMSr constructs as in A were labeled for 
5 h with [14C]serine. Levels of radiolabeled ceramides were determined by TLC and autoradiography 
and expressed as percent of control cells (siNS/EV). Error bars indicate range, n=2. (D) Quantification 
of PARP cleavage in cells treated with siNS or siSMSr and transfected with EV or SMSr constructs as in 
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Discussion

The present study establishes SMSr, a CPE synthase situated in the ER, as a novel regulator of 
mitochondrial apoptosis. SMSr has a primary role in monitoring ER ceramide levels. Disrupting 
this function causes an accumulation of ceramide in the ER and a rise in ceramide content of 
mitochondria, resulting in activation of a mitochondrial pathway of apoptosis. Several lines of 
evidence indicate that ER-derived ceramide is the primary trigger of mitochondrial apoptosis. 
First, any condition that normalizes the ceramide concentration in the ER seems effective in 
suppressing apoptosis: i.e. i) the presence of enzymatically active SMSr; ii) consumption of 
ceramide by a SM synthase directed to the ER; iii) stimulation of ER export of ceramide by 
overexpression of CERT; or iv) pharmacological inhibition of ceramide biosynthesis. Second, 
apoptosis in SMSr-depleted cells relies on intact ER-mitochondria contact sites, structures that 
are required for an efficient interorganellar exchange of lipid (Kornmann et al., 2009). Third, 
apoptosis in SMSr-depleted cells is blocked by targeting a ceramide-consuming enzyme to 
mitochondria, indicating that mislocalization of ER ceramide to mitochondria is an obligatory 
step in this process. Last, while depletion of SMSr, SMS1 or SMS2 in each case causes a similar 
rise in cellular ceramide levels (Tafesse et al., 2007; Vacaru et al., 2009), loss of SMSr by far gave 
the strongest proapoptotic response. This indicates that not ceramide per se, but ceramide 
originating from the ER is a potent mediator of apoptosis. 
 To our knowledge, this is the first study that unequivocally defines ER-derived 
ceramide as a trigger of mitochondrial apoptosis. Our findings are consistent with in vitro 
studies showing that ceramide produced in isolated ER vesicles can transfer to isolated 
mitochondria and is capable of initiating permeabilization of the outer mitochondrial 
membrane to proapoptotic proteins (Stiban et al., 2007). The precise mechanism by which 
ceramide affects the permeability of the outer mitochondrial membrane remains to be 
established. One model involves the assembly of ceramide channels that are wide enough 
to release proapoptotic proteins (Siskind et al., 2008). Another potential mechanism involves 
ceramide-mediated activation of mitochondrial protein phosphatase 2A, which rapidly and 
completely dephosphorylates Bcl-2, leading to cell death (Ruvolo et al., 1999). In addition, 
mitochondrial ceramide may enhance the recruitment of proapoptotic members of the Bcl-
2 family, such as Bax, Bad, and Bid, and/or potentiate the induction of their mitochondrial 
permeability transition (Roy et al., 2009). 

A. Error bars indicate SD, n = 3. *, P < 0.001 by two-tailed unpaired Student’s t test. (E) Immunoblot of 
cells transfected with EV, SMSr-V5 or SMSrD120A-V5 and treated with staurosporine (Stauro; 1 µg/ml, 8 
h) in the presence or absence of the general caspase inhibitor Z-VAD-fmk (20 µM), stained with anti-V5 
antibody. A staurosporin-induced, SMSr-V5-derived cleavage product is indicated by an arrow. 
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Because ceramide is routinely synthesized in the ER for production of SM to allow 
formation of an impermeable plasma membrane, cells must prevent ceramide from moving 
to mitochondria to avoid inappropriate apoptosis. By capturing ceramide synthesized on the 
surface of the ER for delivery to the site of SM production in the Golgi, CERT may provide a 
first line of defense against ceramide-induced apoptosis. Consistent with this idea, a genome-
wide RNAi screen for genes influencing the sensitivity of cancer cells to chemotheurapeutic 
agents identified CERT as a key suppressor of taxane-induced cell death (Swanton et al., 2007). 
Moreover, as discussed above, CERT overexpression protects SMSr-depleted cells against 
ceramide-induced cell death. By exerting a tight control over ceramide levels in the ER, SMSr 
may serve as a back up system for CERT function and create a second line of defense against 
undesired apoptosis. 

How does SMSr prevent ceramide accumulation in the ER? Even though SMSr 
consumes ceramide for production of CPE, this alone cannot account for the ability of SMSr 
to control ceramide homeostasis in the ER. We previously showed that SMSr synthesizes 
only trace amounts of CPE, i.e. at least one order of magnitude below the amount needed to 
explain the rise in ceramide levels in SMSr-depleted cells (Vacaru et al., 2009). This raised the 
possibility that SMSr-derived CPE influences the activity of ceramide-metabolizing enzymes, 
acting as an inhibitor of ceramide synthase or stimulating a ceramidase in the ER. However, 
our present findings indicate that the latter scenario is very unlikely. The N-terminal cytosolic 
tail of SMSr contains a SAM domain, a protein interaction module found in a wide variety 
of proteins (Ramachander et al., 2002; Meruelo and Bowie, 2009). The SAM domain in SMSr 
is fully dispensable for its CPE synthase activity. Nevertheless, we find that removal of SAM 
is sufficient to induce ceramide accumulation and cell death. This finding definitively rules 
out metabolic conversion of ceramide by SMSr as the mechanism by which SMSr controls 
ceramide homeostasis, and argues strongly against CPE being a direct modulator of ceramide-
metabolizing enzymes in the ER. Instead, we propose that SMSr is a CPE synthase with dual 
activity as ceramide sensor. As its active site faces the ER lumen, SMSr would sense ceramides 
that slipped through the first line of defense, i.e. molecules that escaped CERT-mediated 
extraction from the cytosolic surface and diffused to the exoplasmic leaflet. We envision that 
during CPE production, SMSr adopts a conformation that relays a signal to inhibit ceramide 
biosynthesis and/or stimulate ceramide turnover. Such feedback loop would ensure ceramide 
homeostasis by preventing any undesired rise in ER ceramide levels that may occur when 
CERT can’t keep up with the rate of ceramide biosynthesis. 

While the identity of the ceramide-metabolizing enzyme(s) under control of SMSr 
remains to be established, it appears likely that its SAM domain plays a crucial role in the 
signaling step during SMSr-catalysed CPE production. This would explain why removal of 
SAM, although fully dispensable for catalytic activity, completely abrogates the ability of 
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SMSr to suppress ER ceramide accumulation and cell death. We observed that staurosporin-
induced apoptosis is accompanied by a caspase-mediated proteolytic release of the SAM-
containing cytosolic tail of SMSr. As discussed above, the latter event would be sufficient 
to trigger mitochondrial apoptosis. Consequently, the targeting of SMSr by the apoptotic 
machinery may be part of an amplification mechanism to ensure cell death, hence further 
emphasizing the importance of SMSr as a regulator of mitochondrial apoptosis. 

Materials and Methods

Chemicals
The chemicals used in this study were obtained from the following companies: propidium podide (PI), 
staurosporine, myriocin and tunicamycin: Sigma-Aldrich; z-VAD-fmk: Calbiochem; fumonisin B1: 
Cayman Chemicals.

Antibodies
The following antibodies were used for immunoblotting: mouse monoclonal anti-Q-actin 1:5000 and 
rabbit polyclonal anti-mitofusin2 1:1000 (Sigma-Aldrich); mouse monoclonal anti-V5 1:3000 (Invitrogen); 
rabbit polyclonal anti-calnexin 1:200, mouse monoclonal anti-KDEL 1:100 with 1% milk in 0,05% PBS-T, 
mouse monoclonal anti-GADD153 1:200 and mouse monoclonal anti-PARP 1:200 with 1% milk in 
0,05% TBS-T (Santa Cruz Biotechnology, Inc.); rabbit polyclonal anti-caspase-9 1:700 with 1% milk in 
0,05% TBS-T and rabbit monoclonal anti-cleaved caspase-3 1:700 with 1% milk in 0,05% PBS-T (Cell 
Signalling); rabbit polyclonal anticytochrome c 1:100 (Clontech); rabbit polyclonal anti-Golgin160 1:5000 
(kindly provided by Carolyn Machamer, John Hopkins University School of Medicine). Horseradish 
peroxidase–conjugated secondary antibodies were obtained from PerBio and were used 1:5000. Only 
non-standard blocking conditions are noted; standard blocking conditions are 5% milk (Protifar Plus 
from Nutricia) in 0,05% Tween-20 in TBS (TBS-T). 

The following antibodies were used for immunofluorescence microscopy: rabbit polyclonal 
anti-V5 1:200 and mouse monoclonal anti-Flag 1:100 (Sigma-Aldrich); mouse monoclonal anti-V5 1:200 
(Invitrogen); mouse monoclonal anti-GM130 1:120 (BD); mouse monoclonal anti-myc 1:75 (Santa Cruz 
Biotechnology, Inc.); mouse monoclonal anti-mitochondria 1:30 (Millipore); rabbit monoclonal anti-
cleaved caspase-3 1:200 (Cell Signalling); mouse monoclonal anti-PARPp85 Fragment 1:100 (Promega), 
rabbit polyclonal anti-cytochrome c 1:50 (Clontech); Secondary antibodies conjugated to Alexa dyes 
were obtained from Jackson Immunoresearch Laboratories and were used 1:100.

DNA constructs
Human SMSr cDNA was cloned into mammalian expression vector pcDNA3.1/V5-His-TOPO 
(Invitrogen) as described previously (Huitema et al., 2004), yielding SMSr-V5. siRNA-resistant forms of 
SMSr-V5 were made by introducing five silent point mutations in the siRNA target sequence, yielding 
SMSr-V5-res. All point mutations to create enzyme-dead (D348E) or caspase-resistant SMSr (D81A, D91A 
and D120A) were done using the megaprimer PCR method (Orr-Weaver et al., 1983). The SAM-deficient 
mutant was obtained by truncation of the first 68 N-terminal residues in SMSr, yielding ∆SAM-SMSr-V5. 
An ER-retention motif KKSA was added to its C-terminus by fusion PCR, yielding ∆SAM-SMSr-V5-
KKAS. An ER-resident form of human SMS1-V5,was created by swapping the cytosolic N-terminus of 
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SMS1 (residues 1–133) for that of SMSr (residues 1–150), yielding SMS1Nr-V5 (Vacaru et al., 2009). For 
targeting SMS1 to mitochondria, its open reading frame was PCR amplified and cloned into the SalI 
and NotI sites of pCMV/myc/mito vector (Invitrogen), yielding MitoSMS1-Myc. Flag-tagged human 
CERT was kindly provided by Moni Olayioye (University of Stuttgart, Germany). Myc-tagged human 
Bcl-2 and Bcl-XL-p (Zhai et al., 2008) were kindly provided by John Reed (Burnham Institute for Medical 
Research, La Jolla, California).

Cell culture, siRNA treatment and apoptosis assays
HeLa and SKOV cells were grown in DMEM with 10% FCS. IGROV and OVCAR cells were 
grown in RPMI with 10% FCS. siRNA target sequences were: nonsense (siNS), 5’-AATTC 
TCCGAACGTGTCACGT-3’; lamin A (siLA), 5’AACTGGACTTCCAGAAGAACA-3’;SMSr #1 (siSMSr#1), 
5’-AATCTTCTTCATCTTGGCTGC-3’;SMSr #2 (siSMSr#2),5’-CAAGAAGCTGGAATTTCTTGC-3’; 
SMS1 (siSMS1), 5’-AACTACACTCCCAGTACCTGG-3’; SMS2,5’-CCCAAGAGCUUAUCCAGUG-3’; 
mitofusin2 (siMFN2), 5’-AAGAGACACAT GGCTGAGGTG-3’. For rescue experiments, cells were 
transfected with different constructs 9 h after the start of siRNA treatment using Effectene (QIAGEN). 
Medium was replaced 24 h after the start of siRNA treatment. Cells were treated with 25 or 100 µM FB1 
or 30µM myriocin immediately after the siRNA treatment and kept throughout the 3 days of siRNA 
treatment. Staurosporine (1 µg/ml) was added for 6-8 h and tunicamycin (2 µg/ml) was added for 16 h.
        The caspase-9 enzyme activity assay was performed on HeLa cell lysates using a colorometric 
assay kit (BioVision) following the manufacturer’s protocol. For measuring mitochondrial membrane 
permeability and depolarization, cells were stained with JC-1 and subjected to microscopy or FACS 
analysis using the MitoPT-JC1 assay kit (ImmunoChemistry Technologies). The release of cytochrome c 
from mitochondria into the cytosol was investigated using the ApoAlert cell fractionation kit (Clontech). 
Equal loading of the mitochondrial pellet was controlled with the anti-mitochondria antibody.

Microscopy and image analysis
Cells were fixed in 4% paraformaldehyde/PBS, processed for immunofluorescence as described 
previously (Tafesse et al., 2007), and mounted in Vectashield medium containing DAPI (Vector 
Laboratories). Images were captured at room temperature using a confocal microscope (LSM 510 Meta; 
Carl Zeiss, Inc.) with a 63x 1.40 NA Plan Apo oil objective (Carl Zeiss, Inc.) or with a confocal microscope 
(D-eclipse C1; Nikon) with 60x 1.40 NA Plan Apo oil objective (Nikon). Projections were obtained by 
collecting series of 0.4-1.0 mm sections that were acquired and combined using LSM software (Carl 
Zeiss, Inc.). The images were further processed using Photoshop software (version 7.0.1; Adobe). 
The quantification was done by counting the total number of cells and determining the percentage of 
cells immuno-positive for cleaved PARP or cleaved caspase-3 in randomly chosen fields. For rescue 
experiments, the percentage of cleaved PARP- or cleaved caspase-3-positive cells in the total population 
of plasmid-transfected cells was determined. The averages were derived from two to five independent 
experiments, with each average consisting of >300 (or >50 plasmid-transfected) cells per condition. The 
statistical significance of the data was assessed by two-tailed unpaired Student’s t-tests. P < 0.001 was 
considered significant and is marked by an asterisk, whereas P > 0.001 is indicated.
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Abstract

Besides sustaining the integrity and organization of cellular membranes, the enzymes 
responsible for the production of sphingomyelin (SM) and its analog ceramide 
phosphoethanolamine (CPE) have considerable biological potential as regulators of the anti-
proliferation factor ceramide and the pro-survival factor diacylglycerol. The identification of a 
multigenic SM synthase (SMS) family has created new opportunities to address the biological 
roles of these enzymes and their metabolites. The nematode C. elegans is an attractive model 
system for animal growth and development. This organism contains five SMS homologues, but 
none of these have been characterized in any detail. Here, we carried out the first systematic 
analysis of SMS family members in C. elegans. Using heterologous expression systems and 
gene knockout approaches, we show that C. elegans contains multiple SM and CPE synthases 
in various compartments of the secretory pathway. Surprisingly, a combinatorial loss of these 
enzymes had no obvious impact on C. elegans growth or lifespan, unlike the situation in 
mammalian cells. 

Introduction 

Sphingolipids are an essential class of membrane lipids in eukaryotic cells. Their high packing 
density and affinity for sterols make a vital contribution to the barrier function of cellular 
membranes. In recent years, considerable attention has been drawn to the concept that 
sphingolipids and sterols can self-organize into lipid assemblies, called membrane microdomains 
or rafts, that laterally organize membrane functions by specifically concentrating or excluding 
specific membrane proteins (Hancock, 2006; van Meer et al. 2008). These microdomains have 
been postulated to serve as platforms for various cellular events, including protein sorting 
and signal transduction at the plasma membrane (Simons and Toomre, 2000). Besides their 
roles in membrane integrity and organization, sphingolipids have emerged as a novel class 
of signaling molecules that regulate a wide spectrum of cellular processes. Ceramide, a 
central intermediate of sphingolipid metabolism, induces anti-proliferative responses such 
as cell cycle arrest, apoptosis and senescence by activating an array of protein kinases and 
phosphatases (Verheij et al., 1996; Hannun, 1996; Kolesnick and Krönke, 1998; Hannun and 
Obeid, 2008). Attenuation of ceramide levels and/or increased levels of the phosphorylated 
ceramide derivative sphingosine-1-phosphate have been implicated in various stages of cancer 
pathogenesis, including anti-apoptotic phenotype, metastasis and escape from senescence 
(Kolesnick and Krönke, 1998; Spiegel and Milstien, 2003; Ogretmen and Hannun, 2004). 

Sphingomyelin (SM) is a ubiquitous component of animal plasma membranes and 
a major source of ceramide involved in signal transduction. Both acid and neutral SMases can 
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catalyze the hydrolysis of SM, resulting in the liberation of ceramide and phosphocholine. 
Signals that activate SMases range from ultraviolet, irradiation and hypoxia to biological 
factors such as tumor necrosis factor-α, interferon-γ  and Fas antibody (Wiegmann et al., 1994; 
Adam-Klages et al., 1996; Marchesini and Hannun, 2004). SM production involves the transfer 
of phosphocholine from phosphatidylcholine onto ceramide. This reaction is catalyzed by 
SM synthase and yields diacylglycerol (DAG) as a side product. DAG is a well-established 
signaling molecule for cell proliferation through activation of protein kinase C and acts 
competitively against ceramide-induced apoptosis (Hampton and Morand, 1989; Hannun and 
Bell, 1989; Yang and Kazanietz, 2003). Thus, by simultaneously regulating ceramide and DAG 
in opposite directions, SM synthase may play a fundamental role in cell growth and survival. 

Even though the organizing and regulatory capacity of sphingolipids is widely 
acclaimed, direct evidence for this has been limited in part due to incomplete knowledge 
of the enzymes involved in their synthesis and breakdown. We previously reported the 
identification a conserved family of polytopic membrane proteins that display all the 
characteristics attributed to SM synthase (Huitema et al. 2004). Strikingly, we uncovered 
a multitude of SM synthase (SMS) genes in each organism capable of SM production. 
Human cells contain two isoforms of SM synthase, namely SMS1 in the Golgi complex 
and responsible for producing the bulk of cellular SM, and SMS2 at the plasma membrane 
and likely serving a principle role in signal transduction (Huitema et al., 2004; Tafesse 
et al., 2007). In addition, the human genome contains a third, SM synthase-related (SMSr) 
gene that catalyses the production of the SM analog ceramide phosphoethanolamine 
(CPE) in the ER (Ternes et al., 2009; Vacaru et al., 2009). All three enzymes make significant 
contributions to the local regulation of ceramide levels and serve critical roles in cell 
growth and survival (Yamaoka et al., 2004; Tafesse et al., 2007; Tafesse et al., MS in prep).  
 The identification of a multigenic SMS family opened up important new avenues for 
studying sphingolipid function in animals. In this respect, C. elegans offers an attractive model 
system. The availability of a detailed description of the animal’s morphology, development 
and physiology combined with the ease to manipulate gene function through mutation 
and RNAi makes this model ideal for dissecting the biological roles of SM synthases and 
related enzymes at the molecular level. In many cases where mammalian systems are too 
complicated to obtain clear information on the molecular ordering of signaling pathways, 
C. elegans has been instructive. This is particularly true for the mechanisms controlling 
apoptosis and cell division, two integral and invariant components of C. elegans development 
(Metzstein et al., 1998; Koreth and van den Heuvel, 2005). The C. elegans genome encodes 
five SMS family members, but none of these have been characterized in any detail.

In here, we carried out the first systematic analysis of SMS family members in C. 
elegans with the long-term goal to uncover the full regulatory potential of SM synthases and 
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related enzymes in animal growth and development.

Results

Phylogenetic analysis and expression of SMS family members in C. elegans
The C. elegans genome encodes five SMS family members, which we have named SMSa, SMSβ, 
SMSγ, SMSδ and SMSr. These proteins contain six membrane spans, share a common LPP-like 
active site motif and display at least 24% sequence identity with the human SM synthase 
SMS1. Phylogenetically, SMSα, SMSβ, SMSγ and SMSδ form clusters with homologues of other 
nematodes (i.e. C. briggsae, C. remanei, and C. brenneri) that are separate from those containing 
vertebrate SMS1 and SMS2 (Figure 1A). SMSr, on the other hand, shows a higher degree of 
conservation and forms a cluster containing both vertebrate and invertebrate homologues.

To investigate the expression of SMS family members in C. elegans, we performed 
RT-PCR on total RNA isolated from a mixed state population of the wild type strain N2. 
This allowed the detection of transcripts for SMSα, SMSβ, SMSγ and SMSr (Figure 1B). In 
contrast, we were unable to detect a transcript for SMSδ. The same was true when RT-PCR was 
performed with an independent, SMSδ–specific primer set (data not shown). This precluded 
cloning of the SMSδ cDNA. For the remainder of this study, we therefore focused on the 
characterization of SMSα, SMSβ, SMSγ and SMSr.

SMS family members display different subcellular distributions

Previous work showed striking differences in subcellular distributions between the three 

      Figure 1. Phylogenetic analysis of SM synthases in nematodes and vertebrates (A) Phylogenetic 
Tree of SM synthase proteins from Homo sapiens (hs), Drosophila melanogaster (dm), Gallus Gallus (gg), 
Xenopus tropicalis (xt), Xenopus laevis (xl), Danio rerio (dr) and the nematodes Caenorhabditis elegans (ce), 
Caenorhabditis briggsae (cb), Caenorhabditis remanei (cr) and Caenorhabditis brenneri (cn). The tree was 
constructed was constructed with Tree Puzzle (Schmidt et al. 2002) from protein sequences that were 
aligned using T-Coffee (Notredame et al. 2000), and displayed using TreeIllustrator (http://www.
genohm.com). SwissProt accession numbers, NCBI reference sequences or wormbase protein IDs are: 
(1) A8KBN3; (2) Q5U3Z9; (3) Q640R5; (4) NP_001018461.1; (5) Q86VZ5; (6) NP_989721.2; (7) A0JMNO; 
(8) XP_426501.2; (9) XP_00123149.2 (10) Q8NHU3 (11) Q5M7L7; (12) Q6DEI3; (13) Q9VS60; (14) 
A4QNV5; (15) B0BLX7; (16) Q28CJ3; (17) XP_426501.2; (18) Q96LT4; (19) RP:RP39824; (20) Q20696; (21) 
BP:CBP26306; (22) CN:CN16655; (23) CN:CN19482; (24) RP:RP33128; (25) BP:CBP15849; (26) Q9TYV2; 
(27) BP:CBP32601; (28) Q965Q4; (29) RP:RP06655; (30) CN:CN14615; (31) RP:RP15984; (32) BP:CBP01983; 
(33) CN:CN23351; (34) Q20735. (B) Expression of SM synthase homologues in C. elegans using RT-PCR. 
Reverse transcription PCR of mRNAs of SMSα, SMSβ, SMSγ, SMSδ and SMSr using total RNA isolated 
from C. elegans N2 worms. To verify that same amounts of RNA were used for each reaction, the gapdh 
gene is shown.
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members of the human SMS family, with SMS1 localized to the Golgi, SMS2 at the plasma 
membrane, and SMSr in the ER (Huitema et al., 2004; Vacaru et al., 2009). Thus, one 
potential explanation for the expansion of SMS family members in C. elegans could be a 
further diversification of the cellular sites of SM production. To investigate this possibility, 
we expressed V5-tagged versions of SMSα, SMSβ, SMSγ and SMSr in human HeLa cells and 
analyzed their subcellular distributions by immunofluorescence microscopy. SMSα, SMSβ, 
and SMSγ primarily localized at the plasma membrane (Figures 2A,C,E). In addition, SMSα 
was found in internal vesicles that were spread throughout the cytoplasm, did not contain the 
Golgi marker GM130, and likely correspond to compartments of the endosomal/lysosomal 
system (Figures 2A,B). Besides its association with the PM, a significant portion of SMSβ co-
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localized with GM130, indicating that at least part of the protein is retained in the Golgi (Figure 
2D). SMSγ, on the other hand, localized almost exclusively at the plasma membrane (Figures 
2E,F). SMSr, like its human counterpart, resided in the ER, as evidenced by an extensive co-
localization with the ER marker calnexin (Figure    2G). Immunofluorescence microscopy of 
Drosophila S2 cells expressing the four C. elegans SMS proteins revealed the same localization 
patterns (data not shown). From this we conclude that members of the C. elegans SMS family 
have partially overlapping but also unique subcellular distributions, and together occupy 
all principal compartments of the secretory pathway (ER, Golgi, plasma membrane and 
endosomes).

The SMS family harbors both SM and CPE synthases 

While human SMS1 and SMSr act as monofunctional SM and CPE synthase activities, 
respectively, human SMS2 possesses dual activity as SM and CPE synthase (Huitema et al. 
2004; Ternes et al., 2009; Vacaru et al. 2009). To analyze the enzymatic properties of the four 
SMS homologues of C. elegans, V5-tagged versions of SMSα, SMSβ, SMSγ and SMSr were 
expressed in budding yeast, an organism lacking endogenous SM and CPE synthase activity. 
Expression was verified by immunoblotting using an antibody against the V5 epitope (Figure 
3A). SMS-expressing yeast cells were lysed and then incubated with fluorescent C6-NBD-
ceramide (NBD-Cer). TLC analysis of the reaction mixture of SMSr-expressing cells showed 
the presence of an NBD-labeled product with a retention value distinct from that of NBD-SM 
or C6-NBD-ceramide phosphoinositol (NBD-CPI), but similar to that of NBD-CPE (Figure  3B). 
This product was missing in reactions performed with control (empty vector, EV) cells, but 
present in reactions carried out with cells expressing human or Drosophila SMSr. Moreover, 
LC-MS/MS analysis of a lipid extract of yeast cells expressing C. elegans SMSr revealed the 
presence of several molecular species of CPE (data not shown). The extract was devoid of 
SM. No CPE was detectable in control cells. These results show that C. elegans SMSr, like its 
human and Drosophila counterparts, functions as a CPE synthase. TLC analysis of the reaction 
mixtures from cells expressing SMSα or SMSβ showed the presence of NBD-SM (Figure 3C). 
These mixtures lacked NBD-CPE, but contained NBD-CPI, which is due to an endogenous CPI 
synthase. Together, these results indicate that SMSα and SMSβ act as SM synthases. Reaction 
mixtures of cells expressing SMSγ, on the other hand, lacked any detectable level of NBD-SM 
or NBD-CPE. 

To verify the substrate specificities of C. elegans SMS proteins and to exclude the 
possibility that the lack of a detectable SM and/or CPE synthase activity of SMSγ is due to 
the use of yeast as heterologous expression system, we next analyzed the ability of the SMS 
proteins to support SM production in Drosophila S2 cells. In comparison to budding yeast, 
Drosophila is evolutionary closer related to C. elegans, but also offers the advantage that the 
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Figure 2. Subcellular localization analysis of SMS proteins in Hela cells. Immunofluorescence 
microscopy of HeLa cells transfected with V5-tagged versions of SMS proteins. Cells were 
grown on coverslips, fixed and then co-stained with rabbit anti-V5 and mouse anti-GM130 
antibodies or anti-calnexin, respectively. Counterstaining was done with Alexa-conjugated 
goat anti-rabbit and goat anti-mouse antibodies. Bar, 10 µm.
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organism lacks an endogenous SM synthase activity. We therefore expressed V5-tagged SMSa, 
SMSβ, SMSγ and SMSr in S2 cells and then performed metabolic labeling with [14C]choline to 
monitor the production of [14C]-labeled SM (Figure 4). TLC analysis of labeled cell extracts 
showed that SMSα and SMSβ each supported production of SM, hence consistent with the 
outcome of the experiments in yeast. However, expression of SMSγ did not result in any 
detectable production of SM in S2 cells.

In sum, these results show that C. elegans contains at least one CPE synthase, namely 
SMSr, and two SM synthases, namely SMSα and SMSβ. The reaction catalyzed by SMSγ, 
on the other hand, remains unclear. As a complementary approach to define the functional 
characteristics of these proteins, we next analyzed the consequences of their genetic ablation 
in C. elegans. 
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Figure 3. Heterologous expression of SMS proteins in yeast reveals SM and CPE synthase activity. 
(A) Expression of ceSMS-V5 proteins in yeast cells. Immunoblot of membrane protein extracts derived 
from yeast cells, transfected with empty vector (EV) or V5-tagged versions of C. elegans SMS proteins. 
Constructs were probed with mouse anti-V5 monoclonal antibody. (B) CPE synthase and (C) SM 
synthase activity in yeast cells (NBD-Cer labeling). Post-nuclear supernatants of yeast strains expressing 
human, drosophila and C. elegans SMS, or transformed with empty vector (EV) were incubated with 
NBD-Cer. NBD-labeled lipids were separated by TLC and detected by fluorescence scanning.
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Characterization of C. elegans sms mutants

To analyze the impact of eliminating individual SMS family members in C. elegans, deletion 
mutants in the different sms loci were obtained from the National Biosource Project in Japan 
(NBP). Mutant strains with deletions in the open reading frames of sms-α (tm2660), sms-β 
(tm2613), sms-δ (tm2615), and sms-r (tm2683) genes were obtained. The precise extent and 
location of the deletions in the sms mutants are depicted in Figures 5A,B. Mutations were 
mapped by single worm PCR on genomic DNA using primers flanking the deletion areas 
(Figure 5C, upper panel). The primer sets used for PCR are displayed in Table 2. To check 
whether the respective deletions in sms genes would lead to a complete loss-of-function, the 
cDNAs corresponding to the mutated sms genes were cloned by RT-PCR on total RNA isolated 
from the sms mutant strains (Figure 5C, lower panel). 

The tm2660 allele has a deletion of 588 bp that affects two exons in sms-α (Figure 5A). At 
the mRNA level, this results in a frameshift at the codon for Gly17 and introduces a premature 
stop after residue 37. The first available start methionine corresponds to Met232 in wild type 
sms-α. When used, this would give rise to a N-terminally truncated protein that lacks the 
first three membrane spans (Figure 5B). SMS family members normally have six membrane 
spans, a feature that is conserved throughout the LPP superfamily (Huitema et al., 2004). 
Consequently, it is very unlikely that tm2660 codes for an enzymatically active version of 
SMSα. A 176-bp deletion in the tm2613 allele leads to a gap in the protein-coding region of 
sms-β from residue 234 to 292 (Figures 5A,B). This deletion covers membrane spans 5 and 6 
as well as the conserved active site residues His339 and Asp343. From this we conclude that 
tm2613 corresponds to a total loss-of-function allele of sms-β. A 507-bp deletion in tm2615 
leads to removal of membrane spans 4 and 5 as well as active site residue His255 in SMSδ. 
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 Figure 4.  SM synthase activity in S2 insect cells 

([14C]choline metabolic labeling). Drosophila 
S2 cells, expressing hSMS1-V5 and SMSα-V5, 
SMSβ-V5, SMSγ-V5 and ceSMSr-V5 were labeled 
with [14C]choline for 2 h and subjected to lipid 
extraction. Lipid extracts were analyzed by TLC 
and autoradiography.
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Figure 5. Characterization of SM synthases in C. elegans. (A) Genetic map of C. elegans sms genes. The 
genomic structures of the sms-α, sms-β, sms-γ, sms-δ and sms-r genes are shown. Gray boxes correspond 
to coding exons, introns are depicted as lines. The positions of mutations with respect to the gene are 
indicated below, namely tm2660, tm2613, tm2615 and tm2683. Mutation strains carrying deletions in 
the sms-γ gene, tm2591 and tm3378 have only recently become available, and are not included in this 
study. (B) Schematic structure of the C. elegans SMS proteins. The schemes show common domains 
as the transmembrane domains (solid boxes), the SAM domain (black box) and indicate the position 
of histidine (H) and aspartate (D) residues, forming the active site of the proteins. The positions of 
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This indicates that tm2615 corresponds to a loss-of-function allele of sms-δ. Finally, a 210-bp 
deletion in tm2683 causes a gap in the protein-coding region of sms-r that covers the first two 
membrane spans. In view of the conserved membrane topology of SMS and LPP proteins, this 
most likely results in a complete loss of enzymatic activity. Unfortunately, no loss-of-function 
alleles could be obtained for sms-γ.

All four sms mutants were homozygous viable, and their overall growth and morphology 
were indistinguishable from that of wild type. To eliminate background mutations, each 
mutant was crossed four times to the wild-type N2 strain. Next, we analyzed the impact of 
each mutation on SM synthase activity using both in vitro and in vivo assays. 

C. elegans contains at least three distinct SM synthases

The foregoing heterologous expression studies in yeast and insect cells showed that SMSα 
and SMSβ both possess SM synthase activity. To address the contribution of each enzyme to 
SM biosynthesis in C. elegans, we incubated total worm lysates of the corresponding deletion 
mutants tm2660 (Δsms-α) and tm2613 (Δsms-β) with NBD-Cer and monitored the formation 
of NBD-SM by TLC. Lysates of the wild type N2 strain served as control. This showed that 
disruption of SMSα or SMSβ in each case produced a modest (20 to 30%) but reproducible 
reduction in SM synthase activity (Figures 6A,B). In contrast, no reduction in SM synthase 
activity was found in the deletion mutants tm2615 (Δsms-δ) or tm2683 (Δsms-r). Together, these 
results indicate that both SMSα and SMSβ contribute to SM synthase activity in C. elegans. 
To investigate whether SMSα and SMSβ represent the only SM synthases in C. elegans, we 
created a Δsms-α Δsms-β double mutant by crossing tm2660 to tm2613. The double mutant was 
viable, grew well, and did not display any obvious morphological or behavioural phenotype. 
Interestingly, the double mutant displayed a strongly reduced but still clearly detectable SM 
synthase activity (30% of N2; Figures 6A,B). 

To investigate the contribution of SMSα and SMSβ to SM biosynthesis in vivo, the 
corresponding single and double mutants were metabolically labeled with [14C]choline 
for 4 h at 20°C and the amount of [14C]–labeled SM formed was quantified by TLC and 
autoradiography. Loss of SMSα or SMSβ in each case caused only a minor drop (10-30%) 
in newly synthesized SM levels. Worms lacking SMSα and SMSβ simultaneously showed a 

mutations are indicated, and the effect of the deletions on the proteins, are marked by the light gray box. 
In contrast to the other proteins, the position of the deletion in SMSδ could not be confirmed by PCR 
on cDNA. (C) Mutant alleles and their mRNA transcripts were characterized by PCR. Locus-specific 
PCR tests on genomic DNA (gDNA) were used to track deletion alleles. On agarose gels, products from 
deletion alleles are visibly smaller than the wild type alleles. PCR tests on cDNA reveal a deletion of 
588 bp for SMSα, a deletion of 176 bp for SMSβ and a deletion of 210 bp for SMSr. Primers used in this 
studies are described in Material and Methods.
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further drop in de novo SM synthesis, yet still retained 60% of the wild type level. 
Together, these results provide complementary evidence that SMSα and SMSβ operate 

as SM synthases in C. elegans. They also indicate that besides SMSα and SMSβ C. elegans must 
contain at least one additional enzyme that contributes to SM biosynthesis. 
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 Figure 6. At least 3 different SM synthases contribute to SM synthesis in C. elegans worms. (A) 
TLC analysis of reaction products formed, when lysates of worms were incubated with NBD-Cer for 
1 h at 20°C. (B) SM synthase activity levels were determined in lysates of C. elegans worms, labeled 
with NBD-Cer and expressed relative to activity levels in wild type N2 worms. (C) N2 worms and 
mutant strains were labeled with [14C]choline for 5 h and subjected to lipid extraction, TLC analysis 
and autoradiography. Glycerolipids were deacylated by mild alkaline hydrolysis (NaOH;+). (D) SM 
synthase levels of worms metabolically labeled with [14C]choline for 5 h, activity levels are expressed 
relative to N2 worm levels. Unknown by-products are marked with an asterisk (*). Error bars: (B) SD, 
n=5; (C) range, n=2.
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Discussion

In this study, we performed a first and systematic analysis of the SMS protein family in the 
nematode C. elegans. The use of heterologous expression systems and gene KO approaches 
allowed us to assign primary functions to three of the five SMS family members and to map 
their sites of action. We found that C. elegans SMSr catalyses the production of CPE in the 
ER, hence analogous to the SMSr homologue in mammals (Ternes et al., 2009; Vacaru et al., 
2009). SMSα and SMSβ, on the other hand, function as SM synthases at the plasma membrane. 
These proteins also reside in intracellular compartments. While a substantial amount of 
SMSα was found in endosomes, SMSβ partially localized to the Golgi complex. Thus, SMSβ 
may well represent the C. elegans counterpart of SMS1 in mammals. SMSγ was found almost 
exclusively at the plasma membrane, but we were unable to assign any enzymatic activity 
to this protein. The same was true for SMSδ, whose expression during the various stages of 
C. elegans development was below the detection limit of our assay. Genetic ablation of both 
SMSα and SMSβ caused a substantial reduction in, but did not wipe out SM biosynthesis in 
C. elegans. Likewise, a mutant strain lacking SMSr retained detectable levels of CPE. This 
indicates that C. elegans contains at least one additional SM synthase and one additional CPE 
synthase whose identities remain to be established. 

Previous work has shown that SMS proteins in mammals serve critical roles in cell 
growth and survival. For example, SMS1 is required for sustaining growth in mouse WR19L/
Fas lymphoid cells when cultured under serum-free conditions (Yamaoka et al., 2004), and 
depletion of either SMS1 or SMS2 causes reduces growth in human HeLa cervical carcinoma 
cells (Tafesse et al., 2007). Moreover, we recently observed that depletion of SMSr triggers 
mitochondria-induced apoptosis in a variety of human cell lines (Tafesse et al., man in prep). 
In this respect, it is striking that disruption of SMSr or removal of both SMSα and SMSβ in C. 

 Table 1. Characteristics of C. elegans SMS family members

Predicted MW Enzymatic activity Subcellular localization

kDa SM synthase CPE synthase ER Golgi Endosomes PM

SMSα 50.9 + - - - + +

SMSβ 38.7 + - - + - +

SMSγ 38.1 - - - - - +

SMSδ 44.0 n. d. n. d. n. d. n. d. n. d. n. d.

SMSr 54.9 - + + - - -



116

Systematic analysis of the SMS family in C. elegans

elegans did not produce any recognizable aberration in organismal growth, morphogenesis or 
lifespan. It is possible that the corresponding mutants have minor aberrations that escaped 
our attention, or that they become defective in growth when exposed to stressful conditions. 
As none of the mutants described in this study displayed a complete block in SM or CPE 
biosynthesis, it is feasible that residual levels of SM and CPE synthase activities are sufficient 
to sustain growth and survival. Alternatively, the survival of sms mutants may depend on 
the activation of pro-mitogenic/anti-apoptotic pathways. Finally, we cannot exclude the 
possibility that nematodes simply do not rely on SMS proteins for their vital functions. 
The creation of novel mutants lacking multiple SMS family members combined with RNAi 
approaches should allow us to address these different scenarios.

Remarkably, nematodes consistently contain more SMS homologues than all other 
SM and/or CPE-producing organisms (e.g. mammals, insects, etc). While SMSα, SMSβ and 
SMSr synthesize SM or CPE, this may not necessarily be the case for SMSγ and/or SMSδ. A 
particular feature of C. elegans is the animal’s ability to esterify its secreted N-glycoproteins 
and glycosphingolipids with phosphorylcholine (Cipollo et al., 2004). This property is 
shared with filarial nematodes in which production of cholinephosphoryl-substituted 
oligosaccharides (CPOs) serves to avoid the host immune response and contributes to the 
chronic nature of diseases caused by these parasites (Houston and Harnett, 2004). Whether 
cholinephosphoryl-substituted glycoproteins and glycolipids also have intrinsic activities 
that contribute to nematode development or physiology is unclear. CPO synthesis is catalyzed 
by a PC:oligosaccharide cholinephosphoryl transferase (Cipollo et al., 2004). Because this 
enzyme is absent in humans, it offers an ideal therapeutic modality for the treatment of filarial 
infections (Houston and Harnett, 2004). The identity of the CPO synthase is not known. Since 
CPO synthesis is mechanistically similar to SM and EPC synthesis, an attractive possibility 
is that SMSγ and/or SMSd functions as a CPO synthase. This possibility is currently under 
investigation. 

Materials and Methods

Chemicals and antibodies
NBD-Cer was obtained from Invitrogen (Leek, The Netherlands). NBD-SM, NBD-GlcCer, NBD-PC, 
POPE (1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphoethanolamine), and POPC (1-palmitoyl-2-oleoyl-
sn-glycerol-3-phosphocholine) were obtained from Avanti Polar Lipids, Inc (Alabaster, AL). NBD-CPE 
was generously provided by P. Devaux (Institut de Biologie Physico-chimique, Paris, France) and other 
cold lipids were from Matreya Inc. Methyl-[14C]choline chloride was obtained from MP Biomedicals 
(Santa Ana, CA). All other lipids and chemicals were obtained from Sigma-Aldrich (St Louis, MO). The 
following antibodies were used in this study: rabbit polyclonal anti-human calnexin (Santa Cruz, Santa 
Cruz, CA), rabbit anti-drosophila calnexin (Abcam Ltd., Cambridge, MA), mouse monoclonal anti-
Golgi130 (BD Biomedicals, Alphen aan den Rijn, The Netherlands), mouse/rabbit polyclonal anti-V5 
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antibodies (Sigma), rabbit polyclonal anti-biotin (Rockland, Gilbertsville, PA) and mouse monoclonal 
anti-d120kd (EMD). As secondary antibodies we used: Alexa Fluor 488 conjugated goat anti-rabbit 
(Invitrogen), Alexa Fluor 568 conjugated goat anti-mouse (Invitrogen), HRP-conjugated goat anti-
rabbit (Biorad, Veenendaal, The Netherlands) and HRP-conjugated goat anti-mouse (Perbio, Breda, The 
Netherlands).

DNA constructs
hSMS1, ceSMSα, ceSMSβ, ceSMSγ and ceSMSr cDNAs were cloned into yeast expression vector pYES2.1/
V5-His-TOPO and mammalian expression vector pcDNA3.1/V5-His-TOPO (Invitrogen) as described 
previously (Huitema et al., 2004). For expression studies in Drosophila S2 cells, hSMS1, ceSMSα, ceSMSβ, 
ceSMSγ and ceSMSr cDNAs were PCR amplified and ligated into the copper-inducible pMT/V5-His B 
vector (Invitrogen).

Yeast culture
Yeast strain 4Δ.Lass5 (MATa ade2-101ochre his3-Δ200 leu2-Δ1 lys2-801amber trp1-Δ63 ura3-52 lag1::TRP1 
lac1::LEU2 ydc1::natMX ypc1::kanMX4 p413MET25:Lass5; Cerantola et al., 2007) was transfected with 

human and C. elegans SMS cDNAs in pYES2.1/V5-His-TOPO and grown in selective synthetic medium 
containing 2% (wt/vol) galactose and 50 mg/l myo-inositol.

Cell culture and transfection
HeLa cells were grown in DMEM with 10% FCS (PAA laboratories GmbH, Pasching, Austria). Using 
Lipofectamine2000 (Invitrogen), cells were transiently transfected with SMS-V5/pcDNA3.1 constructs. 
Drosophila S2 cells were grown in Schneider’s insect medium with 10% FBS (Cambrex, Rockland, ME) 
at 27°C in a humidified atmosphere. Insect cells were transfected with SMS/pMT/V5-HisB constructs 
using Effectene (Qiagen, Hilden, Germany) following the manufacturer’s protocol. Expression of 
recombinant SMS protein was induced by addition of 1 mM CuSO4 for 3 h followed by a 2 h-chase. 

Nematode culture 
Worms were maintained on 10 cm nematode growth medium (NGM) agar plates carrying a lawn of 
E. coli OP50 or in liquid culture (S-medium, described by Sulston and Hodgkin, 1988) supplemented 
with E. coli OP50. Culture plates and liquid cultures were maintained at 20°C. Worm strains used in 
these experiments were: N2 (wild type), Δsms-α (tm2660), Δsms-β (tm2613), Δsms-r (tm2683) and Δsms-δ 
(tm2615). All strains were provided by the National Biosource Project in Japan (NBP). All mutant strains 
have been backcrossed 4 times to N2. Mutant alleles were followed by PCR on single worm lysates, 
detecting the presence of genomic deletions (588 bp in the case of tm2660, 176 bp in the case of tm2613, 
507 bp in the case of tm2615 and 210 bp in the case of tm2683). Primers, flanking the deletions alleles are 
listed in Table 2. 

Creation of double mutant (Δsms-α Δsms-β)
Backcrossed Δsms-α (tm2660) worms were heat shocked (30°C for 4 h) at L4 larval stage and 6 
young resulting male offspring were transferred to a plate containing one single L4 Δsms-β (tm2613) 
hermaphrodite. The progeny were singled out onto plates and maintained until maturity (identified 
by the presence of eggs). Following single worm lysis, a genomic polymerase chain reaction (PCR) was 
performed to screen and identify double knockout mutants. Homozygous double mutant strains were 
selected and assessed and confirmed over at least 2 generations. 
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RT-PCR
RNA of worms was isolated using NucleoSpin RNA II kit (Macherey-Nagel, Düren, Germany) 
according to manufacturer’s protocol. The amount and quality was verified by gel electrophoresis and 
spectrophotometry. Single strand complementary DNA (cDNA) was generated from 1 µg RNA using dT-
oligo primers and Superscript II reverse transcriptase (Invitrogen). PCR was performed using Phusion 
DNA polymerase (Finnzymes, Espoo, Finland) on 5 µl of cDNA using the cloning primers previously 
described in Huitema et al. (2004) except for sms-α where the following primer pair was used 5’-gcggccg

ccttcgaaagcaggtcgtgcagctcc-3’/5’-ggtaccaagccatgaaaatgtcttggaatcatcaa-3’. 

Immunofluorescence microscopy
Cells were fixed in 4% paraformaldehyde/PBS, processed for immunofluorescence as described 
previously for S2 (Kondylis and Rabouille, 2003) and HeLa cells (Vacaru et al., 2009), and mounted in 
Vectashield medium containing DAPI (Vector Laboratories, Burlingame, CA). Images were captured 
at room temperature using a confocal microscope (LSM 510 Meta; Carl Zeiss, Inc., Sliedrecht, The 
Netherlands) with a 63x 1.40 NA Plan Apo oil objective. The fluorochromes used were DAPI, lex = 360 
nm and lem= 460 nm; Alexa Fluor 488, lex = 488 nm and lem= 515 nm; Alexa Fluor 568, lex = 568 nm and lem 
= 585 nm. Images were captured using EZ-C1 software (Nikon Instruments Europe, Badhoevedorp, The 
Netherlands) and further processed using Photoshop software (version 7.0.1; Adobe).

Western blotting
S2 and yeast cells were lysed in RIPA buffer (50mM Tris/HCl, 0.1% (wt/vol) SDS, 0.5% (vol/vol) NP40, 
150 mM NaCl, 2 mM EDTA, pH 7.4), supplemented with Complete Protease Inhibitor Cocktail (PIC, 
Roche, Basle, Switzerland). Nuclear DNA was sheared by passing lysates through a 23G needle. Protein 
content of lysates was determined by the bicinchoninic acid method (Pierce, Breda, The Netherlands). 
Equal amounts of protein in 1x SDS sample buffer were separated by SDS-PAGE and subsequently 
transferred to a nitrocellulose membrane (Schleicher & Schuell, Dassel, Germany). Membranes were 
blocked in TBS (25 mM Tris/HCl, 137 mM NaCl, 2.7 mM KCl, pH 7.4) containing 0.05% (vol/vol) Tween 
20 and 4% (wt/vol) dried skim milk (Fluka, Zwijndrecht, The Netherlands) and incubated overnight with 
primary antibody of interest. Membranes were washed three times in TBS containing 0.05% (vol/vol) 
Tween20 and incubated for 1 h with secondary antibody. Proteins were detected using HRP-conjugated 
secondary antibodies and enhanced chemiluminescence (Amersham, Roosendaal, The Netherlands).

In vitro enzyme assays
100 ODs of yeast cells was lysed by bead bashing in 10 ml ice-cold reaction buffer (0.3 M sucrose, 15 mM 
KCl, 5 mM NaCl, 1 mM EDTA, 20 mM Hepes-KOH, pH 7.0) containing freshly added protease inhibitors. 

Gene / mutant Primer pairs 5’-3’

sms-α / tm2660 ttggctattcactccaccct / tcgaagtccccatggaatct

sms-β / tm2613 tctgcttacattgggcacat / tcattaacttggccagtgcag

sms-δ / tm2615 tctagggcgtcggttggct / tgtaatcgttgtggagcatac

sms-r / tm2683 cgacaagtcgagagacccg / cgggtctctcgacttgtcg

 Table 2. Primers used for the characterization of sms deletion mutants 
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200 µl postnuclear supernatant (PNS; 700 g for 10 min at 4°C) were combined with 200 µl reaction buffer 
containing 0.002% Triton X-100, 40 nmol POPE and/or POPC, and 50 µM NBD-Cer (Avanti Polar Lipids, 
Inc.), and incubated at 37°C for 2 h. 2x105 worms were homogenized in an eppendorf tube with 40 
strokes of a Teflon pestle in 300 µl ice-cold reaction buffer. 200 µl of worm lysate were combined with 200 
µl reaction buffer containing 25 µM NBD-Cer (Avanti Polar Lipids, Inc.), and incubated at 20°C for 2 h. 
Reactions were stopped by adding 1 ml MeOH and 0.5 ml CHCl3, and lipids were extracted according to 
Bligh and Dyer (1959). The lower phase was evaporated under N2 and the reaction products analyzed by 
TLC, which was developed in CHCl3/acetone/MeOH/acetic acid/H2O (50/20/10/10/5 [vol/vol/vol/
vol/vol]). Fluorescent lipids were visualized on an image analysis system (STORM 860; GE Healthcare) 
and quantified with Quantity One software (Bio-Rad Laboratories).

Metabolic labeling
S2 cells (2–5 x 106) grown in 0.5 ml complete Schneider’s insect medium and C. elegans worms (2x105) 

grown in liquid culture (S-medium) were labeled with 1 µCi [14C]choline for different time points 
as indicated. Lipids were extracted in CHCl3/MeOH/10 mM acetic acid (1/4.4/0.2 [vol/vol/vol]) 

and processed according to Bligh and Dyer (1959). Half of the extract was subjected to mild alkaline 
hydrolysis. Radiolabeled lipids were analyzed by TLC in CHCl3/MeOH/25% NH4OH (50/25/6 [vol/
vol/vol] detected by exposure to imaging screens (BAS-MS; FujiFilm), scanned on a Personal Molecular 
Imager (Bio-Rad Laboratories), and quantified using Quantity One software.
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The ‘die if you do, die if you don’t’ dilemma of ceramide biosynthesis

Ceramide is the precursor of all sphingolipids, an essential class of membrane components in 
animal cells. However, ceramide also acts a potent mediator of programmed cell death. This 
creates a devilish dilemma, namely how do cells produce sufficient amounts of sphingolipids 
to fulfill their needs without killing themselves in the process? In animal cells, the bulk of 
newly synthesized ceramide is converted to sphingomyelin by sphingomyelin synthase (SMS) 
in the lumen of the Golgi. Recent identification of this enzyme uncovered a multigenic family 
of SMS proteins. Intriguingly, the members of this family show a striking variation in substrate 
specificity and biological function. Besides conventional bulk producers of sphingomyelin, 
the family also harbors a ceramide sensor. The primary role of this sensor is to monitor and 
restrict the concentration of ceramide at the site of its synthesis in the ER. A small rise in 
ceramide levels at this location may already be fatal by triggering a mitochondrial pathway of 
apoptosis. It appears likely that cells acquired a ceramide sensor to tackle their ‘die if you do, 
die if you don’t’ dilemma of ceramide biosynthesis.

The multiplicity of SMS family members reflects an unexpected diversity in biological 

function

In Chapter 2 we showed that both SMS1 and SMS2 are co-expressed in various mammalian 
cells. They localize at different compartments, SMS1 in the Golgi and SMS2 at the plasma 
membrane. SMS1 is responsible for Golgi-associated and SMS2 for plasma membrane-
associated SM synthase activity. The bulk of cellular SM (60 - 80%) is synthesized by SMS1 in 
the lumen of the trans Golgi and hence SMS1 is a key player in maintaining the SM homeostasis 
in mammalian cells (Chapter 2). Moreover, we found that SMS1 is required for normal cell 
growth and survival. This could be due to less production of SM and diacylglycerol (DAG) 
or accumulation of the well-established anti-mitotic agent ceramide. It is known that SM is 
primarily found in the outer leaflet of the plasma membrane that gives membrane rigidity and 
impermeability to the external environment (Holthuis et al., 2003). Moreover, it was reported 
that mammalian cells that were defective in sphingolipid biosynthesis cease growth when 
cultured in serum-free medium or in the absence of exogenously added SM (Yamaoka et al., 
2004; Hanada et al., 1992). However, exogenous addition of SM or growing cells in serum 
supplemented medium fail to rescue the growth defect in SMS1-depleted cells indicating that 
SM is not the primary cause of the growth defect. Similarly, depletion of SMS1 results in 
reduced production of DAG, which is essential to recruit protein kinase D for the formation 
of secretory vesicle at the trans Golgi. This is necessary for proper protein trafficking from 
Golgi to plasma membrane (Fugmann et al., 2007; Baron and Mahota, 2002) and hence for 



123

Chapter 6

cell growth. On the other hand, blocking the activity of SMS1 leads to accumulation of the 
bioactive lipid ceramide that causes apoptosis (Hannun and Obeid, 2008). It is supported by 
our finding that SMS1-depleted cells show a modest PARP cleavage, a hallmark of apoptosis 
event (Chapter 4).   
  Being situated downstream of SMS1 with respect to receiving newly synthesized 
ceramide from the ER, one would expect that SMS2 contributes to only a limited extent for 
SM homeostasis. However, in Chapter 2 we found that SMS2 makes a significant contribution 
(20-40%) to cellular SM. The activation of sphingomyelinases (SMases) and subsequent 
liberation of ceramide from SM at the plasma membrane has been recognized as an important 
signaling event in the regulation of cell growth, differentiation and apoptosis (Deng et al., 
2008; Uchida et al., 2003; Pettus et al, 2002). By converting ceramide back to SM, plasma 
membrane-associated SMS2 may attenuate SMase-induced signaling. Consistent with this, 
we found that depletion of SMS2 causes a marked increase in ceramide levels and a block 
in the growth of HeLa cells (Chapter 2). Our finding that both SMS1 and SMS2 are required 
for growth indicates that their functions are non-redundant. While Golgi-associated SMS1 
consumes newly synthesized ceramide to generate the bulk of SM, SMS2 at the PM would 
keep ceramide levels low by consuming ceramide produced by SMase. Yet, our recent 
discovery that SMS1 and SMS2 display a striking difference in substrate specificity indicate 
that there may be alternative explanations for their non-redundant functions. While SMS1 is a 
monofunctional SM synthase, SMS2 displays dual activity as ceramide phosphoethanolamine 
(CPE) synthase (Ternes et al., 2009). As these enzymes use the same reaction chemistry 
(Huitema et. al 2004; Yeang et al., 2008), the specificity for SM or CPE synthesis is most likely 
defined by differences in the geometry of the substrate-binding site. These differences would 
favor binding of PC (in the case of SMS1), or both PC and PE (in the case of SMS2). The high 
degree in sequence homology between SMS1 and SMS2 (Huitema et al., 2004) combined with 
their single and dual enzyme activities offer unique opportunities to map residues involved 
in substrate recognition. Importantly, the variation in substrate specificity should facilitate the 
development of specific inhibitors to target each of the enzymes individually.

The third member of the SMS family, SMSr, arguably is the most intriguing family 
member. Unlike SMS1 and SMS2, SMSr does not synthesize SM. Instead, as described in 
Chapter 3, the enzyme serves as a monofunctional CPE synthase. Owing to its smaller head 
group, CPE has a higher packing density than SM and consequently gives rise to even more 
rigid membranes (Terova et al., 2005). Therefore, the localization of SMSr to the ER was 
unexpected, as the biosynthetic activities of this organelle are best served by a fluid bilayer. 
However, a series of experiments described in Chapters 3 and 4 indicate that SMSr, rather 
than being a conventional bulk producer of sphingolipids, is a vital component of a safety 
mechanism that keeps ER sphingolipid levels low. 
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SMSr: an ER-resident ‘ceramide cop’

As described in Chapter 3, we found that SMSr synthesizes only trace amounts of CPE (300 
fold less as compared to SMS1-derived SM). This was odd, as the enzyme is situated in the ER 
where both its substrates ceramide and PE are synthesized. We showed that this discrepancy 
was not due to: i) a limited supply of substrate to the active site; ii) CPE being a short-lived 
product; or iii) the presence of an inhibitory factor or environment in the ER (Chapter 3). 
Given the fact that SMS1 and SMSr have similarities in transmembrane domain organization/
topology and employ similar reaction mechanism (Chapter 1), it is puzzling that SMSr is unable 
to produce any considerable amount of CPE (<0.05 mol% as compared to ~15 mol% of SM by 
SMS1). Based on our findings thus far, we propose a feedback inhibition mechanism where 
the end product CPE binds to the active site and prevents further catalysis of the enzyme (see 
below). The fact that SMSr lacks the ability to synthesize the bulk amount of CPE is further 
substantiated by the recent discovery that CPE production in Drosophila, which uses CPE as 
a structural substitute of SM, is mediated by a different enzyme (Vacaru et al., manuscript in 
preparation). Contrary to SMSr, the second CPE synthase resides in the Golgi and employs a 
reaction mechanism analogous to the ethanolamine phosphotransferases Kennedy pathway 
in which CDP-ethanolamine rather than PE serves as the headgroup donor (Vance, 2008). 

Although SMSr is unable to produce bulk amount of CPE, its knockdown by RNAi 
causes a marked rise in ER ceramide levels (to a similar extent with that of SMS1-knockdown; 
Chapter 3). This riddle cannot be ascribed by the fact that SMSr is the bulk consumer of 
ceramide since SMSr produces only negligible amount of CPE. It also cannot be explained 
by the fact that SMSr-derived CPE can act as a regulator of ceramide synthases/ceramidases. 
This is because the sterile alpha motif (SAM) domain deficient form of SMSr, which is capable 
to produce CPE, is unable to suppress ceramide accumulation (Chapter 4). The other scenario 
to explain this discrepancy is that SMSr itself may form complex with its product CPE and act 
as a ceramide sensor to regulate other ceramide metabolizing enzymes. 

Our data establish SMSr as CPE synthase and ceramide sensor. The underlying 
mechanism how SMSr executes its dual function is not known. However, its role parallels that 
of the transceptors found in nutrient transporter family (Ozcan et al., 1998, Thevelein et al., 
2005). Transceptors, a term that was coined because of their dual-role as nutrient transporter 
and receptor, are able to modulate signaling because of their conformational change during 
the transport process (Hyde et al., 2003). The majority of the members in this family are 
dedicated nutrient (amino acids, ammonium and glucose) transporters. Yet, there are few 
members such as the amino acid permease Gap1 with additional ability to transduce signal 
while they transport nutrient at the plasma membrane (Hundal and Taylor et al., 2009). 
Detection of extracellular nutrient deficiency leads to upregulation of proteins involved in 
biosynthesis and transport of the deficient nutrient(s) (Harinder et al., 2009). Recently, using 
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pharmacological and mutagenesis approach the molecular mechanism of Gap1 transceptor 
was elucidated (van Zeebroek et al., 2009). Gap1 undergoes a specific conformational change 
upon binding to the ligand (nutrient), a state that is able to trigger the signaling pathway. 
Then the conformation changes and faces inward direction, which terminates the signaling 
and allows the ligand to be released (Fig. 1; van Zeebroek et al., 2009). 

We hypothesize that SMSr undergoes a similar conformational change like Gap1 to 
accomplish its signaling role (Fig. 1). In this case the ligand could be CPE. As shown in Chapter 
3 and 4, the inactive form of SMSr (a single mutation at the catalytic site) is not able to suppress 
ceramide accumulation and SMSr-induced apoptosis. This indicates that the enzymatic 
activity of SMSr is necessary for the signaling pathway and hence the specific conformational 
change (that make SMSr to sense ceramide) might be part of the enzymatic (synthase) process. 
Similarly, Gap1 requires a ligand-induced conformational change for signaling that may be 
part of, but does not require the complete transport cycle (van Zeebroeck et al., 2009). To 
segregate the sensor (signaling) from the enzymatic role of SMSr, it is required to generate 
a mutant/condition that either lacks the signaling capacity and retain normal CPE synthase 
activity or have lost the enzymatic activity but retain signaling ability. One possibility is 
to develop a non-metabolized agonist (possibly CPE analogue) that inhibits CPE synthase 

Figure 1. A model how SMSr may function as ceramide sensor- a parallel comparison with Gap1 

transceptor. Upon binding of the substrate (nutrient), the transceptor Gap1 changes its conformation 
that renders the signaling pathway and terminates when the substrate is released. We anticipate that 
SMSr undergo similar conformational change upon binding to CPE. It could also be the opposite (not 
shown in the figure), where the signaling conformation can be the CPE unbound form of SMSr. See text 
for details.  = PE; = phosphoethanolamine; = CPE; = nutrient
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activity but renders a continuous activation of sensing function (i.e., ability to prevent ceramide 
accumulation). The other possibility is to generate a mutation in SMSr that differentially affect 
sensing and CPE synthase function. As it is shown in Chapter 4, deletion of the SAM domain 
of SMSr abolishes the ability of the protein to suppress ceramide accumulation and apoptosis 
giving the first clue that the SAM domain is required for signaling pathway. SAM domains are 
known to exhibit diverse protein-protein interactions and mainly found in signaling proteins 
(Ramachander et al., 2002; Meruelo and Bowie, 2009). SAM domain of SMSr might serve as a 
platform where it interacts with other ceramide metabolizing proteins to convey its signaling 
cascade.

 Our discovery that SMSr exerts a tight control over ceramide levels in the ER implies 
that sustaining ceramide homeostasis in this organelle is of vital importance. Indeed, as 
described in Chapter 4, we find that loosing SMSr’s grip over ER ceramides has detrimental 
consequences. 

SMSr is a key regulator of mitochondrial apoptosis

As reported in Chapter 4, SMSr-depleted HeLa cells show all hallmarks of mitochondria-
mediated apoptosis, namely depolarization of mitochondrial membranes, release of 
cytochrome c, activation of initiator caspase-9 and subsequent activation of the executioner 
caspase-3 and cleavage of its substrate PARP (Fig. 2). Our finding that Bcl-2 overexpression 
fully rescues PARP cleavage confirmed that loss of SMSr primarily triggers mitochondrial 
apoptosis. Intriguingly, we found that apoptosis in SMSr-depleted cells was suppressed by 
any means that helped lower ceramide levels in the ER. This could be achieved by i) blocking 
ceramide biosynthesis; ii) stimulating ceramide export from the ER; iii) consuming excess of 
ER ceramides. This demonstrates that ceramide accumulation in the ER is the primary cause 
of apoptosis in SMSr-depleted cells. 

Besides, SMSr-depleted cells become resistant to apoptosis upon disruption of ER-
mitochondria contact site. Furthermore, redirecting SMS1 to mitochondria prevents the 
cells from undergoing apoptosis by consuming the ceramide that is accumulating in the 
mitochondria. However, the inactive form of SMS1 (a single mutation at the active site of SMS1) 
was unable to rescue the apoptosis (Chapter 4). From this we conclude that mitochondrial 
apoptosis in SMSr-depleted cells is triggered by a mistargeting of ER ceramide (Fig. 2).

Interestingly, in the germ lines of C. elegans, it was shown that ionizing radiation 
induced an increase in the concentration of ceramide localized to mitochondria and incited 
the initiation of apoptosis (Deng et al., 2008). This is a similar observation with SMSr-depleted 
cells, and suggests SMSr might be the key target during irradiation caused apoptosis. 
Concomitant to this, we found that SMSr itself is a target of caspase proteolysis where its 
SAM domain at the N-terminus is cleaved during apoptosis. Besides, we show that the SAM 
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deficient form of SMSr is unable to suppress apoptosis in SMSr-depleted cells, signifying 
that loss of SAM domain is sufficient to induce apoptosis (Chapter 4). This indicates, SMSr 
cleavage could be central part of the amplification step in various apoptotic pathways 
involving ceramide. Similar to irradiation, different apoptotic agents such as stress (Obeid 
et al., 1993) and chemotherapeutic drugs like doxorubicin (Lucci et al., 1999), daunorubicin 
(Turnbull et al., 1999), etoposide and paclitaxel (Asakuma et al. 2003; Ogretman and Hannun 
2004; Mahta et al., 2000) were found to increase the level of ceramide in the cell. Moreover, this 
could also be relevant for large number of studies debating whether the rise in ceramide levels 
often observed in apoptotic cells is a cause or a consequence of apoptosis. Given SMSr’s role 
in preventing ceramide induced apoptosis, developing a drug against SMSr might be used as 
substitute or complement to therapeutic drugs for cancer treatment. 

How does mitochondrial ceramide trigger apoptosis? The exact mechanism is not 
known. However, one scenario is that ceramide itself may induce pore formation in the 
mitochondrial outer membrane (MOM) that leads to the release of pro-apoptotic proteins like 
cytochrome c, Smac/Diablo and apoptotic inducing factor (AIF) (Novgorodov et al., 2005; 
Siskind et al., 2005; 2006). Even though in vivo studies are lacking, ceramide was suggested to 
form large, stable, protein-permeable channels in planar phospholipid membranes, in isolated 
mitochondria, and in liposomes (Siskind et al., 2002; 2008). Ceramide can permeabilize MOM 
because of its biophysical properties and the channel formation depends on the steady-state 

Figure 2. Loss of SMSr causes mitochondrial-mediated apoptosis. A) In normal situation where SMSr is 
present, it tightly controls the level of ceramide homeostasis in the ER by negatively regulating enzymes 
that involve in production or by activating those involve in degradation of ceramide; B) in the absence 
of SMSr, the level of ceramide rises markedly in the ER that can be mislocalized to mitochondria to cause 
apoptosis. Sph, Sphingosine; cer, ceramide; Cyto C, cytochrome C; N, nucleus; Mito, mitochondria
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level of free ceramide in the membrane (Stiban et al., 2007). On the other hand, ceramide 
was found to interact with a mitochondrial protein phosphatase 2A (PP2A), which in turn 
activates Bcl-2 protein and leads to cell death (Roy et al., 2009; Chalfant et al., 2004; Revolo, 
1999). It was also shown that, ceramide cause the proapoptotic protein Bax to redistribute 
from the cytosol to the mitochondria and make conformational changes. This results in Bax 
oligomerization that promotes the permeabilization of the outer mitochondrial membrane 
(Goping, et al., 1998, Desagher et al., 1999). Cells lacking Bax were found to be resistant to 
ceramide-induced apoptosis, whereas cells in which Bax expression was restored regained 
sensitivity to ceramide (von Haefen et al., 2002, Kim et al., 2001). 

Spatial control of newly synthesized ceramide by a network of sensors, synthases and 

transfer proteins

Since SMSr resides in a location where the major ceramide metabolism takes place and its 
removal results in a significant rise of ceramide it is appealing to contemplate that SMSr is 
the core of ceramide regulating machinery. The component of the machinery may include 
ceramide metabolizing enzymes (such as ceramide synthases and ceramidases), transfer 
proteins (such as CERT) and other kinases and phosphatases. There might be more yet 
unknown proteins that are integral part of this machinery. For example, it is not known how 
ceramide reaches mitochondria to cause apoptosis. It is well established that ER is a network 
that is intimately associated with mitochondria and as much as 20% of the ER is in close contact 
with mitochondria (Rizzuto et al., 1998). These contact sites have been suggested to serve as 
a bridge for the transfer of small molecules like Ca2+ ions (Csordas et al., 2006). Although we 
cannot exclude the possibility that ceramide can also transfer via this pathway from ER to 
mitochondria, its size and biochemical property would make it unlikely for such movement. 
On the other hand, there could be a dedicated protein transporter at the ER-mitochondria 
contact site that transfers ceramide from ER to mitochondria analogous to CERT protein 
(Hanada et al., 2003). The presence of a conserved START domain in CERT and other lipid 
transfer proteins (Kawano et al., 2006; Alpy and Tomasetto, 2005) can be used as a starting 
point to search candidate genes to identify one of the remaining components of ceramide 
regulatory network. 

Control of ceramide homeostasis in relation to animal growth and development

Our work showed that SMS proteins serve critical roles in cell growth and survival in 
mammalian cells. Since these studies are based on cell culture system, the role of SMS proteins 
at the organism level is still lacking.  To achieve this goal we choose C. elegans as a model 
system. The availability of mutant strains and detailed description of animal’s morphology at 
various developmental stages facilitates to examine the biological implications of maintaining 
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ceramide homeostasis in growth and development of the organism. Therefore, we started our 
study by systematic characterization of the SMS family members in C. elegans. 
 As reported in Chapter 5, C. elegans has more diverse SMS family members than their 
mammalian counterparts. There are five homologous SM synthase family members in C. 
elegans, which reside in different organelles when expressed in mammalian and insect cells. 
Using heterologous expression systems and gene knockout (KO) approach, we were able to 
assign the enzymatic function of three out of the five members. We found that SMSα and SMSβ   
function as SM synthases and C. elegans SMSr as CPE synthase. However, C. elegans that 
were double KO for both SMSα and SMSβ   still showed SM synthase activity. A mutant strain 
lacking SMSr retained detectable levels of CPE. This indicates that C. elegans have at least one 
extra SM synthases and one extra CPE synthase whose identity needs to be uncovered. 
 Strikingly, single or double KO strains for SMSα and SMSβ   show no significant 
defect in their growth and development. Similarly, no detectable aberration was observed 
in SMSr mutant worms. This is in contrast with the mammalian cells where SMS proteins 
were required for their survival (Chapter 2 and 4). Whether these mutant strains are more 
vulnerable to different environmental stresses remains to be investigated. Besides, since these 
mutant strains are not completely free of SM or CPE production, the residual activity (from 
not yet identified enzymes) may be enough to sustain the normal growth and development. 
Identification of these remaining and other ceramide metabolizing enzymes is essential to 
address the role of sphingolipid biosynthesis in growth and development of this organism. 

Concluding remarks 

The identification of SM synthase family opened a new opportunity to decipher the role of 
sphingolipid biosynthesis in myriad cellular processes. Mammalian genome encodes two 
isoforms of SM synthases SMS1 and SMS2, and a third member, SMSr that produces the 
SM analogue CPE.  Interestingly, each member of the SM synthase family has different sub-
cellular localization, which poised them to have distinct biological roles. Consequently, the 
mechanism by which these family members are regulated appears to be unique and needs to 
be addressed systematically. Our data assert SMSr as a ceramide sensor and a hub of ceramide 
regulating machinery. Cracking the molecular mystery how SMSr accomplishes its role will 
be a challenge but an exciting discovery. 
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Nederlandse Samenvatting

Sfingolipiden zijn vitale onderdelen van cellulaire membranen, maar hun aanmaak is 
afhankelijk van ceramide, een molecuul dat cellen kan aanzetten tot zelfmoord. Ceramide 
wordt geproduceerd in het endoplasmatisch reticulum (ER) en omgezet in sfingomyeline 
(SM) door SM synthase (SMS) in het Golgi. Clonering van dit enzym leidde tot identificatie 
van de SMS familie. Een familielid, SMSr, bleek verantwoordelijk voor aanmaak van de SM 
analoog ceramide phosphoethanolamine (CPE) in het ER. Ofschoon SMSr slechts minuscule 
hoeveelheden CPE produceert leidt inactivatie van het enzym tot ceramide accumulatie in 
het ER en activatie van een mitochondria-gemedieerde route van celdood. Activatie van deze 
route kan worden onderdrukt door enzymatische omzetting van ceramide in mitochondria 
of het verbreken van membraancontactpunten tussen ER en mitochondria. Dit suggereert dat 
celdood in SMSr-deficiente cellen wordt veroorzaakt door het weglekken van ER ceramide in 
mitochondria. SMSr beschikt over een SAM domein waarmee het bindt aan andere, nog nader 
te identificeren eiwitten. Verwijdering van SAM heeft geen invloed op CPE productie, maar 
veroorzaakt ceramide accumulatie en celdood. Hieruit kan worden afgeleid dat SMSr een 
‘sensor’ functie vervult waarmee het ceramide gehalte van het ER kan worden gereguleerd 
teneinde cellen te beschermen tegen celdood. Aangezien ceramide direct betrokken is bij 
de regulatie van celgroei en overleving van tumoren vormt SMSr een aanknopingspunt om 
kankercellen gevoeliger te maken voor cytostatica. 
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