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 Ceramide is synthesized vectorially in cells. The initial 
step in de novo ceramide synthesis is condensation of ser-
ine and fatty acyl CoA to generate ceramide in the endo-
plasmic reticulum (ER) ( 1 ), which is then transported 
into the Golgi by ceramide transport protein (CERT) ( 2 ). 
Ceramide is then further metabolized to yield SM by sphin-
gomyelin synthase 1 (SMS1) ( 3, 4 ) or glucosylceramide by 
glucosylceramide synthase ( 5 ) and then into monosialodi-
hexosylgangliosides  . SM in the Golgi is transported to the 
plasma membrane, where it forms lipid rafts together with 
cholesterol and glycosphingolipids ( 6 ). SMS2 contributes 
mainly to plasma membrane SMS activity ( 3, 4 ). We and 
others have shown that SMS1 and SMS2 expression posi-
tively correlates with cellular and membrane lipid raft SM 
levels ( 7–9 ). 

 SMS-related protein (SMSr), the third member of the 
SMS family, is conserved throughout the animal kingdom 
( 3, 10 ). All three members share a similar membrane to-
pology, with six transmembrane domains and cytoplasmic 
N and C termini ( 3, 10 ). Catalytic activity is based on a 
conserved triad of two histidines and one aspartate residue 
( 3, 10, 11 ). Unlike SMS1 and SMS2, however, SMSr does 
not have SMS activity but instead catalyzes synthesis of 
trace amounts of the SM analog ceramide phosphoetha-
nolamine (CPE) in the ER ( 12 ). SMS2 shows dual activity 
because it is also capable of synthesizing CPE ( 13 ). 

 Vacaru et al. ( 12 ) reported that siRNA-mediated knock-
down of SMSr in cultured HeLa and  Drosophila  S2 cells can 

        Abstract   Sphingomyelin synthase-related protein (SMSr) 
synthesizes the sphingomyelin analog ceramide phospho-
ethanolamine (CPE) in cells. Previous cell studies indicated 
that SMSr is involved in ceramide homeostasis and is crucial 
for cell function. To further examine SMSr function in vivo, 
we generated  Smsr  KO mice that were fertile and had no 
obvious phenotypic alterations. Quantitative MS analyses of 
plasma, liver, and macrophages from the KO mice revealed 
only marginal changes in CPE and ceramide as well as other 
sphingolipid levels. Because SMS2 also has CPE synthase 
activity, we prepared  Smsr/Sms2  double KO mice. We found 
that CPE levels were not signifi cantly changed in macro-
phages, suggesting that CPE levels are not exclusively de-
pendent on SMSr and SMS2 activities. We then measured 
CPE levels in  Sms1  KO mice and found that  Sms1  defi ciency 
also reduced plasma CPE levels. Importantly, we found that 
expression of  Sms1  or  Sms2  in SF9 insect cells signifi cantly 
increased not only SM but also CPE formation, indicating 
that SMS1 also has CPE synthase activity. Moreover, we mea-
sured CPE synthase  K m   and  V max   for SMS1, SMS2, and SMSr 
using different NBD ceramides.   Our study reveals that all 
mouse SMS family members (SMSr, SMS1, and SMS2) have 
CPE synthase activity. However, neither CPE nor SMSr ap-
pears to be a critical regulator of ceramide levels in vivo.  —
Ding, T., I. Kabir, Y. Li, C. Lou, A. Yazdanyar, J. Xu, J. Dong, 
H. Zhou, T. Park, M. Boutjdir, Z. Li, and X.-C. Jiang.  All 
members in the sphingomyelin synthase gene family have 
ceramide phosphoethanolamine synthase activity.  J. Lipid 
Res.  2015.  56:  537–545.   

 Supplementary key words sphingomyelin synthase-related protein • 
sphingomyelin synthase 1 • sphingomyelin synthase 2 • mouse gene 
knockout 

 All members in the sphingomyelin synthase gene family 
have ceramide phosphoethanolamine synthase activity  

  Tingbo   Ding ,  1, * ,†    Inamul   Kabir ,  1,†    Yue   Li ,  1, * ,†    Caixia   Lou ,  †,§    Amirfarbod   Yazdanyar ,  †    Jiachen   Xu , *  
 Jibin   Dong , *   Hongwen   Zhou , **   Taesik   Park ,  ††    Mohamed   Boutjdir ,  §    Zhiqiang   Li ,  †   and 
 Xian-Cheng   Jiang   2, * ,†,§§   

 School of Pharmacy,*  Fudan University ,  China ; Department of Cell Biology, †   SUNY Downstate Medical 
Center , Brooklyn,  NY ;  Guangdong Medical Laboratory Animal Center , §  Foshan,  China;  Department of 
Endocrinology,**  The First Affi liated Hospital, Nanjing Medical University , Nanjing,  China ; Department of 
Life Science, ††   Gachon University , Sungnam, 461-701,  South Korea ; and Molecular and Cellular Cardiology 
Program, §§   VA New York Harbor Healthcare System , Brooklyn,  NY  

 Abbreviations: CERT, ceramide transport protein; CPE, ceramide 
phosphoethanolamine; ER, endoplasmic reticulum; SMS, sphingomy-
elin synthase; SMSr, sphingomyelin synthase-related protein. 

  1  These authors contributed equally to this work. 
  2  To whom correspondence should be addressed.  
  e-mail: xjiang@downstate.edu 

  The online version of this article (available at http://www.jlr.org) 
contains supplementary data in the form of two fi gures and seven 
tables. 

 This study was supported by the National Institutes of Health grant HL093419-
01A1, by VA Merit grant BX000900, and National Science Foundation of 
China grant 31371190 (X.-C.J.). 

 Manuscript received 8 September 2014 and in revised form 23 December 2014. 

  Published, JLR Papers in Press, January 20, 2015  
 DOI 10.1194/jlr.M054627 



538 Journal of Lipid Research Volume 56, 2015

visualized on a PhosphorImager (GE Healthcare), and images 
were contrast adjusted using the Imagequant software and then 
exported to tiff format. 

 CPE synthase and sphingolyelin synthase assays of 
transfected SF9 cells 

 The nucleotide sequences encoding full-length SMS1 and 
SMS2 were inserted into the pFastBac1 vector (Invitrogen) with a 
C-terminal Flag tag. Recombinant baculovirus shuttle vectors 
were created by transforming DH10Bac cells and isolating DNA 
from white colonies with the Bac-to-Bac Baculovirus Expression 
System (Invitrogen). SF9 cells were transfected with the con-
structs in 6-well plates at 0.9 × 10 6  cells/well using CellFectin (Invi-
trogen). Passage 0 viruses were collected at 72 h post-transfection 
and used to infect SF9 cells in suspension at 100  � l of virus per 
50 ml of cells at 1.5 × 10 6  cells/ml. Passage 1 viruses were collected 
after 96 h. For protein production, 1 liter of 1.5 × 10 6  SF9 cells/ml 
was infected with 5 ml of passage 1 virus, and the cells were 
harvested after 48 h. The SMS1 and SMS2 SF9 cell pellets were 
resuspended in ice-cold buffer containing 20 mM Tris-HCl (pH 
7.5), 250 mM sucrose, 1 mM EDTA, and a protease inhibitor 
cocktail (Roche Diagnostics) and were then homogenized three 
times on ice for 30 s. Each resulting lysate was centrifuged for 
10 min at 1,000  g  at 4°C, and the supernatant was transferred to 
a new tube and centrifuged again at 100,000  g  for 1 h. The pel-
lets, representing the membrane fraction, were resuspended in 
the same buffer and frozen at  � 80°C until use. Protein concen-
trations were determined with a BCA Protein Assay kit (Pierce) 
using BSA as a standard. 

 CPE and SM synthase assay reactions (total volume of 100  � l) 
contained 50 mM Tris-HCl (pH 7.4), 25 mM KCl, 0.5 mM EDTA, 
20 µM C8-ceramide, 20  � M dioleoyl phosphocholine, and 20  � M 
dioleoyl phosphatidylethanolamine or 20  � M dioleoyl phospha-
tidylcholine. Reactions were initiated by the addition of the 
membrane proteins (5  � g), incubated for 2 h at room tempera-
ture, and stopped by adding 100  � l of 1 M HCl in methanol. We 
then added 25  � l of chloroform, followed by vigorous mixing 
and centrifugation. The lower layer was then sampled for LC/MS 
analysis. Conditions for HPLC (Model 1100; Agilent Technologies) 
were as follows: 2.1 × 30 mm C18 XBridge column; mobile phase 
A, 55:5:40 methanol:chloroform:water + 5 mM ammonium ace-
tate; mobile phase B, 57:29:14 isopropanol:methanol:chloroform + 
5 mM ammonium acetate; flow rate 800  � l/min; 100% A for 
0.3 min to 100% B at 1 min, hold until 2 min, return to 100% A 
at 2.1 min, and reequilibrate until 4 min. MS was carried out with 
an ABSciex 4000 using   positive turbo ion spray. 

 SMS1, SMS2, and SMSr overexpressed Hela cell 
preparation 

 Hela cells were purchased from the ATCC and maintained in 
growth medium (DMEM with 10% FBS) at 37°C in 5% CO 2 . 
Hela cells overexpressing SMS1, SMS2, or SMSr were estab-
lished by transfection with pcDNA3.1 vector containing SMS1, 
SMS2, and SMSr cDNA, respectively, and maintained in me-
dium with G418 (fi nal concentration, 500  � g/ml) for every gen-
eration thereafter. RNAi was used to attenuate the activity of 
other two SMS isoforms when determining the  K m   and  V max   of 
one isoform. The RNAi target sequence for human SMS1 was 
5 ′ -AACTACACTCCCAGTACCTGG-3 ′  and SMSr 5 ′ -CAAGAAG-
CTGGAATTTCTTGC-3 ′ . The SMS2 siRNA were from Qiagen 
Cat#SI02758182. 

 Cells overexpressing one SMS isoform were subcultured in 
10 cm dishes, and siRNAs for the other two isoform were trans-
fected when cells were at 60% confl uence. Three days after 

lead to a signifi cant increase in ER ceramide levels and to 
a collapse of the early secretory pathway. Thus, they hy-
pothesized that SMSr regulates ceramide synthesis. The 
same group recently reported that abnormal ceramide 
accumulation can lead to mislocalization of ceramide to 
mitochondria, triggering the mitochondrial apoptosis path-
way, suggesting that SMSr might be a suppressor of apoptosis 
( 14 ). However, it has been reported that siRNA depletion 
of  Smsr  in multiple cell lines was not observed to alter 
sphingolipid biosynthesis ( 15 ). 

 In the current study, we generated  Smsr  KO mice to 
investigate SMSr function in vivo. We were particularly 
interested in the impact of SMSr defi ciency on plasma 
sphingolipids, which are closely related to the develop-
ment of atherosclerosis ( 16–18 ). We also focused on the 
effect of  Smsr  defi ciency on the liver because the tissue is a 
central organ for regulating whole-body sphingolipid me-
tabolism and expresses relatively high levels of  Smsr  (ob-
served in this study). Moreover, we were interested in the 
impact of  Smsr  defi ciency in macrophages, which play an 
important role in lipid homeostasis. 

 MATERIALS AND METHODS 

  Smsr  KO and  Smsr/Sms2  double KO mouse preparation 
 Mouse  Smsr , also known as sterile  �  motif containing protein 8, 

is 48 kb in length and has six exons, with the translation start co-
don ATG in the fi rst exon and the translation stop codon TGA in 
the sixth exon. We replaced the second exon with a STOP cas-
sette from the pBIGT plasmid (Addgene; see  Fig. 2A ), which in-
troduces a splicing acceptor, a PGK-NEO cassette, and a tri-phase 
translation stop codon, thus preventing any possible translation 
beyond this point. A 2,949-bp STOP cassette was inserted be-
tween nucleotides 34,351 and 35,063 to replace exon 2 and to 
generate the null  Smsr  allele. A gene-targeting vector was con-
structed that contained a 5-kb homology arm (5 ′  of the STOP 
cassette), the STOP cassette, and a 2-kb short homology arm (3 ′  
of STOP cassette). The STOP cassette confers G418 resistance 
during gene targeting in PTL1 (129B6 hybrid) mouse embryonic 
stem cells. We crossed  Smsr  KO mice with our  Sms2  KO ( 19 ) to 
obtain double KO mice. 

 Liver, macrophages, and kidney CPE synthase assays 
 Liver, macrophage, and kidney samples from 10-week-old 

mice were homogenized in buffer (20 mM HEPES-KOH [pH 
7.2], 15 mM KCl, 5 mM NaCl, and 250 mM sucrose) containing a 
protease inhibitor cocktail (Roche Diagnostics). Protein concen-
trations of the homogenates were determined using the BCA as-
say kit (Pierce). An aliquot of the homogenate (100  � g protein) 
was incubated with [ 14 C]C6-ceramide (0.1  � Ci) (American Ra-
diolabeled Chemicals), phosphoethanolamine (1 mg) (Sigma-
Aldrich), and the buffer (final volume 1 ml) at 37°C with 
continuous shaking for 2 h. The reaction was stopped by addition 
of 1 ml methanol and 0.5 ml chloroform and vigorous vortexing. 
The lipids were then extracted and dried. For analysis, the dried 
lipid fi lm was redissolved in a 25  � l of chloroform:methanol (2:1 
v/v) and applied to a TLC plate (silica gel) (Whatman). The 
[ 14 C]ceramide and [ 14 C]CPE were separated using a basic eluent 
[chloroform:methanol:ammonia (aqueous), 50:25:6 v/v/v]. Af-
ter thoroughly drying the TLC plate,  14 C-lipid species were 
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of analyte to internal standard, and calibration curves were ob-
tained by assaying serial dilutions of a mixture of sphingolipids. 

 CPE and SM analysis 
 For analyses of CPE and SM, 100  � l or 1 mg of the cell extracts 

were mixed with 1.5 ml of methanol. Then 100  � l of chloroform-
methanol (9:1 v/v) containing 15:0-SM (1 nmol) and 17:0-CPE 
(0.25 nmol) internal standards and 0.5 ml of 0.3 M NaOH were 
added, and the samples were incubated at 37°C for 2 h. The solu-
tion was neutralized by the addition of 0.3 ml of 0.3 M HCl in 
water, and 2 ml of chloroform and 1 ml of water were added, 
followed by vigorous vortexing for 5 min. After centrifugation for 
10 min at 3,000 rpm, the upper phase was removed, and the 
lower chloroform phase was washed twice with 2 ml of theoretical 
Folch upper phase. After drying under nitrogen gas, the lipids 
were dissolved in 0.2 ml LC-MS quality methanol, and 10  � l was 
injected into the LC/MS system. 

 The CPE and SM species were quantifi ed using LC/MS/MS. 
The chromatographic separation was carried out in the gradient 
mode using an Agilent 1100 HPLC system equipped with an 
Xbridge-C 18  column (Waters). Analysis and quantifi cation of 
CPE and SM were performed as reported previously with modifi -
cation in concentration adjustment ( 21 ). To detect the CPE and 
SM, the column eluent was infused into the ESI source of the API 
4000 Q-trap triple-quadrupole mass spectrometer operated in 
the positive ion mode using multiple reaction monitoring mode. 
The peak areas of the SM and CPE species and standards were 
obtained from the multiple reaction monitoring chromatograms 
with Analyst software (AB Sciex, Framingham, MA). 

 Tissue staining 
 Selected tissues were dissected from mice and put into 4% 

paraformaldehyde for fi xation overnight. Tissues were paraffi n 
embedded and sectioned (5 µm thick). Each section was deparaf-
fi nized and stained with hematoxylin and eosin. 

 Statistical analysis 
 Each experiment was conducted at least three times. Data are 

typically expressed as mean ± SD. Differences between two groups 
were analyzed by Student’s  t- test. A  P  value of <0.05 was consid-
ered signifi cant. 

 RESULTS 

 Mouse SMSr is also a CPE synthase 
 Previous studies indicated that human SMSr has CPE 

synthase activity ( 12 ). We transfected COS7 (a fi broblast-
like cell line derived from monkey kidney tissue) and 
Huh7 (a human hepatoma cell line) cells with a mouse 
 Smsr  expression vector and measured CPE synthase activity 
in cell homogenates. Overexpression of mouse  Smsr  in 
both cell lines increased CPE synthase activity, indicating 
that mouse SMSr also has CPE synthase activity (  Fig. 1A , 
B ).  We next measured mRNA levels using real-time PCR in 
12 mouse tissues and found that mouse  Smsr  is ubiqui-
tously expressed; the highest  Smsr  expression was seen in 
macrophages and testis ( Fig. 1C ). 

 Generation of  Smsr  KO mice 
 Mouse embryonic stem cells carrying the KO vector 

(  Fig. 2A  )  were identified and injected into C57BL/6 

siRNA treatment, cells were washed with PBS three times and sus-
pended in CPE synthase activity assay buffer [0.3 M sucrose, 
15 mM KCl, 5 mM NaCl, 1 mM EDTA, 20 mM HEPES-KOH (pH 
7.0), 100  � g/ml phenylmethylsulfonyl fl uoride, 1  � g/ml apro-
tinin, and 1  � M leupeptin] after scraping. Cells were homoge-
nated by glass bead homogenizer and centrifuged at 700  g  for 
10 min. The postnuclear supernatants were collected as the source 
of crude enzyme for determination of the  K m   and  V max  . 

  K m   and  V max   determination 
 C6 NBD-Ceramide and C12 NBD-Ceramide (Avanti Polar Lip-

ids, Alabaster, AL) were dissolved in DMSO as 1 mmol/l. PE 
(Cat#P7943) (Sigma-Aldrich, St. Louis, MO) was dissolved in 
DMSO as 10 mg/ml. For every CPE synthase assay, 5  � l PE was 
fi rst added to a 0.7 ml reaction buffer containing 3.5 mg 
crude enzyme and mixed gently at room temperature for 10 min. 
The reaction was started by adding C6 NBD-Ceramide or C12 
NBD-Ceramide to the system as a fi nal concentration of 5, 7.5, 
10, 15, and 20  � M, respectively. The reaction system was mixed 
thoroughly and kept at 37°C for 2 h. Chloroform/methanol 
(2/1; 0.7 ml) was added into the system, and the system was 
mixed vigorously to stop the reaction before lipid extraction. 
Organic-phase cells, after centrifugation at 9,000  g  for 10 min, 
were collected and dried under N 2  blow. The extracted lipids 
were separated by TLC with the solvent chloroform-methanol-25% 
ammonium (50/25/6). Every NBD-CPE band on silica gel was 
scraped off the plate and dissolved in 200  � l isopropanol by vortex. 
After brief centrifugation to quantify the NBD fl uorescence in-
tensity by a spectrometer BioTek Flx800, 150  � l isopropanol of 
NBD-CPE was removed. The pmol of NBD-CPE was calculated by 
an equation of NBD standard curve. The velocity of the reaction 
was expressed as pmol/mg/min. The [S]V curve the and 1/[S]1/V 
curve (Lineweaver Burk’s plot) were charted with Excel.  K m   and 
 V max   were calculated by Lineweaver Burk’s plot. 

 Lipid and lipoprotein measurements 
 Fasting plasma was collected for FPLC analysis and lipid mea-

surements. Total cholesterol, phospholipids, and TGs and lipopro-
teins were assayed by enzymatic methods (Wako Pure Chemical 
Industries Ltd.). Plasma SM was measured as described ( 20 ). 

 Apolipoprotein measurement 
 Plasma apoE, apoB, and apoA-I levels were determined as de-

scribed ( 19 ). Briefl y, 0.2 µl of plasma was separated by SDS-PAGE 
(4–15% gradient polyacrylamide gels) and immunoblotted with 
polyclonal antibodies against apoE (Abcam), apoB (US Biologi-
cal), and apoA-I (Abcam). 

 Lipid analysis 

 Sphingolipid analysis.   LC/ESI/MS/MS analysis of sphingo-
lipids was performed using a TSQ Quantum Ultra-Triple quad-
rupole mass spectrometer (Thermo Fisher) equipped with an 
electrospray ionization probe and interfaced with the Agilent 
1100 HPLC system. Lipid extracts were separated with an Xbridge 
C8 column (Waters). Mobile phase A was methanol-water-formic 
acid (80:20:0.4, v/v/v), and mobile phase B was methanol-
acetonirtile (1:1, v/v). ESI/MS/MS was performed or MS analyses 
were performed online using ESI/MS/MS in the positive multiple 
reaction monitoring mode. Samples were extracted using a one-
phase extraction method (methanol–chloroform) with internal 
standards. Ceramides, sphingosines, sphingosine-1-phosphate, 
and dihydrosphingosine-1-phosphate were quantifi ed as the ratio 
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  Fig.   1.  Mouse SMSr has CPE synthase activity. We 
overexpressed  Smsr  in COS7 and Huh7 cells and 
measured CPE synthase activity in the cell homoge-
nates. A:  14 C-lipid separation on a TLC plate. Con, 
control; M, molecular markers. B: Quantitation of 
 14 C-lipids in control (Con) and  Smsr -overexpressing 
cells. Values are the mean ± SD of three experiments. 
* P  < 0.01. C: Relative  Smsr  expression in different tis-
sues determined by real-time PCR. Values are the 
mean ± SD of three mice. * P  < 0.01.   

  Fig.   2.   Smsr  KO mouse preparation. A: Strategy for generating  Smsr  KO in mice. Exon 2 of  Smsr  was replaced with a STOP cassette to 
generate the null  Smsr  allele, which was then introduced into mice with a gene-targeting vector. The small color arrows indicate the PCR 
primers for genotyping. B: PCR confi rmation of the KO (417 bp) and WT (310 bp) alleles in genomic DNA from the mice with the primers 
indicated in A. Homozygous  Smsr  KO (  � / �  ), heterozygous  Smsr  KO ( +/ �  ), and WT ( +/+ ) mice were identifi ed. The negative control 
lacked DNA, and a 100 bp ladder was used as the size markers.   

blastocysts to generate chimeric mice. Male chimeras were 
bred with C57BL/6 female mice to transmit the  Smsr -null 
allele through the germ line. Mice carrying the heterozygous 

 Smsr -null allele were intercrossed to generate homozygous 
 Smsr  KO mice. The progeny were bred to reach a genetic 
background of at least 92.5% C57BL/6. Offspring from 



SMSr, SMS1, and SMS2 have CPE synthase activity 541

matings with heterozygous mice were born at the expected 
Mendelian ratio, indicating that SMSr is not essential dur-
ing embryogenesis. Homozygous  Smsr  KO mice were via-
ble and fertile. The different genotypes were confi rmed by 
PCR using tail tip DNA as a template ( Fig. 2B ). We also 
used real-time PCR to confi rm the lack of  Smsr  mRNA in 
several tissues, including liver, spleen, kidney, and macro-
phages (  Fig. 3A  ).  

 To evaluate whether SMSr is indeed a CPE synthase in 
vivo, we measured CPE synthase activity in liver, macro-
phage, and kidney from  Smsr  KO mice and from control 
mice.  Smsr  defi ciency in mice signifi cantly decreased CPE 
synthase activity in the liver (45%) ( Fig. 3B ), macrophage 
(69%) ( Fig. 3C ), and kidney (80%) ( Fig. 3D ), indicating, 
again, that SMSr is also a CPE synthase in mice. 

 To investigate whether  Smsr  KO had any impact on tis-
sue morphology, we stained sections from the liver, kidney, 
and spleen with hematoxylin and eosin.  Smsr  defi ciency 
had no visible impact on the morphology of any of these 
tissues (  Fig. 4 ) .  

 Effects of  Smsr  defi ciency on CPE, ceramide, and other 
sphingolipid levels in plasma, liver, and macrophages 

 Because SMSr and SMS2 have CPE synthase activity 
( 12, 13 ) that may contribute to blood CPE levels, we used 
LC/MS/MS to measure CPE levels in the blood of  Smsr  
and  Sms2  KO mice. We found that plasma CPE levels 
were extremely low (i.e.,  � 20-fold lower than ceramide 
levels) (  Table 1  );  moreover, plasma CPE levels were 
reduced in both KO mouse lines compared with their 
controls (  Fig. 5A , B ,  supplementary Table 1), but the 
difference was statistically signifi cant only for the  Sms2  
KO mice. 

 It has been reported that CPE and/or SMSr can serve as 
sensors for ceramide homeostasis in cells ( 12, 14 ). We 
next examined levels of ceramide and other sphingolipids, 
including SM, dihydroceramide, glucosylceramide, and 
sphingosine-1-phosphate, in the circulation. We found 

that plasma ceramide and other sphingolipid levels did 
not differ signifi cantly between  Smsr  KO mice and controls 
( Table 1 ; supplementary Tables 2–5). 

 We also measured plasma cholesterol, phospholipid, 
and triglyceride levels in  Smsr  KO and control animals be-
cause the levels of these lipids are closely associated with 
the development of atherosclerosis. We found no signifi -
cant changes in these lipid levels in the  Smsr  KO mice (sup-
plementary Table 6). This was also true for plasma 
apolipoprotein levels ( Fig. 5C ). In addition, the distribu-
tion of lipids was determined by FPLC of pooled plasma 
samples, and we did not observe any differences in choles-
terol or phospholipid distribution between the  Smsr  KO 
and control mice ( Fig. 5D ). 

 Macrophage sphingolipids are involved in reverse cho-
lesterol transport, a process associated with antiathero-
genesis ( 22, 23 ). Because  Smsr  is highly expressed in 
macrophages, we next measured sphingolipids in these 
cells. Contrary to what we predicted, we did not fi nd any 
signifi cant changes in sphingolipids, including CPE and 
ceramide ( Table 1 , supplementary Tables 1–5) in the  Smsr  
KO mice, indicating that neither CPE nor SMSr appears to 
be a sensor for ceramide homeostasis in macrophages. 

 The liver is one of the major organs for the produc-
tion of SM-rich lipoproteins ( 24 ). Therefore, we mea-
sured sphingolipids in the liver and found that  Smsr  
defi ciency also had no signifi cant effect on levels of CPE 
or other sphingolipids in the liver ( Table 1 , supplemen-
tary Tables 1–6). 

 Effects of  Smsr/Sms2  double defi ciency on lipid levels in 
plasma, liver, and macrophages 

 We did not fi nd that SMSr is a critical mediator of ce-
ramide levels, as suggested in two previous cell culture 
studies ( 12, 14 ). Because SMS2 also has CPE synthase ac-
tivity ( 13 ), we hypothesized that increased  Sms2  expres-
sion might compensate for the loss of  Smsr.  To examine 
this possibility, we measured  Sms2  mRNA levels in  Smsr  KO 

  Fig.   3.  Effects of  Smsr  defi ciency on tissue CPE syn-
thase activity. A: Real-time PCR of  Smsr  mRNA in liver, 
spleen, kidney, and macrophages from  Smsr  KO and 
WT mice. B: CPE synthase activity of liver homoge-
nates. Separation of  14 C-CPE on a TLC plate (top) 
and quantitation of  14 C-CPE (bottom). C: CPE syn-
thase activity of macrophage (M � ) homogenates. 
Separation of  14 C-CPE on a TLC plate (top) and 
quantitation of  14 C-CPE (bottom). D: CPE synthase 
activity of kidney homogenates. Separation of  14 C-
CPE on a TLC plate (top) and quantitation of  14 C-
CPE (bottom). Values are mean ± SD of fi ve mice. 
* P  < 0.001.   
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  Fig.   4.  Mouse tissue staining. Morphology of paraformaldehyde-
fi xed tissue (liver, kidney, and spleen) sections (5  � m thick) stained 
with hematoxylin and eosin examined by microscopy.   

 TABLE 1. Measurement of sphingolipids in tissues from  Smsr  KO and control mice by LC/MS/MS                 

Mice SM CPE Cer DHCer S1P GlyCer

Plasma  � g/ml ng/ml
 WT 93 ± 10 59 ± 6 1,115 ± 166 175 ± 23 451 ± 62 2,680 ± 391
  Smsr  KO 91 ± 5 51 ± 8 1,002 ± 118 193 ± 37 389 ± 41 2,559 ± 310
Macrophages  � g/mg protein ng/mg protein
 WT 24 ± 4 25 ± 4 858 ± 93 132 ± 29 168 ± 25
  Smsr  KO 26 ± 3 22 ± 5 804 ± 102 143 ± 20 154 ± 19
Liver  � g/mg protein ng/mg protein
 WT 9.5 ± 0.2 13 ± 2 293 ± 51 55 ± 6 137 ± 18
  Smsr  KO 9.3 ± 0.4 11 ± 3 274 ± 39 48 ± 9 122 ± 31

Values are the mean ± SD of fi ve mice. Cer, ceramide; CPE, ceramide phosphoethanolamine; DHCer, dihydroceramide; Glycer, glucosylceramide; 
SM, sphingomyelin; S1P, sphingosine-1-phosphate.

mice and  Smsr  mRNA levels in  Sms2  KO mice and found 
no signifi cant changes in expression of either gene ( Fig. 
5E, F ). We then prepared  Smsr / Sms2  double KO mice and 
used LC/MS/MS to measure sphingolipids in the plasma, 
liver, and macrophages of these animals. We found that 
CPE levels were signifi cantly decreased in the liver and 
plasma but not in macrophages (  Table 2  )  of the double 
KO mice compared with controls. As expected, SM levels 
in the plasma, liver, and macrophages were signifi cantly 
reduced, whereas ceramide levels were signifi cantly ele-
vated ( Table 2 ), likely due to loss of SMS2 activity ( 19 ). 

 SMS1 has CPE synthase activity 
 The above results suggested that CPE levels are not ex-

clusively dependent on SMSr and SMS2, at least in macro-
phages. One possibility is that SMS1 may also have CPE 
synthase activity. Thus, we used the SF9 insect cell line, 
which has very low endogenous CPE synthase activity and 
is suitable for expression of recombinant proteins from a 

baculovirus vector ( 25 ). We found that expression of hu-
man  Sms1- Flag or  Sms2- Flag in SF9 cells (  Fig. 6A  )  signifi -
cantly increased SMS activity in the cell homogenates, 
refl ected by C8-SM formation ( Fig. 6B ). Importantly,  Sms1  
or  Sms2  expression stimulates C8-CPE formation ( Fig. 6C ), 
indicating that SMS1, like SMS2, has CPE synthase activity. 
Moreover, we measured CPE levels in  Sms1  KO mice and 
found that  Sms1  defi ciency also reduced plasma CPE levels 
( Fig. 6D ) (supplementary Table 7). We measured  Sms1  
mRNA levels in  Smsr  KO mice and  Smsr/Sms2  double KO 
mice and found no signifi cant changes compared with re-
spective controls ( Fig. 6E, F ). 

 Next, we sought to determine the  K m   and  V max   of SMS1, 
SMS2, and SMSr using NBD-C6-ceramide and NBD-C12-
cermiden as substracts. Hela cells, which stably express 
SMS1 or SMS2 or SMSr, were established. The  K m   and  V max   
of one isoform were determined when the other two iso-
forms were attenuated by siRNAs. Again, all members of 
SMS family have CPE synthase activity; however, they have 
different  K m   and  V max   (  Table 3  , supplementary Fig. 1).  

 DISCUSSION 

 In this study, we demonstrated that mouse  Smsr  is ex-
pressed in all tissues examined and that it has CPE syn-
thase activity. We also demonstrated, for the fi rst time, that 
disruption of  Smsr  in mice results in  1 ) signifi cant reduc-
tion of CPE synthase activity in the liver, kidney, and mac-
rophages;  2 ) no signifi cant reduction of CPE levels in the 
liver, plasma, and macrophages; and  3 ) marginal changes 
in the levels of other sphingolipids, including ceramide, 
SM, and sphingosine-1-phosphate, in the plasma, liver, 
and macrophages. Moreover,  Smsr/Sms2  double defi ciency 
did not show a complete depletion of CPE due to the activ-
ity of SMS1 as another CPE synthase. Overall, there is no 
CPE- or SMSr-mediated abnormal accumulation of ce-
ramide in the tested tissues. 

 Insects like  Drosophila melanogaster  ( 26 ) do not synthe-
size SM but instead produce the SM analog CPE as a major 
membrane constituent ( 27 ). CPE is also produced in 
mammals by CPE synthase ( 28, 29 ). Both SMSr and SMS2 
have CPE synthase activity ( 12, 13 ), and we demonstrated 
here that SMS1 also has this activity. Moreover, all three 
have their own  K m   and  V max   ( Table 3 , supplementary Figs. 
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that human SMS1 is capable of producing C8-CPE when 
expressed in SF9 insect cells ( Fig. 6C ). This result likely 
explains the presence of CPE in the plasma of  Smsr/Sms2  
double KO mice. SMS1 has CPE synthase activity, which 
was also observed by our collaborators (Dr. Willecke’s 
group, unpublished observations  ). 

 It has been reported that  Smsr  siRNA-mediated gene 
knockdown reduces CPE synthase activity and CPE levels 
in HeLa cells, leading to an accumulation of ceramide in 
the ER and a collapse of the early secretory pathway ( 12 ). 
It has been proposed that, under normal conditions, only 
small amounts of ceramide reach the SMSr active site ( 12 ) 
because ceramides synthesized on the cytosolic surface of 
the ER are continuously removed by CERT ( 2 ). SMSr-
derived CPE might directly infl uence the activity of CERT 
in the ER. Thus, we predicted that  Smsr  or  Smsr/Sms2  

1 and 2). The present study offers an opportunity to ad-
dress the function of CPE and to examine whether it func-
tions as a structural molecule or as a bioactive mediator of 
signaling in mammals. 

 We found that CPE synthase activity, and consequently 
CPE levels, were very low in the liver and macrophages 
( Table 1 ,  Fig. 3B, C ) and in the other tissues (data not 
shown), especially relative to ceramide and SM levels. Our 
fi nding that SMSr and SMS2, the two known CPE syn-
thases, were only capable of producing trace amounts of 
CPE ( Tables 1 and 2 ) is in line with previous reports ( 12, 
14 ) and likely explains the generally low levels of CPE in 
plasma and tissues. 

 Unexpectedly, we detected a signifi cant reduction in 
plasma CPE levels in  Sms1  KO mice (Fig. 6B), suggesting 
that SMS1 also has CPE synthase activity. Indeed, we found 

  Fig.   5.  Lipid and mRNA measurement. A: Mea-
surement of plasma CPE by LC/MS/MS in  Smsr  KO 
and control mice. B: Measurement of plasma CPE by 
LC/MS/MS in  Sms2  KO and control mice. Values are 
the mean ± SD of fi ve mice. * P  < 0.05. C: Plasma 
apoA-I, apoB, and apoE levels in four  Smsr  KO and 
four WT mice were determined by immunoblotting. 
D: Analysis of lipid distribution in mouse plasma by 
FPLC. A 200- � l aliquot of pooled plasma (from seven 
animals) was loaded onto a Sepharose 6B column 
and eluted with 50 mM Tris and 0.15 M NaCl (pH 
7.5). An aliquot of each fraction was used for deter-
mination of total cholesterol (top) and total phos-
pholipids (bottom). E: Real-time PCR with total RNA 
from the liver of  Sms 2 KO and control mice. F: Real-
time PCR with total RNA from the liver of  Sms r KO 
and control mice. Values are the mean ± SD of three 
mice.   

 TABLE 2. Measurement of sphingolipids in tissues from  Smsr/Sms2  KO and control mice by LC/MS/MS        

Mice SM CPE Cer DHCer S1P GlyCer

Plasma  � g/ml ng/ml
 WT 121 ± 10 68 ± 9 1,252 ± 220 231 ± 41 399 ± 51 2,291 ± 387
 Double KO 93 ± 5  a   49 ± 5  a  1,702 ± 227  a  210 ± 34 361 ± 66 2,360 ± 209
Macrophages  � g/mg protein ng/mg protein
 WT 31 ± 3 28 ± 8 774 ± 92 115 ± 29 182 ± 28
 Double KO 24 ± 4  a  23 ± 7 936 ± 25  a  137 ± 35 171 ± 38
Liver  � g/mg protein ng/mg protein
 WT 13.1 ± 0.3 19 ± 2 208 ± 29 45 ± 6 159 ± 23
 Double KO 9.5 ± 0.8  a  10 ± 3* 302 ± 36  a  37 ± 3 167 ± 18

Values are mean ± SD of fi ve mice. Cer, ceramide; CPE, ceramide phosphoethanolamine; DHCer, dihydroceramide; 
Double KO,  Smsr/Sms2  KO mice; Glycer, glucosylceramide; SM, sphingomyelin; S1P, sphingosine-1-phosphate.

  a P  < 0.01.
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multiple cell lines did not alter sphingolipid biosynthesis 
( 15 ). Second, there are differences between ex vivo and in 
vivo studies, and the former might not fully refl ect the 
situation in the latter. It is well known that inhibition of 
microsomal TG transfer protein results in hepatic TG ac-
cumulation in humans ( 31 ). However, the microsomal TG 
transfer protein inhibitor has a very marginal effect on TG 
levels in HepG2 cells ( 32 ), a human hepatoma cell line. 

  Smsr  is the most conserved member in the  Sms  family ( 3 ) 
and was expressed to varying degrees in all 12 tissues ex-
amined in this study ( Fig. 1C ), but it has no SMS activity 
( 12 ). Given the fact that tissue CPE levels are extremely 
low and that SMS1 and SMS2 have CPE synthase activity, it 
is not clear why SMSr is needed and so highly conserved in 
the animal kingdom. An  Sms1/Sms2/Smsr  triple KO mouse 
line, in which SM synthase and CPE synthase activity are 
eliminated in vivo, may help to uncover the central func-
tion for SMSr. We are in the process of preparing these 
mice. 

 In conclusion, mouse  Smsr  defi ciency reduces CPE lev-
els through reduction of CPE synthase activity. However, 
the defi ciency has no impact on tissue ceramide levels. All 
members of sphingomyelin synthase gene family (SMSr, 
SMS1, and SMS2) have CPE synthase activity.  

 The authors thank Drs. Yan Q. Chen, David Yurek, and Ming-
Shang Kuo from Eli Lilly for assistance in performing the 
 Sms1  and  Sms2  expression in SF9 insect cells and LC/MS 
analysis. 
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