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The LASS (longevity assurance homologue) family members
are highly conserved from yeasts to mammals. Five mouse and
human LASS family members, namely LASS1, LASS2, LASS4,
LASS5 and LASS6, have been identified and characterized. In the
present study we cloned two transcriptional variants of hitherto-
uncharacterized mouse LASS3 cDNA, which encode a 384-
amino-acid protein (LASS3) and a 419-amino-acid protein
(LASS3-long). In vivo, [3H]dihydrosphingosine labelling and
electrospray-ionization MS revealed that overproduction of either

LASS3 isoform results in increases in several ceramide species,
with some preference toward those having middle- to long-chain-
fatty acyl-CoAs. A similar substrate preference was observed in an
in vitro (dihydro)ceramide synthase assay. These results indicate
that LASS3 possesses (dihydro)ceramide synthesis activity with
relatively broad substrate specificity. We also found that, except
for a weak display in skin, LASS3 mRNA expression is limited
almost solely to testis, implying that LASS3 plays an important
role in this gland.

INTRODUCTION

Ceramide, the structural backbone of sphingolipids, is also a bio-
active lipid that functions in cellular processes such as apoptosis,
differentiation and the cell cycle [1–3]. It is produced either
through the conversion of sphingosine in the salvage pathway, or
by de novo synthesis, in which dihydroceramide is desaturated
[4]. Both pathways are dependent on (dihydro)ceramide synthase,
which catalyses an amide linkage between a fatty acyl-CoA and a
sphingoid base (sphingosine for ceramide and dihydrosphingosine
for dihydroceramide).

Past studies of (dihydro)ceramide synthesis have identified
roles for proteins belonging to a family named LASS (longevity
assurance homologue), which includes yeast Lag1 and its homo-
logue Lac1 [5,6], and six mammalian LASS family members
(LASS1–LASS6) [4]. In particular, Lag1, Lac1 and the recently
identified single-span membrane protein Lip1 were identified as
forming a hetero-oligomer that acts as a yeast (dihydro)ceramide
synthase [7]. Although �lag1 cells and �lac1 cells each produce
dihydroceramide normally, �lag1�lac1 cells and �lip1 cells
completely lack acyl-CoA-dependent (dihydro)ceramide syn-
thase activities [5,6]. No mammalian Lip1 homologue has been
identified; however, purified LASS5 alone does exhibit (dihydro)-
ceramide synthase activity [8]. This finding suggests that, in
the yeast (dihydro)ceramide synthase complex, the LASS family
members Lag1 and Lac1 are the catalytic subunits.

To date, five of the six mammalian LASS family members
(LASS1, LASS2, LASS4, LASS5 and LASS6) have been charac-
terized [9–12]. Overproduction of a single LASS protein results in
an increase in one or more specific ceramide species, which differ
in fatty-acid chain length (LASS1, C18:0; LASS5 and LASS6, C16:0;
and LASS2 and LASS4, C22:0 and C24:0) [9]. Thus LASS proteins
possess specific fatty acyl-CoA preferences. By contrast, all can
use sphingosine or dihydrosphingosine as the long-chain base sub-

strate. Furthermore, LASS family members exhibit different
tissue-specific expression patterns [9,12]. The presence of specific
LASS proteins in certain tissues, together with the availability
of fatty acyl-CoAs, may contribute to the production of tissue-
specific ceramides.

In the present study we have cloned two transcriptional var-
iants of mouse LASS3 cDNA. These LASS3 isoforms differ in tran-
scriptional initiation sites and thus produce two polypeptides of
different length, LASS3 and LASS3-long. When expressed in
HEK-293T (human embryonic kidney 293T) cells, both LASS3
isoforms increased the production of several ceramide species,
including C18:0- and C24:0-ceramides. Thus LASS3 exhibits a
weaker substrate preference than the other LASS proteins [9–12].
In addition, the expression pattern of LASS3 was found to be
highly testis-specific, implying that LASS3 has important roles
in testis function, such as sperm formation and androgen pro-
duction.

MATERIALS AND METHODS

Cell culture and transfection

HEK-293T cells were grown in Dulbecco’s modified Eagle’s
medium containing 10% (v/v) FBS (fetal bovine serum) in a
humidified atmosphere of 5 % CO2 at 37 ◦C. Cells were trans-
fected with the indicated cDNAs using Lipofectamine® Plus
(Invitrogen, Carlsbad, CA, U.S.A.), according to the manu-
facturer’s directions. Lysates of transiently transfected cells were
prepared 24 h after transfection.

Yeast strains and media

Saccharomyces cerevisiae strains used included the diploid strain
KA31 (MATa/α ura3/ura3 leu2/leu2 his3/his3 trp1/trp1) and the

Abbreviations used: ESI-MS, electrospray-ionization MS; FBS, fetal bovine serum; FB1, fumonisin B1; 3 × FLAG, triple FLAG epitope; HA, haemagglutinin;
HEK, human embryonic kidney; LASS, longevity assurance homologue; RT, reverse transcription; TM, transmembrane.
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haploid strain KA31-1A (MATa ura3 lue2 his3 trp1) [13]. KA31
was used to prepare the heterozygous diploid strain YMY08
(LIP1/�lip1::LEU2), and KA31-1A was used for the haploid
strain YMY16 (�lip1::LEU2). The cells were grown either in
YPD medium [1% (w/v) yeast extract, 2% (w/v) peptone and
2% (w/v) glucose] or in YPGal medium [1% (w/v) yeast ex-
tract, 2% (w/v) peptone, and 2% (w/v) galactose].

The �lip1::LEU2 construct used to prepare the above cell lines
was constructed as follows. The pGEM-Lip1 plasmid was first
constructed using a pGEM-T Easy vector (Promega) and a DNA
fragment that had been amplified from the yeast genomic
DNA using primers (sLip-U1 5′-GAAGTACGACGAAGAATT-
TG-3′ and sLip-L1 5′-CGAGAGGAAGCACAAAGGC-3′). An
SmaI site was introduced into the pGEM-Lip1 plasmid within the
LIP1 gene using the QuikChangeTM kit (Stratagene) and primers
(SmaIU 5′-GATAATGTTCCACCCGGGCACTACCCAATTCA-
CG-3′ and SmaIL 5′-CGTGAATTGGGTAGTGCCCGGGTGG-
AACATTATC-3′), producing the pGEM-Lip1 (SmaI) plasmid.
The 138 bp HindIII–SmaI region in the pGEM-Lip1 (SmaI) plas-
mid was then replaced with the LEU2 marker. The resulting
�lip1::LEU2 construct was used for homologous recombination
with the LIP1 gene.

Cloning of the mouse LASS3 gene and reverse transcription
(RT)-PCR

To identify the mouse LASS3 gene, the GenBankTM database
was searched for sequences similar to the human LASS3 gene
(GenBankTM accession number BC034970) and a cDNA se-
quence (GenBankTM accession number XM 907730) that shared
high similarity was found. Although this sequence had only been
a predicted one on the basis of the mouse genomic sequence, we
confirmed the existence of its mRNA using RT-PCR. We also
found another, shorter, transcript of the LASS3 gene. We named
these the long and short forms of LASS3 transcripts LASS3-long
and LASS3 respectively. RT-PCR was performed on mouse testis
cDNA (TaKaRa Bio, Shiga, Japan) using LA-TaqTM DNA poly-
merase with a GC buffer (TaKaRa Bio) and primers mRT-1 (5′-
GGTCTCTGCAAGAATTTCAGGGCTTACG-3′) and mLASS3
L1 (5′-CATCATGATCTTCCAGGTCTGAC-3′) for LASS3-long
or mRT-2 (5′-CGAAGCTAACATATCCTTTTCTTCATTG-3′)
and mLASS3 L1 for LASS3. To prepare mammalian expression
plasmids encoding LASS3 or LASS3-long, these two mouse LASS3
isoforms were each amplified from mouse skin total RNA using
the SuperScript® One-Step RT-PCR system with Platinum® Taq
(Invitrogen) and primers mLASS3-BamHI-U1 (5′-CGGATCC-
ATGTTTCAGACGTTTAGAAAATGG-3′) and mLASS3-L2 (5′-
CTAACGGCCATGCTGACCATTG-3′) for LASS3 or mLASS3-
BamHI-U2 (5′-CGGATCCATGAGGTGTGTTGCTCATGAG-
3′) and mLASS3-L2 for LASS3-long. The amplified fragments
were cloned into a pGEM-T Easy vector to generate pGEM-
LASS3 (BamHI) and pGEM-LASS3-L (BamHI).

The pcDNA3-HA-LASS3 and pcDNA3-HA-LASS3-L plas-
mids, which encode N-terminal HA (haemagglutinin)-tagged
LASS3 and LASS3-long respectively, were constructed by clon-
ingthe1.2 kbBamHI–NotIfragmentofpGEM-LASS3(BamHI)or
1.3 kb BamHI–NotI fragment of pGEM-LASS3-L (BamHI) into
the BamHI–NotI site of the pcDNA3-HA-1 vector [14]. The pCE-
puro-3 × FLAG-LASS3 plasmid, which encodes an N-terminal
triple FLAG (3 × FLAG)-epitope-tagged LASS3, was construc-
ted by cloning the 1.2 kb BamHI–NotI fragment of pGEM-LASS3
(BamHI) into the BamHI–NotI site of the pCE-puro 3 × FLAG-1
vector [15]. The pcDNA3-HA-LASS6 plasmid, which encodes
N-terminal HA-tagged LASS6, was constructed as described
previously [9].

pAKNF316 (URA3 marker) is a yeast vector designed for N-
terminal, 3 × FLAG-tagged protein expression under the control
of the TDH3 promoter. pAKNF-3 × FLAG-LASS3 was construc-
ted by cloning a 1.2 kb BamHI–NotI fragment of the pGEM-
LASS3 (BamHI) plasmid into the BamHI–NotI site of
pAKNF316. The pYES2 plasmid (Invitrogen) is a 2 µ-based
cloning vector (URA3 marker) under the control of GAL1 pro-
moter. pYES2-3 × FLAG-LASS3 was constructed by cloning the
1.3 kb EcoRI–EcoRI fragment of pCE-puro 3 × FLAG-LASS3
into the EcoRI site of pYES2.

(Dihydro)ceramide synthase and [3H]dihydrosphingosine
labelling assays

An in vitro (dihydro)ceramide synthase assay was performed as
described previously [9]. HEK-293T cells transfected with the
indicated plasmids were suspended in buffer A [50 mM Hepes/
NaOH (pH 7.5), 1 × protease inhibitor mixture (CompleteTM

EDTA free; Roche Diagnostics, Indianapolis, IN, U.S.A.) and
0.5 mM dithiothreitol] and lysed by sonication. The resulting total
cell lysates (50 µg of protein) were mixed with 5 µM dihydro-
sphingosine (Biomol, Plymouth Meeting, PA, U.S.A.), 0.2 µCi
of [4,5-3H]dihydrosphingosine (50 Ci/mmol; American Radio-
labeled Chemicals, St. Louis, MO, U.S.A.), 25 µM fatty acyl-
CoA, 1 mM MgCl2 and 0.1% digitonin in buffer B [50 mM
Hepes/NaOH (pH 7.5) and 0.5 mM dithiothreitol] in a final vol-
ume of 100 µl and incubated at 37 ◦C for 30–60 min. The lipids
were extracted by the method of Bligh and Dyer [16]. The
dried lipids were resuspended in 30 µl of chloroform/methanol
(2:1, v/v), and separated on Silica Gel 60 TLC plates (Merck,
Whitestation, NJ, U.S.A.), using chloroform/methanol/2 M am-
monium hydroxide (40:10:1, by vol.) as the solvent system.

In labelling assays, HEK-293T cells transfected with plasmids
were incubated for 6 h with or without 20 µM FB1 (fumonisin B1,
a mycotoxin produced by the fungus Fusarium moniliforme), then
metabolically labelled by incubation with 1.0 µCi of [4,5-3H]-
dihydrosphingosine at 37 ◦C for 3 h. The cells were washed with
PBS, followed by lipid extraction as described previously [17].
The labelled lipids were separated on Silica Gel 60 high-perform-
ance TLC plates (Merck) using a solvent system of chloro-
form/methanol/acetic acid (190:9:1, by vol.). The plates were
sprayed with the fluorographic reagent En3HanceTM (PerkinElmer
Life Sciences, Woodbridge, Ont., Canada), dried, and exposed to
X-ray films at −80 ◦C.

Northern-blot analysis

Analysis was performed on 20 µg of total RNA from adult mouse
tissues (Seegene, Seoul, Korea). The LASS3 probe was prepared
from a DNA fragment corresponding to the C-terminal 600 bp
of the LASS3 open reading frame, which had been amplified from
pGEM-LASS3 using the primers mLASS3-U3 5′-CGCTCATG-
TCATCCACCACCTG-3′ and mLASS3-L2. The amplified frag-
ment was then labelled with [32P]dCTP using a Random Primer
DNA labeling Kit (TaKaRa Bio). Hybridization was carried out
in ExpressHyb buffer (TaKaRa Bio) for 4 h at 68 ◦C.

Immunoblotting

Total cell lysates used in the (dihydro)ceramide synthase assay
were also analysed by immunoblotting, which was performed
as described previously [9]. The anti-HA antibody HA7 (1:2000
dilution; Sigma, St. Louis, MO, U.S.A.) was used as the primary
antibody. A 1:5000 dilution of horseradish-peroxidase-conjugated
donkey anti-mouse IgG F(ab′)2 fragment (Amersham Biosciences,
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Figure 1 Amino acid sequence of mouse LASS3

(A) Comparison of the mouse and human LASS3 amino acid sequences (GenBankTM accession numbers, DQ646881/DQ358087 and BC034970, respectively) is shown. LASS3-long contains 36
additional amino acid residues at the N-terminus. Conserved amino acids are shown in bold. The Lag1 motif is enclosed by a box. The clusters of Glu residues, characteristic of LASS3 proteins,
are indicated by double underlining. The TopPredII program [18] predicted that LASS3 comprises up to six TM spanning domains, shown here underlined. TM1, TM2, TM4 and TM5 each exhibited
high probability scores (TM1, 1.1948; TM2; 1.4104, TM4, 1.3427; TM5, 1.8896), whereas the scores for TM3 and TM6 were relatively low (1.0630 and 1.0260 respectively). Taking the topology
model of LASS6 [9] into consideration, we propose that only five domains, TM1, TM2, TM4, TM5 and TM6 (continuous underlining) span the membrane and that TM3 (broken underlining) does
not. (B) The mRNA expression of LASS3 and LASS3-long was determined by RT-PCR using mouse testis cDNA as detailed in the Materials and methods section. (C) The first and second exons of
LASS3-long, the first exon of LASS3, and the primers used in (B), are shown.

Piscataway, NJ, U.S.A.) was used as the secondary antibody.
Labelling was detected using an enhanced chemiluminescence
(ECL®) system kit; Amersham Biosciences).

ESI-MS (electrospray-ionization MS)

HEK-293T cells were grown in 100-mm-diameter plastic culture
dishes and transfected with the indicated plasmids. At 24 h after
transfection, the cells were incubated with or without 20 µM
FB1 for a further 24 h, then washed twice with PBS. The lipids
were extracted twice in 10 ml of chloroform/methanol (2:1, v/v),
each time at 40 ◦C for 1 h, then evaporated under nitrogen. Lipids
were resolved by TLC on Silica Gel 60 plates with chloroform/
methanol/acetic acid (190:9:1, by vol.). Ceramide bands co-
migrating with a ceramide standard were scraped from the TLC
plates, extracted with chloroform/methanol (2:1, v/v) and evapor-
ated. Each ceramide obtained was then dissolved in chloroform/
methanol (3:2, v/v), which included C14:0-ceramide (C14:0 fatty acid
with sphingosine) as an internal standard, and subjected to ESI-
MS. ESI-MS measurements were performed in negative mode
using an MStation (JMS-700TZ). Measurement conditions for the

ESI-MS were: needle voltage, 2.0 kV; ring lens voltage, 80.0 V;
resolution, 3000; and sample flow, 40 µl/min.

RESULTS

Identification of mouse LASS3

Although five of the six mammalian LASS members have pre-
viously been characterized [9–12], LASS3 has not. Therefore, we
prepared mouse LASS3 cDNA for comparison with other mouse
LASS cDNAs which we had prepared and analysed in a previous
study [9]. To identify the mouse LASS3 gene, the GenBankTM

database was searched for sequences similar to the human LASS3
gene (GenBankTM accession number BC034970). The cDNA
predicted by the mouse genomic sequence XM 907730 shared
high similarity with the human LASS3 gene. RT-PCR analysis
revealed that the corresponding mRNA does exist in mouse testis
(Figure 1B); we named this cDNA LASS3-long. LASS3-long
cDNA encodes 419 amino acids, a sequence longer than the
human LASS3 protein, with 36 additional amino acids at the N-
terminus (Figure 1A). Further comparison between the genomic
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structures of the mouse LASS3-long gene and the human LASS3
gene revealed that the mouse LASS3-long gene contains an
additional exon not present in the human LASS3 gene (Figure 1C).
Transcription of this exon results in the production of the added
amino acids at the N-terminus of the protein. However, LASS3-
long contains a methionine residue (Met37) that corresponds to the
first methionine residue of human LASS3. Therefore we examined
the possibility that translation of another LASS3 protein is also
initiated at the Met37 as a result of an alternative transcription ini-
tiation site. We prepared a primer corresponding to the 5′-upstream
sequence of the exon 2 of LASS3-long and performed RT-PCR on
testis cDNA. As shown in Figure 1(B), the short cDNA, called
simply LASS3, was indeed amplified. This result suggests that
the mouse has two isoforms of LASS3 mRNA that differ in their
transcription initiation sites.

The mouse LASS3 gene encodes 383 or 419 amino acids with
a predicted molecular mass of 46.1 or 50.0 kDa. LASS3 shares
78.6% identity and 92.7% similarity with human LASS3. Of the
other mouse LASS members, it exhibits the highest homology
with LASS2 (53.2 % identity, 68.9% similarity) and the lowest
homology with LASS1 (26.1% identity, 36.0% similarity). Like
other LASS members, LASS3 contains a highly conserved Lag1
motif (Figure 1A, box). In contrast with the N-glycosylated
LASS2, LASS5 and LASS6, LASS3 has no putative N-glycosyl-
ation site [9]. The TopPredII program [18] predicted that LASS3
has up to six TM (transmembrane) spanning domains. In light
of our recently published topology model for mouse LASS6 [9],
we propose that LASS3 traverses the membrane five times via
domains TM1, TM2, TM4, TM5 and TM6 (Figure 1A, continuous
underline). In addition, clusters of Glu residues, characteristic of
LASS3 proteins, were observed in the C-terminal hydrophilic
region (Figure 1A, double underline).

(Dihydro)ceramide synthase activity of LASS3

To investigate the enzyme activity of LASS3, HEK-293T
cells were transiently transfected with pcDNA3-HA-LASS3 and
pcDNA3-HA-LASS3-L, encoding N-terminally HA-tagged
LASS3 (HA-LASS3) and LASS3-long (HA-LASS3-long) re-
spectively. Immunoblotting with an anti-HA antibody confirmed
the expression of these proteins (Figure 2A). Using these cells,
we examined the involvement of LASS3 and LASS3-long in cera-
mide synthesis as determined by a [3H]dihydrosphingosine labell-
ing assay (Figures 2B and 2C). Cells transfected with the control
vector produced two ceramide bands corresponding to long-chain
(upper) and short-chain (lower) ceramides (Figure 2B). These
bands disappeared in the presence of FB1, a ceramide synthase
inhibitor known to inhibit endogenous ceramide synthase activity
but not the activity of overproduced LASS members (for an
unknown reason) [9,10,12]. Consistent with a previous report [9],
overproduction of the positive control LASS6 increased short-
chain ceramide in the presence or absence of FB1 (Figure 2B),
but with FB1 treatment the long-chain ceramide band produced
by endogenous ceramide synthase disappeared. Overproducing
LASS3, on the other hand, induced production of long-chain
ceramide in the absence of FB1, and production of middle- and
long-chain ceramides in the presence of FB1. These bands mi-
grated faster than the ceramide band produced by LASS6 that was
previously determined to be C16:0 [9]. These results suggest that
LASS3 proteins are involved in the synthesis of middle- to long-
chain ceramides. Furthermore, overproduction of LASS3-long
(Figure 2C) produced ceramide bands similar to those observed
in LASS3-overproducing cells in both level and chain length,
suggesting that the two proteins are indistinguishable in enzyme
activity and substrate specificity.

Figure 2 (Dihydro)ceramide synthase activity of LASS3

HEK-293T cells were transfected with pcDNA3-HA (vector), pcDNA3-HA-LASS3 (LASS3),
pcDNA3-HA-LASS3-L [LASS3-long (LASS3-L)] or pcDNA3-HA-LASS6 (LASS6) as indicated.
(A) Total cell lysates (5 µg of protein) were separated on an SDS/10 %-(w/v)-polyacrylamide
gel then transferred to a membrane. Immunoblotting was then performed using an anti-HA
antibody. (B) Transfected cells were incubated with 1 µCi of [3H]dihydrosphingosine for 3 h in
the absence or presence of FB1 (20 µM). Lipids were extracted, separated by TLC, and visualized
by autoradiography. (C) Transfected cells were incubated with 1 µCi of [3H]dihydrosphingosine
for 3 h in the presence of FB1 (20 µM). Lipids were extracted, separated by TLC, and detected
by X-ray film.

We examined the ceramide species produced by LASS3 in
more precise detail. We prepared ceramides from LASS3-over-
producing cells grown in the absence and presence of FB1 and
analysed the lipids by ESI-MS. In samples from vector-transfected
cells (Figure 3A), three major peaks were detected that corres-
ponded to two C16:0-ceramide species [C16:0 fatty acid with a
d18:1 (sphingosine) or a d18:0 (dihydrosphingosine) sphingoid
base] and one C24:0-ceramide (C24:0 fatty acid with sphingosine).
C18:0- and C22:0-ceramides were also detected as minor peaks. The
addition of FB1 resulted in marked decreases in all ceramide
species (Figure 3B). Overproduction of LASS3 in the absence
of FB1 caused increased levels of C18:0-, C22:0- and, most notably,
C24:0-ceramides (Figure 3C). In the presence of FB1, the LASS3-
overproducing cells exhibited increases in C18:0-, C20:0-, C22:0- and
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Figure 3 Fatty acid composition of ceramides in mouse LASS3-transfected cells

HEK-293T cells transfected with pcDNA3-HA (vector) (A and B) or pcDNA3-HA-LASS3 (C and D) were incubated for 24 h in the absence (A and C) or presence (B and D) of 20 µM FB1. Total lipids
were prepared from the cells and separated by TLC. Ceramide bands were scraped from the TLC plate, extracted, and analysed by ESI-MS using the negative-ion mode. The measured m/z negative
molecular ion [M + Cl]− signals as well as the assigned ceramides species are shown. C14:0-ceramide was added as an internal standard (I. S.). Values are relative to those associated with the
internal standard.

C24:0-ceramides (Figure 3D). In this case, though, the increase
in C18:0-ceramides was most prominent. These data indicate that
LASS3 exhibits relatively low substrate specificity toward fatty
acyl-CoAs. Similar results were obtained for LASS3-long (results
not shown), therefore we used only LASS3 for further analysis.

In vivo results might reflect not only the substrate preference
of LASS3, but also the availability of cellular fatty acyl-CoAs.

We therefore performed an in vitro (dihydro)ceramide synthase
assay using various fatty acyl-CoAs and [3H]dihydrosphingosine
(Figure 4A). Total cell lysates prepared from vector-transfected
cells exhibited the highest activity toward C16:0-CoA and C18:0-
CoA. On the other hand, lysates prepared from LASS3-over-
producing cells showed significant activity toward several fatty
acyl-CoAs, including C18:0-, C22:0-, and C24:0-CoA, with the highest
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Figure 4 In vitro (dihydro)ceramide synthase activity of LASS3 toward fatty
acyl-CoAs of various lengths

(A) Total cell lysates (50 µg of protein) prepared from HEK-293T cells transfected with
pcDNA3-HA (vector) or pcDNA3-HA-LASS3 (LASS3) were incubated for 60 min at 37◦C
with 0.2 µCi of [3H]dihydrosphingosine (50 Ci/mmol) in 5 µM unlabelled dihydrosphingosine
and the indicated fatty acyl-CoA (25 µM) in assay buffer containing 0.1 % digitonin. Lipids
were extracted, separated by TLC, and visualized by autoradiography. (B) Total lysates
(50 µg of protein) were prepared from HEK-293T cells transfected with pcDNA3-HA-LASS3.
Lysates were incubated for 30 min at 37◦C with 0.2 µCi of [3H]dihydrosphingosine in
5 µM dihydrosphingosine and increasing concentrations of the indicated fatty acyl-CoA.
Lipids were detected by X-ray film and the density measured using the Image J program
(http://rsb.info.nih.gov/ij/index.html).

activity for C18:0 (Figure 4A). C16:0-, C20:0-, and C26:0-CoA were also
used as substrates by LASS3, albeit weak ones (Figure 4A). We
further investigated the ceramide synthase activity of LASS3-
overproducing cells using increasing concentrations of C18:0-,
C22:0-, or C24:0-CoA (Figure 4B). LASS3-overproducing cells syn-
thesized ceramide from C18:0-CoA with the highest activity at all
concentrations tested. This in vitro result is quite consistent with
the above in vivo results and, together, they indicate that LASS3
has distinct, but broad, substrate preference with regard to fatty
acyl-CoAs. This is in contrast with other LASS family members
with more specific substrate specificities [9].

Testis-specific expression of LASS3

LASS family members have been shown to differ in tissue-specific
expression patterns [9,12]. To see the tissue distribution of mouse
LASS3, we performed a Northern-blot analysis using total RNAs
from 13 different tissues (Figure 5). A strong 3.4 kb band of
LASS3 was detected in testis. This band was barely detectable
in skin (results not shown) and not observed in female-specific
tissues such as ovary and placenta (Figure 5). Thus LASS3 is a
highly testis-specific (dihydro)ceramide synthase.

Figure 5 Tissue distribution of mouse LASS3 mRNA

A 32P-labelled LASS3 probe was hybridized to total RNA from 13 different mouse tissues
(20 µg/lane) (upper panel). The lower panel shows a photograph of the ethidium bromide-stained
gel, demonstrating similar levels of 18 S and 24 S ribosomal RNAs. d.p.c.; days post coitum.

LASS3 activity in the absence of Lip1 in yeast

It has remained unclear whether LASS members are (dihydro)-
ceramide synthases or regulators. In yeast, Lip1 forms a complex
with Lag1 or Lac1 and is essential for (dihydro)ceramide synthesis
activity [7]. However, in mammals there is no known Lip1
homologue, and it has been suggested that LASS family members
alone are responsible for mammalian (dihydro)ceramide synthesis
activity [8]. To test this hypothesis further, we examined the
requirement of Lip1 for the (dihydro)ceramide synthesis activity
of LASS3 in yeast. We introduced the pAKNF-3xFLAG-LASS3
plasmid (URA3 marker), which encodes 3 × FLAG-LASS3 under
the control of the TDH3 promoter, into the yeast diploid strain
YMY08 (LIP1/�lip1::LEU2). The resulting diploid strain was
sporulated, and tetrads were dissected. After incubation on YPD
plates for 2–3 days, we detected two large and two small colonies
(Figure 6A). By contrast, a diploid strain bearing only the vec-
tor (Figure 6A) or the plasmid expressing yeast Lag1 (results not
shown) produced only two colonies. Judging from their leucine
and uracil auxotrophy, the two slow-growth colonies were �lip1
cells bearing pAKNF-3xFLAG-LASS3 (results not shown).

We also confirmed the rescue of �lip1 cells by LASS3 by
another expression system. Using the yeast haploid strain KA31-
1A, which harbours the plasmid pYES2-3 × FLAG-LASS3 under
the control of the inducible GAL1 promoter, we replaced the
LIP1 gene with �lip1::LEU2. The resulting strain (YMY16),
bearing pYES2-3xFLAG-LASS3, was able to grow on medium
that included galactose, but not on that which included glucose
(Figure 6B). These results suggest that mouse LASS3 can function
even in the absence of Lip1.

DISCUSSION

In the present study we have cloned and characterized the mouse
LASS3 gene. This gene is the last known mammalian LASS gene to
be characterized, and thus the analysis of the known LASS family
members has been completed by this study. Each mammalian
LASS protein exhibits a characteristic fatty acyl-CoA substrate
preference, as well as specific tissue expression. LASS3 produces
C18:0-ceramide preferentially, but also other middle- to long-chain
ceramide species. Thus LASS3 is a (dihydro)ceramide synthase
with relatively broad substrate specificity.

ESI-MS analysis demonstrated that LASS3 overproduction
stimulated the generation of the same set of ceramide species in the
absence or presence of FB1, although the ceramide compositions
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Figure 6 LASS3 can function in the absence of Lip1

(A) Four tetrads were dissected from the heterozygous diploid yeast strain YMY08 (�lip1::LEU2/
LIP1), harbouring a vector (left panel) or pAK-3xFLAG-LASS3 (3 × FLAG-LASS3; right panel).
The spores were grown on a YPD plate for 3 days at 30◦C. (B) YMY16 cells (�lip1::LEU2)
bearing pYES-3xFLAG-LASS3 were grown either on a YPGal plate (2 % galactose, left panel) or
a YPD plate (2 % glucose, right panel) for 3 days at 30◦C.

differed. C24:0-ceramide was increased the most in the absence of
FB1, but C18:0-ceramide increased in its presence (Figure 3). How-
ever, in in vitro (dihydro)ceramide synthase assays with a variety
of fatty acyl-CoAs, lysates prepared from LASS3-overproducing
cells grown without FB1 exhibited the highest activity toward
C18:0-CoA (Figure 4). Thus it is highly likely that the difference
of the LASS3 effects on the ceramide species in vivo between
FB1-treated and untreated cells is caused by altered availability of
certain fatty acyl-CoAs.

In mammals, ceramides exhibit a tissue-dependent bias regard-
ing their amide-linked fatty acid chain length. In addition to the
availability of certain fatty acyl-CoA species, differences in the ex-
pression levels of LASS family members may also contribute to
tissue-specific ceramides. For example, C16:0 is the most abundant
fatty acid moiety among short-chain ceramides in most tissues
[19], yet C18:0-ceramide is the major short-chain ceramide in
brain [19,20], which exhibits high expression levels of the C18:0-
specific (dihydro)ceramide synthase LASS1 [10]. In the present
study we found that LASS3 exhibits a testis-specific distribution
pattern (Figure 5). We previously found that LASS5 and LASS6
are also expressed in testis, but little LASS2, and no LASS1 or
LASS4 [9]. Since LASS5 and LASS6 are specific for short-chain
ceramides, LASS3 may play an important rôle in the pro-
duction of long-chain ceramides in this gland. Gangliosides from
bovine and boar testis are known to induce many ceramides with
long-chain (20–24 carbon atoms) fatty acids and fewer with short-
chain [21,22]. In addition, mouse testis glycosphingolipids that are
essential for spermatogenesis and male mouse fertility reportedly
carry polyunsaturated very-long-chain and hydroxylated fatty
acids [23]. Unfortunately, these fatty acids were not available
to test the ability of LASS3 to use them as substrates. However,

it is quite possible that LASS3 is responsible for the production
of these unique ceramide species, considering its broad substrate
specificity.

In yeast, Lag1p/Lac1p co-immunoprecipitates with an addi-
tional, essential subunit, Lip1p [7]. In mammals, however, no
homologue of Lip1p has been found. Purified LASS5 has been
shown to exhibit (dihydro)ceramide synthesis activity in vitro in
the absence of any additional protein [8]. In the present study,
LASS3 was able to function in the �lip1 cells (Figure 6), further
suggesting that no Lip1 or similar protein is required for its
(dihydro)ceramide synthase activity.

Although it is now known that each LASS member produces
ceramides with specific chain-lengths, knowledge regarding the
physiological function of each ceramide species is still limited.
Ceramide is known to function in several cellular processes, such
as apoptosis, the cell cycle and differentiation [1–3]. By over-
producing certain LASS proteins, specific functions for each cer-
amide species might be determined. Future studies using knock-
out models for each LASS gene will also be needed.

We thank Seiko Oka (Center for Instrumental Analysis in our University) for assistance
with the ESI-MS, and Dr Elizabeth A. Sweeney for editing and preparing the manuscript
prior to submission.
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