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Summary
In mammals, ceramide, a key intermediate in sphingolipid metabolism and an important signaling
molecule, is synthesized by a family of six ceramide synthases (CerS), each of which synthesizes
ceramides with distinct acyl chain lengths. There are a number of common biochemical features
between the CerS, such as their catalytic mechanism, and their stucture and intracellular
localization. Different CerS also display remarkable differences in their biological properties, with
each of them playing distinct roles in processes as diverse as cancer and tumor suppression, in the
response to chemotherapeutic drugs, in apoptosis, and in neurodegenerative diseases.
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Ceramide Synthesis
Sphingolipids (SLs) are one of the three major classes of membrane lipids in eukaryotic
cells. The building block of all SLs is ceramide, which has received wide attention over the
past couple of decades due to its proposed role as an important intracellular signaling
molecule involved in regulating differentiation, proliferation and apoptosis (1,2). Ceramide
consists of a sphingoid long chain base to which a fatty acid is attached via an amide bond.
The biochemical pathways of ceramide and SL synthesis are well-established and most of
the enzymes have been identified and cloned (3). However, despite significant advances in
understanding the pathways of biosynthesis, little is known about the mode of regulation of
ceramide synthesis in different physiological or pathophysiological conditions.

Ceramide is generated de novo (Fig. 1) in the endoplasmic reticulum (ER) by a pathway that
begins with the condensation of L-serine and palmitoyl-CoA by serine palmitoyl transferase
(4) generating 3-ketosphinganine, which is then reduced to sphinganine via 3-
ketosphinganine reductase (5). This is followed by acylation of sphinganine via sphinganine
N-acyl transferase to dihydroceramide, and subsequent reduction of dihydroceramide to
ceramide by dihydroceramide desaturase. While de novo ceramide synthesis occurs in the
ER, further metabolism to sphingomyelin and glycosphingolipids occurs in the Golgi
apparatus (3), with ceramide being transported from the ER to the Golgi apparatus by either
vesicular trafficking or by the ceramide transfer protein, CERT (6).

This review focuses on the acylation of sphinganine by sphinganine N-acyl transferase, a
reaction carried out in mammals by a family of six enzymes, the ceramide synthases (CerS).
This reaction turns out to be unexpectedly complex and has been the focus of intense
research over the past few years. The first comprehensive review of CerS biochemistry was
published in 2006 (7), and the current review serves to update this earlier publication. We
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hope that readers will appreciate the dramatic progress made in this area, and the intense
efforts being made to dissect the complexity of CerS biochemistry and biology.

The Discovery of the Ceramide Synthases
CerS were originally known as Lass (Longevity Assurance) genes based on their homology
to the yeast protein, longevity assurance gene 1 (LAG1p) (8-10), but were renamed upon
their biochemical characterization (7). The most prominent feature of the CerS is that even
though they all carry out the same chemical reaction (i.e. N-acylation of the sphingoid long
chain base), each CerS has a high specificity towards the acyl CoA chain length used for N-
acylation. Thus, the CerS are responsible for the fatty acid composition of ceramides (Fig.
2).

The founding member of the Lass gene family (Table 1) was discovered in yeast >15 years
ago (11). Since LAG1 deletion prolonged the life span of S.cerevisiae by ∼50%, it was
named LAG1. LAC1 was then identified as a close homolog of LAG1, and a double deletion
of the two genes resulted in lethality (12) or poor-growth (13). LAG1 and LAC1 were
subsequently shown to be required for the synthesis of the very long chain (C26) ceramides
found in yeast (14). Once the human homolog of LAG1 was cloned, it was shown to be able
to complement LAG1 in yeast longevity (11).

In 1991 a mammalian gene, upstream of growth and differentiation factor-1 (UOG-1), was
discovered while screening for transforming growth factor-β family members, and was
found to be expressed as part of a bicistronic RNA together with growth/differentiation
factor-1 (gdf1) (15). Replica plating demonstrated that it was able to functionally
complement the LAG1 and LAC1 double deletion in yeast (12). However, it was not until
2002 that UOG-1 was defined as the first mammalian CerS, when its over-expression
resulted in increased ceramide synthesis in mammalian cells; remarkably, the ceramides
produced by UOG-1 only contained one kind of fatty acid, namely stearic acid (C18) (8).
Subsequent bioinfomatics analyses (12,16,17) revealed additional mammalian Lag
homologs, originally characterized as translocating chain-associating membrane protein
homologs (TRH) (8,10), with the ceramides synthesized by TRH1 shown to contain stearic
(C18) and arachidic (C20) acids, whereas ceramide synthesized by TRH4-overexpressing
cells were preferentially enriched in palmitic acid (C16) (10). Six mammalian homologs are
now known (Table 1) with each using a relatively restricted sub-set of acyl CoAs for
ceramide synthesis. The CerS can be divided up into those with homology to fungal Lag1p
homologs and to UOG1/CerS1, or to those with homology to a subfamily (CerS2-6)
containing a homeobox-like domain (17).

Ceramide Synthases: Common Features
Identification of the active site

Little work has been done on structure-function characterization of the CerS. However, the
importance of the Lag1p motif in CerS activity has been demonstrated by site-directed
mutagenesis (18). Within this motif, two conserved histidine residues appear to play a key
role in catalysis and/or substrate binding (16), since their mutation in mammalian CerS1
(18) or in yeast Lag1 adversly affects catalytic activity (19), although no direct proof of their
role in catalysis has been provided.

Reaction mechanism
As discussed above, the most prominent features of the CerS is their use of a restricted sub-
set of acyl CoAs for N-acylation. Thus, each CerS shows a similar Km towards sphinganine
(20), even when different CoAs are used; for instance, CerS4, which can use either C18- or
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C20-CoA (10), has a similar Km towards sphinganine of ∼2 μM irrespective of the fatty
acid (20), suggesting that the sphinganine binding site is similar between the different CerS.
Nothing is known about the binding sites for acyl CoA or for sphinganine, but a recent study
using the sphinganine analog, FTY720, gave some clues about the mode of substrate binding
(21). Surprisingly, FTY720 inhibited CerS activity by non-competitive inhibition towards
acyl CoA and uncompetitive inhibition towards sphinganine. Uncompetitive inhibitors bind
to enzymes only after formation of an E-S complex, with this type of inhibition most
commonly encountered in multi-substrate reactions where the inhibitor is competitive with
respect to one substrate but uncompetitive with respect to another. Thus, sphinganine
appears to first bind to CerS forming an E-S (CerS-sphinganine) complex, and only after
formation of this complex, can FTY720 bind. Alternatively, there may be two sphinganine
binding sites which act allosterically with respect to one another, or CerS themselves may
form dimers which interact allosterically.

Structural features
CerS contain a unique C-terminal domain, the TLC domain, named after the three protein
families in which it was originally found (Tram, Lag and CLN8) (16). Mammalian and yeast
CerS have anywhere between 5-8 transmembrane domains, depending on the alogorithm
used to identify putative transmembrane domains (19,22). Mammalian CerS also contain a
putative glycosylation site at the N-terminus (at NX(S/T)) (22), but it is not known whether
the topology of this residue is consistent with it being actively glycosylated. All of the
mammalian CerS, apart from CerS1, have a Hox-like domain. The Hox domain is derived
from homeobox proteins, sequence-specific transcription factors important in development
(23). However, the first 15 amino acids of this domain are missing in CerS, as is the key
residue (N51) involved in DNA binding; therefore it is unlikely that the Hox-like domain
functions as a genuine transcription factor. The majority of the Hox-like domain is not
required for catalytic activity (24), although a highly conserved region of 12 amino acids at
the C-terminus of the Hox-like domain is essential for CerS5 and CerS6 activity, with two
positively charged conserved residues (K134, K140) in this region critical for catalytic
activity (24).

Intracellular localization
The subcellular location of the CerS proteins is the ER (8,10,19,22,25-27), although it
should be emphasized that most of these studies have been performed with ectopically-
expressed proteins since specific antibodies are not readily available to most endogenous
CerS proteins (with the exception of CerS6). CerS has been partially purified from a
mitochondria-enriched fraction (28), the major cellular site of apoptosis regulation (29), but
as with all subcellular fractionation, careful analysis of the extent of contaminating
membranes must be performed. CerS have also shown to be associated with mitochondria
upon mitochondrial injury in cerebral ischemia/reperfusion (30).

Regulation
Little is known about how and whether CerS are regulated post-translationally. There is
some evidence supporting a role for phosphorylation of some of the CerS; thus, activation of
protein kinase C (PKC) increases de novo ceramide synthesis (31), which was attributed to
up-regulation of CerS5 activity (32). Data from high performance mass spectrometry
support a suggestion that mouse liver CerS2 and CerS5 might be phosphorylated (33).
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Ceramide Synthases: Distinctive Features
CerS1

CerS1, which synthesizes C18-ceramide (8), is structurally and functionally distinctive from
the other CerS and is found on an entirely separate branch of the phylogenetic tree (7).
Moreover, it is the only CerS that does not contain a Hox-like domain (17,22). Since CerS1
was the first mammalian CerS to be identified, the number of studies on CerS1 is relatively
high compared to other CerS.

Non-catalytic subunits—The lack of a hox-like domain in CerS1 is perhaps not
surprising since CerS1 is most closely related to yeast Lag1 (7), and yeast CerS do not
contain a Hox-like domain. However, yeast Lag1p requires another protein, Lip1, for its
activity (34). Although CerS1 has not been purified to homogeneity, there is currently no
data implying that it requires an additional subunit for its activity. CerS5, in contrast, has
been purified, but no additional subunits were co-purified after immunoprecipitation (35).
These data suggest a unique role for Lip1p in yeast that is not required in mammalian cells.

Tissue distribution—Since specific antibodies for use in immunofluorescence studies are
not available for most of the the endogenous CerS proteins, studies on the tissue distribution
of these enzymes (Fig. 3) are limited to analyses of their mRNA levels. CerS1 was originally
found to be mainly expressed in brain and at low levels in skeletal muscle and testis (22),
which was later confirmed by real-time PCR (10,27,36). Analyses of CerS1 distribution in
brain tissue by in situ-hybridization revealed that CerS1 was expressed in most neurons but
only at low or undetectable amounts in cells of the white matter (37). CerS1 was slightly up-
regulated postnatally, which may reflect the synthesis of neuronal plasma membranes. The
high level of CerS1 in neurons is consistent with the acyl chain composition of neuronal
SLs, which comprises mainly C18-fatty acids (37). Whether CerS1 is also involved in
inherited metabolic disorders, such as ceroid lipofuscinoses (38), requires further study.

Cancer and chemotherapeutic drugs—A role for CerS1 in the regulation of the
growth of head and neck squamous cell carcinoma (HNSCC) has been suggested, based on
data demonstrating the down-regulation of C18-ceramide in the majority of HNSCC tissues
compared to adjacent normal tissue, which was not detected in nonsquamous tumors (39).
Moreover, the balance between levels of C16-and C18-ceramide may be related to the
development of HNSCC tumor tissue (39,40), which is also associated with the state of
clinical progression of HNSCC (41).

CerS1 also has a unique role in regulating sensitivity to chemotherapeutic drugs. CerS1
sensitized human embryonic kidney cells to a wide range of drugs including cisplatin,
carboplatin, doxorubicin and vincristine, whereas CerS5 only sensitized cells to doxorubicin
and vincristine and CerS4 did not affect sensitivity to any of the drugs (42). Likewise, CerS1
plays an important role in the regulation of cell death in HNSCC cells via gemcitabine/
doxorubicin-induced caspase activation (43). Treatment of cultured chronic myeloid
leukemia cells with imatinib (a drug used to treat certain types of cancer) mediates the
generation of C18-ceramide via CerS1, which is involved in imatinib-induced apoptosis in
sensitive K562 cells; interestingly, overexpression of sphingosine kinase 1 (SK1) in
resistant-cells prevented cell death in response to imatinib by altering the balance between
C18-ceramide and sphingosine 1-phosphate (S1P) (44).

Degradation and translocation—Upon application of different stresses, including drugs
used in cancer chemotherapy, and ultra violet radition, CerS1 turns-over rapidly by
ubiquitination and proteasomal degradation, suggesting that it has a short half life (45).
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CerS1 is also phosphorylated in vivo, and activation of protein kinase C (PKC) increases its
phosphorylation (45), with turnover regulated by the opposing functions of p38 MAP kinase
and PKC, such that p38 MAP kinase acts as a positive regulator of turnover while PKC is a
negative regulator. Moreover, some drugs or stresses induce a novel and specific
translocation of CerS1 from the ER to the Golgi apparatus (46). These stresses cause a
specific cleavage of CerS1; the cleavage is dependent on the action of the proteasome, as
inhibition of proteasome function inhibits stress-induced CerS1 translocation, indicating that
proteolytic cleavage precedes translocation. Modulation of PKC showed that it plays a
central role in regulating CerS1 translocation. The study suggests that diverse stresses
initiate responses through different signaling pathways, which ultimately converge to
regulate CerS1 localization (46). Thus, CerS1 is uniquely regulated with respect to the other
CerS enzymes.

CerS2
CerS2 [also known as LASS2, TRH3 (10,47), SP260 (48) or LAG1Hs-2 (12)] was first
cloned in 2001 (49). It contains the conserved TLC domain and the Hox-like domain, and
synthesizes very long acyl chain ceramides (Table 1).

Tissue distribution—Early data obtained by Northen blot analysis demonstrated that
CerS2 is much more widely expressed than CerS1 and is found in at least 12 human tissues,
with high expression in kidney and liver, moderate expression in brain, heart, skeletal
muscle, placenta and lung, and low expression in colon, thymus, spleen, small intestine and
peripheral blood leukocytes (47). More recently, real time PCR analysis provided similar but
quantitative data, demonstrating that CerS2 mRNA is ubiquitously expressed and is highly
abundant in many tissues, especially in liver and kidney (27). In mouse brain, CerS2 is
predominantly expressed in oligodendrocytes and Schwann cells and is up-regulated during
the period of active myelination, suggesting that CerS2 might be responsible for the
synthesis of myelin SLs (37).

Genomic organization—CerS2 has a compact gene size, a low number of introns, short
5′- and 3′-UTRs, with a high percentage of surrounding chromosomal sequences containing
CpG and Alu elements, and contains a low percentage of LINE-1s. Further, CerS2 is located
within chromosomal regions that are replicated early within the cell cycle (50). CerS2
consists of features typical of a ‘housekeeping’ gene, although no other CerS genes exhibit
these characteristics (27).

Tumor Metastasis Suppressor Gene-1 (TMSG-1)—A truncated form of CerS2,
which lacks 150 residues at the N-terminus, is also highly expressed in kidney and in liver,
and was shown to inhibit colony formation of human hepatoma cells in vitro (49). Using
two-hybrid screens, a number of interactions were detected between the truncated form of
CerS2 and several membrane-associated receptors or transporters, but the relevance of these
interactions for full length CerS2 is not clear. Interestingly, mRNA levels of the truncated
form of CerS2 were extremely low in a metastatic cell line compared to a non-metastatic cell
line, prompting the naming of this protein as Tumor Metastasis Suppressor Gene-1
(TMSG-1) (51). The relationship between TMSG-1 and full length CerS2 is not known, but
it should also be noted that most of the CerS exists as splice variants which code different
isoforms. Understanding the role of these isoforms and their roles in regulating expression
of the full-length proteins (7) remains a challenge for the future. However, in one (9) of two
studies (9,52), CerS2 was able to restore SL biosynthesis in a ΔLAG1ΔLAC1 yeast strain
whereas TMSG-1 could not, suggesting that the biological role of TMSG-1 is unrelated to
ceramide synthesis.
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Regulation—The activity of CerS2 can be regulated by S1P, via interaction of S1P with
two residues that are part of an S1P receptor-like motif found only in CerS2 (27). Mutation
of each of these residues alone had no effect on S1P inhibition of CerS2 activity, but
mutation of both residues completely abolished the inhibitory effect of S1P on CerS2;
interestingly, lysophosphatidic acid, a lipid which has similar structural properties to S1P,
had no effect on CerS2 activity (21). The opposing functions that ceramide and S1P play in
signaling pathways suggests that this mode of regulation might be of significance in cell
physiology, and may provide a molecular explanaton for the so-called ceramide/S1P
rheostat (53), which proposes that the balance between S1P and ceramide determines
whether a cell survives or dies. Another possible role of CerS2 is in regulation of ER stress.
CerS2 knock-down resulted in the induction of autophagy and activation of the unfolded
protein response (UPR) (54). Interestingly, when CerS2 was knocked-down using siRNA,
other CerS showed increases in RNA but not protein levels (54).

Cancer and disease—Two recent studies have implicated CerS2 in breast cancer. In the
first (55), total ceramide levels were increased in malignant tumor tissue, with a noticeable
increase in levels of C16-, C24:1- and C24:0-ceramide, which correlated with an increase in
mRNA levels for CerS2, CerS4 and CerS6. In the second study (56), CerS2 and CerS6
mRNA levels were significantly elevated in cancer tissue compared to paired normal tissue,
with approximately half of the individuals showing elevated CerS2 and CerS6 mRNA. A
significant correlation was found between CerS2 and CerS6 expression, and between CerS4
and CerS2/CerS6 expression. Together these results suggest an important role for the CerS2
gene in breast cancer etiology or diagnosis.

CerS2 may also be involved in the control of body weight and food intake. Upon
administration of leptin (an adipocyte-derived hormone), a decrease in ceramide levels was
observed in rat white adipose tissue, as were expression levels of a number of genes in the
SL metabolic pathway, including CerS2 and CerS4 (57). In chickens, CerS2 is a T3- (thyroid
hormone) depressed gene (58). T3 inhibits secretion of growth hormone (GH) from the
pituitary gland (59) thereby inhibiting growth, suggesting a link between CerS2 and liver
growth and development via the T3 hormone.

CerS2 KO mice—Recently, a CerS2 null mouse was generated (60). In this mouse,
ceramide and downstream sphingolipids were devoid of very long (C22-C24) acyl chains,
consistent with the substrate specificity of CerS2. Unexpectedly, C16-ceramide levels were
elevated and as a result, total ceramide levels were unaltered. Levels of sphinganine were
also significantly elevated, by up to 50-fold. Differences were also observed in the
biophysical properties of lipid extracts isolated from liver microsomes, with membranes
from CerS2 null mice displaying higher membrane fluidity and showing morphological
changes (60). As a result of these changes, CerS2 null mice developed severe non-zonal
hepatopathy from about 30 days of age and displayed increased rates of hepatocyte
apoptosis and proliferation (61). In older mice, extensive and pronounced hepatocellular
anisocytosis was observed with widespread formation of nodules of regenerative
hepatocellular hyperplasia. Interestingly, even though CerS2 is found at equally high mRNA
levels in kidney and liver, there were no changes in renal function and no pathological
changes in the kidney. High throughput analysis of RNA expression in liver revealed up-
regulation of genes associated with cell cycle regulation, protein transport, cell-cell
interactions and apoptosis, and down-regulation of genes associated with intermediary
metabolism, such as lipid and steroid metabolism, adipocyte signaling and amino acid
metabolism (61). Thus, inhibition of very long acyl chain ceramide synthesis has a profound
effect on hepatocyte physiology and pathophysiology. Pathological changes were also
observed in the brain of these mice (62).
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In summary, CerS2 and perhaps its splice variants seems to be somewhat unique among the
CerS inasmuch as its expression levels changes in a number of disease states. This may be
related to the lack of redundancy of CerS enzymes to synthesize very long acyl chain
(C22-24) ceramides, which can only be synthesized by CerS2.

CerS3
CerS3 (also known as LASS3 or T3I), which synthesizes C24-ceramides and ceramides with
longer acyl chains, is found mainly in skin and testis (36,63). CerS3 is highly expressed in
keratinocytes (Table 1) and its expression increases during keratinocyte differentiation (64).
CerS3 is able to synthesize ceramides containing α-hydroxy (2-hydroxy) fatty acids, which
are abundant in the skin (65,66) where they are involved in maintaining the water
permeability barrier function (67). CerS3 is also found at high levels in testis (27) where it is
probably involved in sperm formation and androgen production (36). Cers3 mRNA is
limited to germ cells, where its levels are up-regulated >700-fold during juvenile testicular
maturation. Indeed, the increase in levels of glycosphingolipids containing very long chain
(C26-C32) polyunsaturated fatty acid (LC-PUFA), which are essential for spermatogenesis,
coincides with a strong elevation of CerS3 mRNA (63). In contrast, CerS3 was undetectable
by in situ hybridization in the brain or in sciatic nerve (37). Interestingly, CerS3 is the only
CerS for which splice variants have not been reported (7).

CerS4
CerS4 (also known as LASS4 (22) or TRH1 (10)) is perhaps the least studied of the CerS.
CerS4 synthesizes ceramide containing C18-22 fatty acids (10), and is expressed at highest
levels in skin, leukocytes, heart and liver (27); however, its absolute mRNA expression
levels in these tissues are significantly lower than those of other CerS, such as CerS2. Also,
unlike CerS1 and CerS5, CerS4 did not affect the sensitivity of cells to chemotherapeutic
drugs (42). Interestingly, CerS4 (and CerS2) expression was elevated in the brain of an
Alzheimer's disease mouse model (68). These changes are likely to be downstream to other
pathological pathways that are altered in Alzheimer's disease, although it should be noted
that levels of C20 and C24-ceramide were significantly elevated long before symptoms or a
cellular Alzheimer phenotype emerged (69).

CerS5
CerS5 (also known as LASS5 or TRH4 (10)) has been extensively studied, perhaps due to
its robust activity and due to its ability to synthesize C16-ceramide, which is often
considered to be an important pro-apoptotic ceramide. CerS5 was also the first mammalian
CerS to be purified (35). The activity of purified CerS5 was totally dependent on
exogenously-added phospholipids. However, no other subunits co-purified with CerS5,
demonstrating that mammalian CerS, at least CerS5, do not require additional subunits for
their activity, unlike yeast Lag1 which requires Lip1 (14,34,70). Interestingly, when human
CerS5 was expressed in a yeast Δlag1Δlac1ΔLip1 mutant (71), it was able to synthesize
C16-ceramides and the mutant survived in the absence of the C26-ceramides that are
normally found in yeast. This may suggest that the function of Lip1 is somehow related to
the synthesis of C26-ceramides by Lag1/Lac1.

Localization—CerS5 is the main CerS detected in lung epithelia. Knock-down studies in
lung epithelium using CerS5 siRNA or using fumonisin B1 reduced total CerS activity by
45% or 78%, respectively (72), demonstrating that CerS5 indeed contributes significantly to
ceramide synthesis in lung. In brain, CerS5 mRNA is detected in most cells within the gray
and white matter (37).
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Chemotherapeutic drugs—In a study examining the sensitivity of cells to
chemotherapeutic drugs, siRNA to CerS1 prevented gemcitabine/doxorubicin-induced
caspase-9 activation, whereas CerS4 or CerS5 siRNA did not have any effect (43). In
another study, neither CerS4 nor CerS5 were translocated to the Golgi apparatus upon
exposure to chemotherapeutic drugs, although CerS1 did translocate (42); moreover, cells
transfected with CerS5 showed an increase in sensitivity to doxorubicin and vincristine, but
not to cisplatin or carboplatin.

Apoptosis—De novo ceramide synthesis is an important trigger for Bax activation in
hypoxia/reoxygenation. Upon knocking down acid-sphingomyelinase and CerS5 activities in
NT-2 cells, Bax localization to mitochondria was attenuated (73). CerS5 expression was also
elevated following hypoxia/reoxygenation, suggesting that CerS5 may be important in
promoting ceramide up-regulation following hypoxia/reoxygenation, which results in
apoptosis.

Regulation—A splice variant of CerS5 (with early termination of translation in exon 10) is
expressed in lymphoma and other tumor cells and may be involved in tumor recognition by
the immune system (74). Unlike the CerS2 splice variant, TMSG, which is truncated at its
N-terminus is therefore unlikely to be active, the CerS5 splice variant results in loss of part
of the C-terminus, which is probably not involved in catalytic activity but may rather
regulate interaction with other proteins. Similarly, in response to p53 up-regulation, C16-
ceramide levels were increased in leukemia and colon cancer cells, as were levels of CerS5
mRNA in the leukemia cells, but not in the colon cancer cells (75). Unfortunately, the
promoter region of CerS5 has not been characterized, so the molecular details of how its
expression (and the expression of its splice variants) is transcriptionally up-regulated is
unknown. Nevertheless, CerS5 looks like a promising candidate as a major player in the
regulation of cancer and of cell death pathways.

CerS6
CerS6 (also known as LASS6), which synthesizes C14- and C16-ceramides (36), shows
high homology to CerS5; however, much less is known about CerS6 than CerS5. Some
studies have suggested that CerS6 is involved in cancer etiology. For instance, a microarray
study implied that CerS6 plays a role in cancer differentiation and early embryonic
development (76), whereas another study demonstrated that CerS6 expression was regulated
in an estrogen receptor dependent manner (77), and CerS6 mRNA levels were elevated in
breast cancer tissue (55,56). Upon overexpression of CerS6, drug-induced CD95 activation
and tumor cell killing were enhanced, whereas knockdown of CerS6 in colon
adenocarcinoma cells suppressed CD95 activation (78). Knocking down CerS6 expression
also suppressed CD95 activation in hepatoma, pancreatic, and ovarian cancer cells.
Knocking-down CerS6 resulted in a specific decrease in intracellular C16-ceramide, and
protected colon adenocarcinoma cells against TRAIL-mediated apoptosis and interfered
with translocation of active caspase-3 into the nucleus, whereas increasing CerS6 expression
sensitized the cells to TRAIL (79). Down-regulation of CerS6 in HNSCC resulted in the
induction of ER stress, while overexpression of CerS6 increased HNSCC tumor
development and growth (80). Treatment with an endocannabinoid analogue led to increased
levels of C16- C18- C24- and C24:1-ceramides. There was also transcriptional induction of
CerS6 and CerS3, effects which were attenuated using a brain cannabinoid receptor
antagonist. Simultaneous knocking-down of CerS6 and CerS3 abrogated the
endocannabinoid analogue-induced accumulation of C16 and C24 (81).
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Concluding Comments
In this review we have attempted to summarize recent progress on the CerS. Although there
have been significant advances in our knowledge of the CerS over the past 3 or 4 years,
much information is still lacking. How are they regulated, both transcriptionally and also
post-translationally? Although the genes are located on different chromosomes, are there
any mechanisms for the coordinate regulation of their transcription; this appears likely since
many studies show changes in ceramide levels that are synthesized by different CerS. Do the
CerS proteins interact with each other, or with other proteins in the ER? Why is CerS1
apparently unique in its ability to be translocated to the Golgi apparatus prior to its
degradation? Does CerS2 indeed act as a ‘house-keeping’ gene? Does CerS3 really play an
important function in skin permeability? What is the relationship between CerS5 and 6,
which have similar substrate specificities but appear to have quite different biological
functions? These, and many other questions are likely to be the focus of intense studies in
the years ahead, not only to researchers in the SL field, but also to those interested in topics
as diverse as cancer biology and degenerative disease of the central nervous system.
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Abbreviations

CerS ceramide synthase

ER endoplasmic reticulum
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Fig. 1. Ceramide metabolism
Overview of the major metabolic pathways of ceramide; enzymes are shown in italics.
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Fig. 2. The roles of CerS in synthesizing ceramides with different acyl chain lengths
Ceramides can differ in their acyl chain length, as shown in the figure, as well as in their in
their degree of saturation and α-hydroxylation (7). Sphinganine is show in blue, the acyl
chain in yellow, and the CerS that synthesizes each ceramide is shown in red.
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Fig. 3. CerS mRNA expression in human tissues
The distibution is shown as a pie chart for each organ, with each CerS color-coded as in the
legend. The data is based Ref. (27).
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