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Abstract

Sphingolipids are important structural membrane components of eukaryotic cells, and potent
signaling molecules. As such, their levels must be maintained to optimize cellular functions in
different cellular membranes. Here, we review the current knowledge of homeostatic sphingolipid
regulation. We describe recent studies in Saccharomyces cerevisiae that have provided insights
into how cells sense changes in sphingolipid levels in the plasma membrane and acutely regulate
sphingolipid biosynthesis by altering signaling pathways. We also discuss how cellular trafficking
has emerged as an important determinant of sphingolipid homeostasis. Finally, we highlight areas
where work is still needed to elucidate the mechanisms of sphingolipid regulation and the
physiological functions of such regulatory networks, especially in mammalian cells.

Introduction

Cellular membranes serve as essential barriers, either to separate the internal milieu from the
extracellular environment or to compartmentalize the cytoplasm into organelles with
different compositions and functions. In eukaryotes, membranes are composed primarily of
lipids from three classes: glycerolipids, sterols, and sphingolipids. The lipid composition of
membranes varies greatly in different organelles (1). Precise regulation of that composition
is essential for proper growth, division, and responses to environmental stimuli to maintain
cellular homeostasis. These regulatory mechanisms insure proper levels and distributions of
the structurally and functionally diverse lipids that make up biological membranes.
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In this review, we focus on the regulation of sphingolipids. Sphingolipids were first
identified in the 19™ century as major constituents of brain tissue by Johann Ludwig
Wilhelm Thudichum, who named them after the sphinx due to their enigmatic nature at the
time (2). Subsequently, they have been found to be universal components of membranes in
eukaryotes and also some bacteria (3).

Sphingolipids are synthesized in the endoplasmic reticulum (ER) and the Golgi apparatus
membranes and are transported to the plasma membrane, where they are enriched in the
outer leaflet and constitute 10-20% of the membrane lipids (1,4-6). In plasma membranes,
sphingolipids have been proposed to form complexes with sterols, where they might form
membrane nano-domains that may organize proteins for cell signaling (7-9). Sphingolipids
are also important components of vesicles that traffic proteins to and from the plasma
membrane (e.g., from the trans-Golgi network; (10,11). In addition, numerous intermediates
and derivatives of sphingolipid metabolism, such as sphingosine-1-phosphate (S1P),
ceramides, and some complex sphingolipids function as signaling molecules both within and
between cells (12,13). Some sphingolipids, such as those produced by Bacteroides species in
the human gut, mediate specific microbe-host interactions and may influence the host’s
immune system (14).

The diverse and distinct functions of sphingolipids require that cells tightly control their
abundance in different compartments. We are only just beginning to understand the cellular
pathways that regulate sphingolipid metabolism, but important paradigms are emerging.
Here, we summarize pathways of sphingolipid biosynthesis and metabolism and review
these new insights. Because much of the knowledge on sphingolipid homeostasis has been
generated in yeast, we will focus on studies that have used this model system, but provide
references to mammalian studies where data are available.

Sphingolipid Biosynthesis

De novo sphingolipid synthesis begins on the cytosolic face of the ER, where the two
building blocks of sphingolipids, sphingosines, also known as long-chain bases (LCBSs) and
long chain fatty acids (LCFASs) and very long-chain fatty acids (VLCFAS), are synthesized

(Fig. 1).

To generate sphingosines, serine palmitoyltransferase (SPT) catalyzes the rate-limiting
condensation of the non-essential amino acid serine and fatty acyl Coenzyme A (CoA) (15—
18). The SPT enzyme comprises a core membrane protein heterodimer in eukaryotes (Lcbl
and Lcb2 in yeast) and a number of smaller subunits required for maximal activity (Tsc3 in
yeast; ssSPTa and ssSPTh in mammals; (19,20). Mutations in the human genes encoding
core SPT subunits lead to hereditary sensory and autonomic neuropathy type 1 (HSANL).
HSANL1 is caused by an altered amino acid selectivity of the enzymes that leads to an
accumulation of neurotoxic deoxysphingolipids (21-23). The product of the SPT reaction, 3-
ketosphinganine, is reduced to form LCBs in the next step.

The other fatty acid moiety in sphingolipids is a LCFA or VLCFA. Also at the ER, a family
of elongase enzymes extend long-chain fatty acids (C12-C16) to VLCFAs with 18 or more
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carbons (24). Saccharomyces cerevisiae has three elongases (£LO1-3), but mammals have
seven (ELOVL1-7, (24). The rate-limiting condensation reaction for fatty acid elongation is
performed by isoenzymes producing fatty acyl CoAs of specific length (25). The length of
the VLCFA product is determined by a molecular caliper mechanism and is based on the
distance between the elongase active site and a lysine residue facing the cytosol (26).
Sphingolipids in budding yeast contain primarily VLCFAs of 26 carbons, although LCFAs
and VLCFAs of shorter length are also utilized. Sphingolipids in mammals have LCFAs and
VLCFAs with more variation (24). VLCFAs are used primarily for sphingolipid synthesis,
and it is thought that their length is essential for much of the sphingolipid function.
Consistent with this notion, yeast cells lacking sphingolipids are viable when they
incorporate VLCFASs into phosphatidylinositol lipids, which normally do not contain
VLCFAs (27,28).

The two initial branches of sphingolipid synthesis, generating LCBs and VLCFAS, converge
in an N-acylation reaction, catalyzed by ER-localized ceramide synthases, to produce
ceramides. There are six ceramide synthases in mammals, and two in yeast (29,30). The
products of this reaction are rich in complexity owing to variations in VLCFA length and
hydroxylation and desaturation of the LCB and VLCFA components (31).

After ceramide synthesis, the remaining steps in sphingolipid synthesis occur in the Golgi
apparatus. Ceramides are transported to the Golgi via vesicular (via COP-II vesicles) and
non-vesicular transport (32,33). The latter mechanism has, so far, only been reported for
mammals, in which ceramide transport occurs via a ceramide transport protein (CERT;

(34)).

In the Golgi apparatus, a variety of head groups are added to ceramide to form complex
sphingolipids. These reactions occur on the inner leaflet of the membrane, and the addition
of head groups is thought to trap sphingolipids on that side of the membrane due to the slow
trans-membrane flip-flop of lipids with hydrophilic head groups. The type of head groups in
complex sphingolipids varies considerably between species. Yeast utilize phosphate groups
and inositol and mannose sugars to produce three classes of complex sphingolipids: inositol
phosphorylceramides (IPC), mannosylinositol phosphorylceramides, and mannosyldiinositol
phosphorylceramides (18). Mammalian cells utilize a wider variety of molecules, including
diverse sugars and choline, to produce a much more complex array of sphingolipid head
groups. These include the phosphocholine headgroup to yield sphingomyelin, and numerous
glucose- and galactose-based headgroups to generate complex glycosphingolipids, such as
sulfatides, cerebrosides, and gangliosides (31,35).

After their assembly in the Golgi apparatus, complex sphingolipids are transported to the
plasma membrane. In mammals, the intra-Golgi transport of glucosylceramide can be
mediated by four-phosphate adapter protein 2 (FAPP2) for the production of globo-series
sphingolipids (36,37). Evidence from mammalian cells and yeast suggests that trafficking of
sphingolipids from the Golgi apparatus to the plasma membrane occurs in vesicles that are
enriched in specific proteins and distinct from other vesicles (38,39). Such sorting of cargo
proteins into sphingolipid-rich and other carrier vesicles may be important for apical versus
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basolateral protein sorting in polarized cells, but the mechanisms of how different Golgi-
derived vesicles reach different destinations is unclear.

Sphingolipid Degradation

For each step in the biosynthesis of sphingolipids, the reverse reaction can occur and is
catalyzed by different enzymes. Whereas sphingolipid biosynthesis occurs in membranes of
the secretory pathway, sphingolipid catabolism occurs primarily in membranes of the
endosome-lysosomal compartments. The mechanisms of sphingolipid degradation in the
yeast vacuole are unclear. Hydrolytic enzymes responsible for sphingolipid degradation have
been localized to ER, Golgi, and mitochondria and include the mammalian homologue of
neutral sphingomyelinase, the ceramidases Ydc1, and Ypcl, and the dihydrosphingosine
phosphate lyase Dpl1. In mammals, complex sphingolipids are degraded in lysosomes by
enzymes, such as acid sphingomyelinase, which recognize specific sphingolipid species
(40). The ceramide products are then hydrolyzed by ceramidases to yield to LCBs, such as
sphingosine and VLCFASs. LCBs, in turn, can be phosphorylated and degraded to yield an
aldehyde, which is processed to a fatty acid (41-43). This pathway provides the only known
process for complete degradation of sphingolipids. The breakdown of sphingolipids also
occurs in subcellular locations other than the endo-lysosome, such as at the plasma
membrane, where specific neutral sphinogmyelinases generate bioactive signaling
molecules, such as ceramide (44).

Cells Control Sphingolipid Levels

Sphingolipids act both as structural components of membranes and as potent signaling
molecules. So, it is not surprising that alterations in levels of different sphingolipids are
linked to cellular dysfunction and human disease. For instance, changes in sphingolipid
abundance are associated with common pathologies, including asthma, insulin resistance and
diabetes, cancer, atherosclerosis, and neuro-degenerative diseases (45-48). Thus, cells
appear to maintain sphingolipid homeostasis to ensure normal cellular function and

physiology.

We are only beginning to understand how sphingolipid homeostasis is achieved in cells. In
yeast, the total sphingolipid content is relatively constant throughout all growth phases (49).
However, the relative amounts of specific sphingolipids do vary according to growth phase,
temperature, and carbon sources (50). Moreover, specific growth conditions appear to
require up- or down-regulation of total sphingolipid levels. For example, environmental
changes, such as shifts in temperature and osmolarity, result in sphingolipid synthesis
changes in yeast. Heat shock transiently increases the de novo synthesis of sphingolipid
dramatically (51,52). In mammals, specific needs also demand changes in sphingolipid
regulation. For example, specific stages of development, such as myelin sheath formation,
need massive increases sphingomyelin synthesis by oligodendrocytes.

Given the importance of sphingolipid homeostasis, how do cells regulate sphingolipid
levels? As a general principle, it appears that cells monitor the abundance of sphingolipids
(e.g., in the plasma membrane) and transmit signals to the biosynthetic machinery in the ER
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to initiate the appropriate response in sphingolipid biosynthesis. In this review, we focus on
the molecular aspects of how sphingolipids levels are sensed at the plasma membrane, how
cells regulate sphingolipid biosynthesis, and how membrane trafficking maintains proper
sphingolipid homeostasis.

How are sphingolipids sensed at the plasma membrane?

Information on the mechanisms of cellular sphingolipid sensing in the plasma membrane is
limited. Most directly, cells could sense plasma membrane sphingolipid levels by monitoring
the presence of specific lipids (e.g., sphingolipids themselves or sphingolipid derivatives)
that bind directly to sensing domains of proteins. A number of proteins bind sphingolipids,
including enzymes of sphingolipid metabolism, sphingolipid transport proteins (e.g., CERT,
FAPP2, ceramide-1-phosphate transport protein), and effector proteins that bind to bioactive
sphingolipids, such as the S1P receptors (34, D’ Angelo, 2007 #97,53,54). In addition, a
sphingolipid binding motif (VXXTLXXIY) has been identified in the transmembrane
domain of p24, a component of the COP-1 machinery, which results in a highly specific
interaction of p24 with sphingomyelin (55). Recent bioinformatic analysis of mammalian
proteomes has uncovered multiple membrane proteins containing predicted sphingolipid
binding motifs, including many G-protein-coupled receptors (56). These findings suggest
that there are many more sphingolipid binding proteins yet to be discovered. However, to
date, no sphingolipid sensors that affect homeostasis have been identified in this class of
molecules.

Cells could also detect changes in sphingolipid levels in the plasma membrane indirectly by
responding to changes of physical membrane properties, such as fluidity, thickness, or
curvature due to changes of relative sphingolipid levels. Considerably more evidence exists
for this type of regulation. For example, yeast cells appear to respond to membrane
stretching or gradual depletion of plasma membrane sphingolipid by up-regulating
sphingolipid biosynthesis (57,58). Lateral organization of the plasma membrane into
domains of distinct protein and lipid composition is important for initiating signaling after
changes of sphingolipid levels. For instance, when sphingolipid levels fall in yeast, SIm1/2
proteins re-localize within the plane of the membrane. At steady state, SIm1/2 proteins
colocalize predominantly with static plasma membrane domains (known as membrane
compartment containing Canl, or MCC; (59,60), organized by large protein complexes
known as eisosomes (61-63). These domains are distinct from areas of the plasma
membrane (known as membrane compartment containing TORC2, or MCT) where the
kinase complex TORC2 localizes (64). When membrane sphingolipid levels fall, SIm1/2
proteins re-localize from the MCC/eisosome domain to associate with TORC2. This, in turn,
triggers downstream signaling through Y pk-kinases to up-regulate sphingolipid synthesis
(58,65-69). How the release of SIm1/2 from eisosomes is triggered is unknown. However,
SIm1/2 proteins contain Bin1-Amphiphysin-Rvs161 (BAR) domains (63), which bind
curved membranes, and MCC/eisosomes are curve furrows in the plasma membrane (63).
An attractive model is that, upon sphingolipid depletion or membrane stretching, MCC/
eisosome furrows flatten, thereby releasing SIm1/2 proteins. Because SIm1/2 also contain a
pleckstrin homology domain for binding to phosphoinositol lipids, they may remain
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associated with the plasma membrane and become available for TORC2 binding and
activation.

Plasma membrane organization may be more broadly involved in sphingolipid regulation.
When sphingolipid levels fall, the transmembrane protein Nce102 also relocalizes from
MCCl/eisosome domains to the surrounding membrane, and this change is associated with
increased activity of Pkh1/2-kinases (homologues of mammalian Sgk1) that localize to
MCCl/eisosomes (70). However, deletion of Ncel02 is not sufficient to alter sphingolipid
levels (69). Downstream, Pkh1/2 kinases phosphorylate Ypk1/2 kinases at sites different
from those targeted by TORC2. Both sites are required for full Ypk1/2 activation (68). Thus,
a current model suggests that two signaling branches initiate new synthesis by re-localizing
plasma membrane proteins SIm1/2 and Ncel102, respectively, in response to changes of
membrane sphingolipid levels to synergistically control sphingolipid biosynthesis.

In addition to the kinase network associated with eisosomes, signaling from the small
GTPase Rhol begins at the plasma membrane to regulate sphingolipid synthesis. In this
case, signaling occurs through a kinase cascade known as the cell wall integrity pathway in
yeast (71). Originally, a large-scale genetic interaction map identified the Rhol guanidine
nucleotide exchange factor Rom2 as a potential regulator of sphingolipid metabolism (72). It
subsequently became clear that Rom2 acts by regulating phosphorylation of the Elo2
elongase. Elo2 phosphorylation is decreased when sphingolipid levels fall, which increases
VLCFA synthesis (73). How Rho1l signaling is initiated is unknown, but it involves two
potential transmembrane sensor proteins, Wscl and Wsc2 (73)

The principles of membrane organization and stretch might also be responsible for triggering
signaling in mammalian cells. Although mammalian cells do not have eisosomes per se,
MCCl/eisosome domains share many conceptual similarities, such as static appearance and a
lipid composition high in sterols at local invaginations, with caveolae of mammalian cells.
Caveolae are important for plasma membrane organization, cholesterol transport and are
primary responders to plasma membrane stretch (74-77), but it is not clear if mammalian
cells use kinase systems originating at caveolae to control sphingolipid metabolism.

How do cells adjust sphingolipid synthesis?

Recent studies in yeast have shed light on the regulation of sphingolipid synthesis in the ER.
Our knowledge of this regulation is incomplete and many details, including the relative
contributions of different signaling pathways, remain to be elucidated.

An overview of the regulation of enzymes of sphingolipid biosynthesis is shown in Figure 2.
A major discovery for the field was the identification of Orm1/2 as central regulators of
sphingolipid metabolism (67). YpkZ1/2 kinases phosphorylate the N-terminus of Orm1/2-
proteins once activated by Pkh1/2 and TORC2 kinases (58,65-69,78). Orm1/2 proteins are
in complex with and inhibit SPT. When phosphorylated, Orm1/2 proteins dissociate from
SPT, leading to SPT activation and increased LCB synthesis (67,78). Because SPT catalyzes
the rate-limiting step of sphingolipid synthesis, this action is predicted to increase overall
flux through the sphingolipid pathway. A few mysteries of Orm1/2 regulation remain. For
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example, the Orm1/2 complex also contains the phosphoinositide phosphatase Sacl (67),
suggesting an opportunity for cross-regulation between sphingolipid and phosphoinositide
levels.

Ypk1/2 activity in this network is further adjusted by the Fpk1/2 kinases in a negative
feedback loop, in which Ypk1/2 and Fpk1/2 phosphorylate each other (79). As both Ypk1/2
and Fpk1/2 have other targets, such as phospholipid flippases, cells might use this system to
more broadly adjust plasma membrane composition according to need.

Among targets of the Ypk1/2 kinases, ceramide synthase stands out in the context of
sphingolipid regulation (80). Sphingolipid depletion and shock stress increase Ypk1-
dependent phosphorylation of the Lagl/Lacl components of yeast ceramide synthase to
increase ceramide production by an unclear mechanism.

This phosphorylation and possibly others are counteracted by the calcium-dependent
phosphatase calcineurin. Specifically, calcineurin appears to counteract TORC2-Y pk-
dependent regulation of sphingolipids (66). At least one mechanism for this effect is due to
the downregulation of ceramide biosynthesis by dephosphorylation of yeast ceramide
synthase Lagl/Lacl by calcineurin (80). How this signaling is integrated during the response
to changes in sphingolipid levels is not known. Further support for a link between Ca++
signaling and sphingolipid homeostasis is provided by calcium sensitivity of mutants in
sphingolipid synthesis genes, such as Csg2 (81).

An increase in sphingolipid biosynthesis requires increased levels of VLCFAs. To provide
these, Rom2-dependent signaling from the plasma membrane regulates the activity of Elo2
(73), the fatty acid elongase controlling VLCFA levels in yeast (82). In this case, depletion
of sphingolipids leads to down-regulation of Rom2-signaling and de-phosphorylation of
Elo2, which in turn increases VLCFA synthesis. How the signal is transduced from Rom2 to
Elo2 is not well understood, but appears to involve only the initial kinases of the cell wall
integrity pathway. It is not clear which kinases transduce the signal from this pathway to
phosphorylate Elo2, but the GSK3 kinase Mckl is required (73,83). Since mutants in
downstream components of the pathway are nonetheless sensitive to sphingolipid synthesis
inhibition, the pathway might have targets other than Elo2 that are important for
sphingolipid homeostasis (73).

The available data suggest that at least two signaling branches, initiated by TORC2/Pkh1/2
and Romz2 signaling at the plasma membrane, act in parallel to regulate LCB and VLCFA
synthesis in the ER. Consistent with this notion of two parallel, independent but convergent
pathways, activation of Rhol, the target of Rom2, suppresses for2 mutations (84), and
TORC2 inhibition leads to activation of the cell wall integrity pathway (57).

Signaling from organelles other than the plasma membrane may also contribute to
sphingolipid homeostasis. For example, signaling by TORC1, which localizes to the yeast
vacuole (64), may regulate sphingolipid biosynthesis. TORCL1 inhibition of PP2A is
suggested to regulate Nprl, a protein kinase implicated in phosphorylation of Orm1/2 (85).
However, Nprl-dependent phosphorylation of Orm1/2 occurs at sites different than those
responsive to active Ypk1/2 kinases. The Nprl target sites on Orm1/2 do not appear to affect
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SPT activity and LCB synthesis, but may affect downstream metabolism modulating
ceramide or complex sphingolipid synthesis steps (85). However, how this may occur
mechanistically is unclear.

Other mechanisms of regulating sphingolipid levels

In addition to signaling originating from the plasma membrane, sphingolipid metabolism
intermediates might directly bind to and affect kinase and phosphatase activities that
regulate sphingolipid synthesis. An example for such regulation is the response to heat stress
in yeast. During an acute heat shock, both LCB and ceramide levels increase dramatically
(51,52), as does Orm1/2 phosphorylation (86). This leads to a peak of LCB levels, after
which Orm1/2-phosphorylation decreases (86), while ceramide levels reach their maximum
approximately 10 minutes later during heat stress (51,52). Interestingly, no obvious changes
in the levels of complex sphingolipids were observed within this time frame (52). This
suggests that, during heat stress, changes of Orm1/2 phosphorylation might be due to
changes in LCBs and/or ceramide levels. In support of this possibility, exogenously added
LCBs induce Orm1/2 dephosphorylation without being converted to ceramide or to complex
sphingolipids (86). Orm1/2 dephosphorylation may be mediated by regulation of the Cdc55-
PP2A phosphatase, which was identified as a candidate for ceramide-activated protein
phosphatase in yeast (87) and as a downstream target of C18:1-phytoceramide (88). These
data suggest the hypothesis that the transient increase in LCB and ceramide levels during
heat stress activates PP2A activity.

Another pathway that may directly respond to changes in sphingolipid metabolism
intermediates is initiated by casein kinase 2 (CK2), a Ser/Thr protein kinase with roles in
cell growth and proliferation. CK2 may directly phosphorylate ceramide synthase, since
CK2 deletion mutants show increased levels of LCBs and decreased levels of ceramides
(89). Moreover, a C-terminal phosphorylation of ceramide synthase subunits Lagl and Lacl,
essential for activity and ER-localization, depends on CK2 (90). CK2 localizes to many
cellular compartments, including the ER. If CK2-dependent signaling is part of a
homeostatic response to sphingolipid level changes, it will be important to determine where
the signal originates.

Among sphingolipid metabolism intermediates, ceramide is a particularly potent signaling
molecule. Sphingomyelin synthase-related enzyme (SMSr) might be a sensor for ceramides
in the ER during sphingomyelin biosynthesis, and it might prevent cells from ceramide-
induced mitochondrial apoptosis (91,92). In addition, ceramide also engages multiple
downstream effectors of mammalian cells (93), including AKT, ceramide-activated protein
kinase, ceramide-activated protein phosphatase, and protein kinase C{ (93). It is unknown if
any of these kinases or phosphatases regulate sphingolipid biosynthesis, analogous to the
yeast AKT homologues Ypk1/2.

Membrane trafficking and regulation of sphingolipid levels

Although sphingolipids are enriched in the plasma membrane, they also have important
functions in other organelles, such as the Golgi apparatus. Moreover, changes in the levels of
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membrane sphingolipids could change membrane properties and potentially interfere with
organelle function. Thus, sphingolipid levels must be maintained at set levels for different
organelles to ensure normal cell physiology. This necessitates the controlled trafficking of
sphingolipids between different cellular membranes (Fig. 3). In principle, sphingolipid
trafficking can occur in vesicles or by non-vesicular means.

Non-vesicular trafficking is best characterized in mammalian cells, where CERT mediates
trafficking of ceramide from the ER to the Golgi apparatus (34). Since the enzymes
mediating the conversion of ceramide to complex sphingolipids are localized in the Golgi
apparatus, this trafficking step is an important part of sphingolipid biosynthesis. In
agreement with this, mice lacking functional CERT are embryonically lethal (e11.5) with
ceramide accumulation, as well as degeneration of mitochondria and ER in different tissues
(94). Interpretation of this phenotype is somewhat complicated by findings that another
splice form of the gene encoding CERT appears to function as extracellular binding
collagen, known in this context as Goodpasteur antigen binding protein (95,96).

Similarly to CERT, FAPP2 and ceramide-1-phosphate transport protein transport
glucosylceramide and ceramide-1-phosphate within the Golgi apparatus and between the
Golgi apparatus and the plasma membrane, respectively (36,37,53). Intriguingly, CERT is
phosphorylated at multiple sites, indicating it might be regulated. Indeed, phosphorylation of
CERT by PKD and casein kinase 1y2 lower CERT activity and, as a consequence, reduce
sphingomyelin synthesis (97,98).

Analogous non-vesicular transport routes for sphingolipid intermediates in the biosynthetic
pathway have not been identified in yeast. Instead, their transport appears to rely more on
vesicular trafficking (32). Such trafficking is mediated in part by the COPII and COPI
pathways between ER and Golgi apparatus (32). Evidence suggests that these pathways are
regulated by homologues of the oxysterol-binding homologous proteins (33), but the exact
mechanism is unknown. At the Golgi apparatus, sphingolipids sort into vesicular carriers
with distinct protein composition (11,99). How this sorting occurs is also unknown.

Membrane trafficking from the plasma membrane has a key role in sphingolipid
homeostasis. Sphingolipids are internalized from the plasma membrane by endocytosis,
which is coupled to their recycling and degradation. Sphingolipids are crucial for
endocytosis, and in fact, initial screens for endocytosis turned up mutants in sphingolipid
metabolism (100). Whether this requirement for sphingolipids in endocytosis primarily
reflects their role in maintaining plasma membrane properties permissive for endocytic
vesicle formation and/or is due to their signaling functions is unclear (57).

Once internalized, sphingolipids are either recycled from endosomes to the Golgi apparatus
and the plasma membrane or routed to the lysosome/vacuole for degradation. Recycling in
general is mediated by retromer and the Golgi-associated retrograde protein (GARP)
trafficking complexes on endosomes and the Golgi membranes, respectively. Mutants in
GARP appear to re-route sphingolipids to the vacuole, where they are degraded. Lack of
recycling decreases sphingolipid levels in the plasma membrane, triggering up-regulation of
the sphingolipid synthesis machinery (101). The current model posits that the massive mis-

Biochim Biophys Acta. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Olson et al.

Page 10

sorting of sphingolipids from the plasma membrane to the vacuole/lysosome apparently
overwhelms the degradation recycling machinery, leading to defects in cell growth in yeast.
Consistent with the idea that vesicular trafficking is essential to maintain sphingolipids in the
right compartments, retrograde endosome to Golgi recycling pathways become essential
when complex sphingolipid synthesis is inhibited by Aurl repression (102). How wild-type
cells determine which fraction of sphingolipids should be recycled and which fraction
should be degraded is unknown.

Intriguingly, in mice and humans, deficiencies in GARP are associated with severe
neurological pathology. In humans, hypomorphic alleles of the Vps53 GARP complex
subunit result in a rare, severe neurodegenerative disease, progressive cerebello-cerebral
atrophy type 2 (PCCAZ2; (103)). In addition, mutations in retromer subunits cause
Alzheimer’s disease, and mutations in CHMP2b, a subunit of ESCRTIII required for
lysosome trafficking, are associated with the development of ALS and frontotemporal
dementia (104). Moreover, deficiencies in enzymes of sphingolipid degradation pathways
lead to neurological disorders: mutation of B-hexosaminidase a-subunit HEXA leads to Tay-
Sachs disease; deficiency in the B-hexosaminidase 3 subunit HEXB to Sandoff diseases;
defects in f-galactosidase GLBI in GM1 gangliosidosis lead to storage defects associated
with neurodegeneration (105). These findings suggest that lysosomal dysfunction associated
with defects in sorting or turnover of sphingolipids is a common feature of a set of
neurodegenerative diseases.

Outlook and Unsolved Mysteries

A clearer picture of sphingolipid regulation is emerging and prompting numerous important
questions. Regarding the molecular mechanisms that regulate sphingolipid biosynthesis, a
number of enzymes and key regulators, such as the Orm1/2 proteins, appear to be controlled
by phosphorylation. We do not know how phosphorylation affects the activity, localization,
or stability of any of these factors. Moreover, at least for Orm1/2, we know that their
regulatory function is conserved in mammals (106), but their phosphorylation sites are not.
Thus, phosphorylation may have evolved as an added complexity to modulate the primary,
conserved inhibitory function of SPT.

Other major questions are whether and how sphingolipid degradation is regulated. TORC1-
Sch9 signaling appears to repress transcription of the yeast ceramidases YDCZI and YPCI
(107). In addition, Sch9 affects the activity of the yeast neutral sphingomyelinase
homologue Iscl. This might be due to regulating the relocalization of Isc1 from ER to
mitochondria, which is necessary for the enzyme’s function (107), yet detailed
understanding of these processes is lacking. Since most of the available chemical inhibitors
block steps in sphingolipid synthesis, it has been much easier to determine the cellular
response to decreased sphingolipid synthesis than sphingolipid excess. It is unknown
whether increased sphingolipid levels trigger homeostatic responses, but it seems likely.

We also know very little about the physiological role of sphingolipid homeostatic control. In
part, this is due to our lack of knowledge of regulatory mechanisms in mammals. However,
already interesting and important findings are emerging. Variants of the human homologue
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of Orm1/2, ORMDLS3, are a risk factor for developing asthma (108), and ORMDL3
expression appears to be up-regulated in asthma (109,110). In addition, data implicate
sphingolipid intermediates, such as ceramides, as important mediators of physiology and
pathology, including mediating lipotoxic effects in the development of type 2 diabetes (111)
and heart disease (112). Intriguingly, the receptor for adiponectin, mediating many effects of
this potent adipokines, might itself be a ceramidase (113). Ceramide is also an important
component of the response to cancer therapeutics (44). Whether and how in these cases cells
respond to changes in sphingolipid metabolites are not yet clear. Likewise, how mammalian
cells maintain adequate ratios of complex sphingolipids with other lipids in the plasma
membrane is an unexplored frontier.

As seen from this brief review, we have begun to tame the sphinx, with an increased
understanding of the regulation of sphingolipid metabolism. However, the feral sphinx
remains at large and enigmatic, challenging us with ongoing riddles of sphingolipid
metabolism.
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Highlights
. sphingolipids are structural membrane components and signaling molecules
. cells sense changes in sphingolipid levels in the plasma membrane
. cells acutely regulate sphingolipid biosynthesis
. membrane trafficking is an important for sphingolipid homeostasis
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Key steps in the synthesis of sphingolipids. See text for details. Precursors are shown in
black, very long-chain fatty acids in blue, long-chain bases in red. Representative very long-
chain fatty acids and long-chain bases are shown, and do not depict all possible variations
that arise due to hydroxylation, desaturation, and varied chain length. Key enzymes that are

known to be regulated in yeast are depicted.
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Figure 2.
Regulation of sphingolipid biosynthesis. See text for details. Kinase and phosphatase

signaling from the plasma membrane and other intracellular locations regulate enzymes of
the early stages of sphingolipid synthesis. Fatty acid elongase (Elo2), serine
palmitoyltransferase (SPT), ceramide synthase (CerS).
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Trafficking of sphingolipids. See text for details. Major routes of sphingolipid biosynthesis
and degradation as they occur within the endomembrane system. Complex sphingolipid
(SL), ceramide (Cer), sphingosine (Sph), sphingosine-1-phosphate (S1P), fatty acid (FA),
coenzyme A (CoA), long-chain base (LCB), long-chain base phospohate (LCB-P) very
long-chain fatty acid (VLCFA), ceramide transport protein (CERT), GlcCer-transfer protein

(FAPP2), Golgi-associated retrograde protein (GARP)
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