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Sphingolipids and membrane targets for therapeutics
Robbie Loewith', Howard Riezman? and Nicolas Winssinger®

Lipids and membranes are often strongly altered in various
diseases and pathologies, but are not often targeted for
therapeutic advantage. In particular, the sphingolipids are
particularly sensitive to altered physiology and have been
implicated as important players in not only several rare
hereditary diseases, but also other major pathologies, including
cancer. This review discusses some potential targets in the
sphingolipid pathway and describes how the initial drug
compounds have been evolved to create potentially improved
therapeutics. This reveals how lipids and their interactions with
proteins can be used for therapeutic advantage. We also
discuss the possibility that modification of the physical
properties of membranes could also affect intracellular
signaling and be of therapeutic interest.
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Membrane sphingolipids as targets

Lipids are essential for life, providing a physical mem-
brane barrier between the interior and exterior of cells as
well as between intracellular compartments. Lipids are
also used as physiological signaling molecules, called
bioactive lipids, which fulfil functions of intracellular
signaling, as well as intercellular signaling. If the barrier
function of membrane lipids were their only function, a
simple lipid composition would most likely be sufficient.
However, eukaryotic membranes have an enormous lipid
diversity, including thousands of individual lipid species
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[1]. Therefore, membrane lipids are likely to play impor-
tant roles in regulating protein function, including trans-
membrane and peripheral membrane proteins, as well as
regulating membrane properties required for membrane
deformation and vesicular trafficking. Because of their
roles in recruiting proteins to membranes and regulating
important cellular events like transcription and signal
transduction, lipids and the proteins they target could
be prime targets for therapeutic intervention. The three
major classes of lipids are the glycerophospholipids,
sphingolipids, and sterols. Many studies and drugs have
targeted the cholesterol synthesis pathway as hypercho-
lesterolemia has been associated with increased risk of
cardiovascular disease [2]. Among the glycerophospholi-
pids, only phosphoinositides have been extensively
addressed. The inhibition of PI-3 kinases has been devel-
oped to treat cancer [3]. Here, we will discuss some
aspects of sphingolipid biosynthesis as targets and their
roles in membranes, since they are modulated in a large
number of diseases and mutations affecting their metab-
olism have been shown to cause disease. Sphingolipid
analogs are therapeutics because of their bioactive prop-
ertiecs. However, sphingolipids are also important lipids
that regulate membrane properties such as viscosity and
tension, which might also make them suitable as novel
targets for therapeutic intervention. Sphingolipid degra-
dation also reveals therapeutic targets [4], but this will not
be addressed here. Finally, we will explore the
burgeoning idea that membranes per se may serve as
clinically relevant drug targets.

The sphingolipid biosynthesis pathway begins with the
formation of 3-ketosphinganine from serine and palmi-
toyl-CoA (Figure 1) by serine palmitoyltransferase (SP'T').
SPT is composed of two major subunits and several small
subunits that are most likely involved in its regulation and
specificity. The enzyme is also regulated through the
action of ORM proteins, which inhibit SPT activity.
Myriocin, a natural product which was originally identi-
fied with anti-fungal activity [5], has been shown to
inhibit sphingolipid biosynthesis [6], affecting intracellu-
lar transport of glycosylphosphatidylinositol anchored
proteins, before SPT" was identified as the target [7].
As sphingolipids, especially ceramides and glucosylcer-
amides accumulate in a wide variety of diseases, sphin-
golipid biosynthesis is widely viewed as a therapeutic
target for many different indications [8] as a large number
of patents can be found in a simple search. However,
long-term myriocin treatment does not seem to be a
feasible therapeutic because of toxic side effects and
because its action on SP'T is at least partially irreversible
[9]. Nevertheless, myriocin may be used to reduce
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Sphingolipid biosynthesis pathway. Only steps up until the formation of the first complex sphingolipids are shown. The sites of action of some

inhibitors of the pathway are shown.

ischemia-reperfusion injury [10] as a short-term applica-
tion would be possible. It should be possible to find novel
inhibitors of SP'T" that have less toxicity, especially if
reversible, and these could be used for a large number of
indications where ceramides and sphingolipids are accu-
mulated leading to unwanted side effects. Inhibition of
SPT can be looked at as similar to inhibition of
cholesterol production, where statins lower the amounts
of an essential lipid by interfering at a key step early in the
pathway. Both SPT" [11] and HMG-CoA reductase [12]
are important regulatory steps in cells. Another similarity
between SPT inhibition and HMG-CoA reductase inhi-
bition is that downstream products, although essential,
can also be obtained through the diet [13], which can
temper the effect of inhibition of synthesis.

Despite a strong preference for serine, SPT can also
accept alanine or glycine as substrates, which lead to
the production of 1-deoxysphingolipids [14]. Mutations
in SPT that decrease the preference for serine and
increase the production of 1-deoxysphingolipids are at
the origin of the rare disease, Hereditary Sensory and
Autonomic Neuropapthy type 1 [15°]. The exact mecha-
nism of neurotoxicity of 1-deoxysphingolipids is still
unknown, but understanding of the enzymology under-
lying the disease has led to a strategy to improve the
quality of life in HSAN type I patients [16] by increasing
serine in the diet.

After SP'T action, 3-ketosphinganine is converted to
sphinganine by 3-ketosphinganine reductase (KSR),
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which together with acyl CoA is used by multiple
ceramide synthases (CerS) to form dihydroceramide.
Mammals have 6 CerS which differ in their substrate
specificity, best described for their acyl chain length
preferences [17]. Fairly general inhibitors of ceramide
synthases, fumonisin B1 [18] and australifungin [19],
have been identified, but inhibitors for specific
ceramide synthases could be of therapeutic interest.
Dihydroceramide is then desaturated by dihydrocera-
mide desaturase (DH-DES) to form ceramide. Many
biological properties of ceramides, including the ability
to induce apoptosis are dependent upon this desatura-
tion [20]. Therefore, DH-DES has been targeted by
small molecule inhibitors [21]. Both dihydroceramides
and ceramides can be transported from their site of
synthesis in the endoplasmic reticulum to the Golgi
compartment [1] where they are converted to sphingo-
myelin by sphingomyelin synthase (SMS) or glucosyl-
ceramide by glucosylceramide synthase (UCGC). In
most cell types sphingomyelin is more abundant than
glucosylceramide, but the latter is used to form a large
series of complex glycosphingolipids with various roles
in development, cell—cell interactions and as targets for
virus and toxin entry. Inhibition of glucosylceramide
synthesis by miglustat is used for the treatment of the
rare diseases where cholesterol and glycosphingolipids
accumulate in endosomes and lysosomes (see below).
Inhibition of SP'T or UCGC were also shown in a mouse
model to prevent appearance of hepatocellular
carcinoma nodules in a mTORC2-driven cancer model
[22°]. In the latter model, SP'T was inhibited using
myriocin treatment, whereas the UCGC was inhibited
using shRNA encoded on a viral vector. This study
indicates a therapeutic potential for SPT and UCGC

Figure 2

inhibitors for fatty hepatocellular carcinoma and per-
haps other lipid-driven cancers.

Miglustat (Zavesca, N-butyl-deoxynojirimycin: NB-DN]J,
Figure 2), an alkyl iminosugar which mimics the transi-
tion state of the cationic intermediate in the glycosylation
reaction, prevents the accumulation of glucosylceramide.
Miglustat is a competitive inhibitor of glucosylceramide
synthase. It has been approved for the treatment of Type
I Gaucher’s disease and Niemann—Pick disease. Interest-
ingly, iminosugars can also bind glucocerebrosidase and
act as pharmacological chaperones. Specifically, an analog
of miglustat (N-nonyl-deoxynojirimycin, NN-DNJ) was
shown to rescue lysosomal B-glucosidase activity of
N370S, a mutant that is prevalent in Gaucher disease,
by stabilizing the protein and enhancing its trafficking to
the lysosome [23]. As such, it is a prominent example of a
corrector for metabolic disease. An alternative strategy
also leveraged on substrate analogs, included functionali-
ties mimicking ceramide [24], led to the discovery of
eliglustat (Genz-112638) [25].

Further drug development on this target led researchers at
Genzyme to the discovery of heterocyclic pharmacophore
deprived of conformationally flexible alkyl chains
(Genz-667161 and Genz-682452). Genetic evidence of a
correlation between Gaucher disease and the synucleino-
pathies Parkinson disease [26] as well as Fabry disease
(a glycosphingolipid storage disorder caused by the deficient
activity of alpha-galactosidase A with cerebrovascular com-
plication) generated an impetus to discover novel brain
permeant glucosylceramide synthase inhibitors (miglustat
has low brain penetration) [27]. Genz-667161 was recently
shown to reduce levels of glucosylceramide and
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Structure of representative examples of glucoceramide synthase inhibitors.
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glucosylsphingosine in the central nervous system (CNS) of
a mouse model, demonstrating target engagement. Further-
more, treatment with Genz-667161 slowed the accumulation
of hippocampal aggregates of alpha-synuclein, ubiquitin,
and tau, and improved the associated memory deficits [26].

In parallel, an optimized iminosugar (AMP-DNM, Figure 2),
a more potent glucosylceramide synthase inhibitor than
structurally related miglustat, has been shown to counteract
"T'NF-alpha-induced abnormalities in glycosphingolipid
concentrations and reverse abnormalities in insulin signal
transduction [28]. A high throughput screening campaign at
Exelixis led to the discovery of a different pharmacophore
which, following hit optimization, resulted in a low nanomolar
inhibitor of glucosylceramide synthase (EXEL-0346) [29].

Signaling sphingolipids

The role of lipids as signaling molecules has long been
recognized and their role as messengers in cellular pro-
cesses, including cell proliferation, apoptosis, metabo-
lism, and migration is well established. Key lipid-
modifying enzymes respond to extracellular signals such
as growth factors, cytokines or nutrients by changing the
composition of these signaling lipids in a complex
network harboring multiple nodes of interactions and
cross-regulatory mechanisms. Imbalances in this network
contribute to inflammation, cancer and metabolic disor-
ders amongst other diseases [30]. Despite the apprecia-
tion for their important role, the nondrug-like properties
of signaling lipids has deterred and hampered
pharmacological approaches to correct imbalances or ago-
nize/antagonize key signaling lipids, favoring drug
development on target classes perceived as more drug-
gable. The pursuit of small molecules constrained by
some aspects of the ‘rules of five’ [31] made lipids
somewhat outliers in the world of drug discovery.

Nonetheless, there have been notable achievements in
the field which should encourage more medicinal che-
mists to venture in the less chartered area of lipid signal-
ing. A common thread through these efforts is that the
first-generation inhibitors are generally based on a sub-
strate mimetic with relatively poor potency and selectiv-
ity. However, these inhibitors play a crucial role in
establishing the drugability of the target. Accrued efforts
on a given target yields more drug-like small molecules,
which are chemically more distinct from the substrate and
provide better efficacy.

"The fortuitous discovery of F'TY720 (fingolimod, Figure 3)
as an immunosuppressant and the latter discovery that its
phosphorylated metabolite (F'T'Y720-P) binds to S1P recep-
tor, thus promoting receptor internalization and degradation,
instigated tremendous research in the area [32]. The immu-
nosuppressive effect stems from the depletion of S1P recep-
tor on lymphocytes resulting in their sequestration in
lymphoid organs [19]. The clinical success of F'TY720 for

the treatment of multiple sclerosis and its applicability to
other indications requiring immunomodulation prompted
significant medicinal chemistry efforts to develop next gen-
eration inhibitors. Notably, efforts to design compounds that
would not require metabolic processing (phosphorylation by
sphingosine kinase) led, for example, to the development of
an azetidine carboxylate as a surrogate for the amino phos-
phate head group of F'TY720-P. This azetidine carboxylate
was used in many inhibitors including the clinical candidate
BAF312 (siponimod) which was recently shown to be effec-
tive in a phase I trial in patients with secondary progressive
multiple sclerosis (SPMS) [33]. Another characteristic of
second-generation inhibitors was the replacement of the
unstructured alkyl chain of F'TY720 with aryl or heteroaro-
matic groups. Compound development was also aided by the
co-crystal structure of FTY720-P with S1P receptor [34°°].
The structure provided a detailed view of the molecular
recognition and hydrophobic volume required for activation
of the S1P receptor. It is interesting to note that access to the
binding pocket from the extracellular environment is
blocked by the amino terminus and extracellular loops of
the receptor. Access is gained by the ligand diffusing in the
phospholipid bilayer and entering laterally between helices
within the transmembrane region of the receptor [34°°].
Further medicinal chemistry optimization demonstrated
that it was possible to obtain a direct agonist of S1P without
a polar acid head group such as in ozanimod which only
contains a polar amino alcohol head group. Notably, this
compound displayed excellent selectivity against S1P recep-
tor typel and S1P receptor type 5 versus S1P receptor type
3 [35]. The type 3 receptor is associated with toxicity.

While the majority of compounds designed against S1P
receptor type 1 also target other subtypes of S1P recep-
tors, none show strong binding to S1P receptor type
2. Genetic evidence suggests that selectively targeting
this receptor subtype may prove beneficial for the
treatment of hypertension and targeted efforts toward
S1P receptor type 2 antagonists yielded the discovery of
an orally available antagonist [36].

As an alternative approach to targeting S1P receptors,
inhibition of sphingosine kinase has also been pursued.
S1P is produced by sphingosine kinase (two subtypes in
mammals: SphK1 and SphK2). Furthermore, in addition
to the well characterized interaction of SIP with cell
surface S1P receptors, there is mounting evidence that
S1P also has intracellular targets [37]. SphK is a key
regulator of S1P levels and the S1P:Sph/ceramide ratio.
Also, ceramide synthase2 (CerS2) is inhibited by S1P [38].
S1P has also been reported to regulate the histone acety-
lation in the nucleus [39]. Increases in S1P levels have
been linked to diseases including sickle cell disease,
cancer, and fibrosis. The development of SphK inhibitors
parallels those of S1P receptor agonists with the first
generation inhibitors (such as N,/VN-dimethylsphingosine:
DMS [40] and SK1-I [41]) closely mimicking the
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structure of sphingosine and acting as competitive inhi-
bitors. Screening of synthetic compound libraries led to
the discovery of SK1-II with a drug-like heterocyclic core
[42]. Further optimization of the compound yielded
ABC294640 [43], a first-in-class orally available inhibitor
of SK2, which is currently in clinical trials (Phase I,
patients with solid tumors) [44]. The publication of co-
crystal structure of SphK1 with S1P [45] and first genera-
tion inhibitor SK1-II enabled structure-based design of
potent second generation inhibitors such as Amgen 82
(dual SphK1-2 inhibitor) wherein the hydroxylated piper-
idine head group mimics the head group of SI1P.
Researchers at Pfizer identified the most potent SphK1
inhibitor (PF-543) by combining fragments from two
different screening hits [46°]. The co-crystal structure
of this inhibitor with SphK1 clearly show a good overlap
between the positioning of the aryl groups of PF-543 and
the alkyl chain of SI1P as well as the respective head
groups [47].

Membranes as drug targets

Thus far we have highlighted the roles of sphingolipids
species in signaling and disease. Using small molecules to
target the biosynthetic enzymes that generate these lipids
or the protein interfaces that interact with these lipids is
an obvious, but under developed, avenue of future drug
design. Indeed, targeting proteins is presently common
practice and of the 1578 FDA-approved drugs, 96% target
proteins [37]. However, there is no @ priori reason to limit
drug-target-space to proteins. Lipids, like amino acids,
also assemble into macromolecular structures such as lipid
droplets and membranes. In this final section we ask:
might these lipid-based macromolecular structures also
be directly targetable for therapeutic gain?

As elaborated above, cells dynamically adjust both the
chemical composition as well as biophysical aspects of
their membranes. Membrane lipid composition varies
between organisms, cell types, organelles, leaflets and
even within a leaflet by partitioning into subdomains and
how these specific chemical compositions affect the func-
tion of membrane proteins is only now starting to be
addressed. This is an important avenue of research as loss
of membrane lipid composition homeostasis is correlated
with various diseases [1]. Furthermore, the discrete bio-
physical properties of different membranes could, in
principle, present privileged nodes for therapeutic
intervention.

Membrane tension is defined as the in-plane counter-
acting force to surface expansion. In some experimental
settings tension can be measured, often by the tedious
process of determining the force required to extract a
membrane tube from a membrane surface. 7 vitro, mem-
brane tension is highly variable ranging from 10~*N/m to
1072N/m [48,49], whereas in vivo, when measurable,
plasma membrane tension is held to much narrowing

confines, between 10> N/m to 5 x 10~*N/m, with cell
rupture occurring at tensions >10"2N/m [50-53]. Con-
sistently, all cell types analyzed were found to actively
counteract perturbations in plasma membrane tension
demonstrating that this is indeed a tightly controlled
biophysical parameter [54-56]. Tension per se can serve
to integrate and transfer information within cells and
tissues [57-59], although recent studies have unexpect-
edly suggested that membrane tension may, in fact, only
be transmitted over very short distances iz vivo [60,61].
How plasma membrane tension is sensed and regulated
remains poorly understood, due, in large part, to a lack of
appropriate tools and to the inherent challenges incurred
by the interdisciplinary approaches needed to address
these questions. More egregious is our lack of under-
standing of tension in endo-membranes, which are, of
course, even less experimentally accessible.

As shown by caveolinopathies, loss of membrane tension
homeostasis seems to lead to disease. Caveolae are small
pits found in the plasma membrane of many mammalian
cells. Their core structural protein components are the
caveolins and cavins while the Eps15 homology domain
(EHD) proteins and pacsin/Syndapin proteins are addi-
tionally required for efficient caveolae formation/stability.
Adipocytes, endothelial cells and muscle cells show a
particularly high density of caveolae which may sequester
up to 50% of total membrane surface area. Consistent
with this observation, caveolae are now believed to play a
major role in mechanoprotection, although other tissue
specific functions have also been proposed [62°]. Direct
measurements demonstrated that caveolae-flattening
helps buffer plasma membrane tension increases in cells
experiencing hypo-osmotic shock [53]. Furthermore, rel-
ative to controls, cells and tissues lacking caveolae present
extensive membrane damage upon exposure to physical
stress. Patients harboring mutations that affect caveolae
formation present various diseases (caveolinopathies)
including muscular dystrophies, cardiomyopathies, pul-
monary arterial hypertension and glaucoma — diseases
linked by the fact that cells in affected tissues are highly
susceptibility to plasma membrane rupture [62°,63]. Col-
lectively, these observations demonstrate a potentially
causal link between loss of plasma membrane tension
regulation and human disease and thus provoke the
question: can membrane tension be targeted for thera-
peutic gain?

The Target Of Rapamycin (TOR) is an atypical
eukaryote protein kinase that assembles into two, distinct
multiprotein complexes known as TORC1 and TORC2
[64]. In 2012, it was reported that blocking sphingolipid
biosynthesis in yeast strongly activates TORC2 but not
TORC1 [65°]. Furthermore, hypo-osmotic shock and
physical ‘pulling’ of the plasma membrane of yeast spher-
oplasts also hyperactivated TORC2. Although it could
not be measured at that time, all three of these otherwise
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orthogonal manipulations presumably caused an increase
in the tension of the plasma membrane (by respectively
reducing the amount of lipid that can contribute to the
membrane, increasing turgor pressure, and, physically
stretching the membrane). TORC2 activation by these
manipulations requires the translocation of the paralogous
BAR-domain proteins Slm1 and SIm2 from caveolae-like
membrane invaginations known as eisosomes into plasma
membrane domains containing TORC2 [65°]. Con-
versely, the loss of membrane tension triggered by
hyper-osmotic shock leads to TORC?2 inactivation.

As a means to characterize the regulatory events
upstream of TORC2, a high throughput screen to iden-
tify small molecules that antagonize TORC2 signaling
was performed. This screen led to the identification of
palmitoyl carnitine (PalmC, Figure 4 top) [66°°]. Given
its detergent-like structure and the fact that TORC2 is
regulated downstream of plasma membrane tension, it
was tested whether the primary target of PalmC was the
yeast plasma membrane. Indeed, this appears to be the
case: addition of PalmC to giant unilamellar vesicles iz
vitro provokes an immediate increase in membrane
surface area, and, similarly to hyper-osmotic shock, addi-
tion of PalmC to yeast cells triggers an immediate
decrease in plasma membrane tension as readout by
the fluorescent membrane tension probe Flipper-TR
(fluorescent lipid tension reporter) [67°°] and inhibition
of TORC?2 signaling (Figure 4 bottom).

These results with PalmC, albeit in the model eukaryote
Saccharomyces cerevisiae, lend validation to the concept that
the biophysical properties of membranes serve as eligible
drug targets (in this case as a means to inhibit TORC2
signaling). Attempting to identify drugs that target mem-
branes might sound rather unorthodox; however, we note
that several clinically used drugs are thought to function
by altering membrane ‘fluidity’. These include the
volatile anesthetics isoflurane, halothane, enflurane, sevo-
flurane, and methoxyflurane [68], and the antipsychotic
drug chlorpromazine [69] (Figure 4 top). We note, how-
ever, that the precise mode of action of these compounds
remains controversial [70,71]. While there is a broad array
of biophysical methods to study the effect of small
molecules on proteins (affinity, promotion or inhibition
of protein—protein interactions), it is not the case for the
impact of small molecules on membranes. The develop-
ment of probes, such as Flipper-TR, that can specifically
measure changes in the biophysical properties of mem-
branes i situ will certainly help in this direction.
Including membranes (plasma membranes as well as
endomembranes) as viable targets would open new
opportunities in drug-discovery and potentially provide
an inroad to address hitherto unmet medical needs. It is
clear that some drugs partition in the membrane and, as
discussed for F'T'Y720, gain access to their target protein
through lateral diffusion within a membrane. Membrane
composition and properties may affect the partitioning
and diffusion. While these questions are difficult to
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Membranes can be targeted by small molecules. (Top) Structure of palmitoylcarnitine (PalmC) and other small molecules that potentially interact
with membranes. (Bottom) Cartoon illustrating that PalmC intercalates into the plasma membrane of yeast cells, triggering a massive drop in
membrane tension as visualized by changes in Flipper-TR fluorescence lifetime imaging (insets). Drop in membrane tension leads to phase
separation of Phosphatidylinositol 4,5-bisphosphate (PIP2) and TORC2 inhibition. See Ref. [66°°] for details.
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address with current technologies, this challenge is an
opportunity to innovate.

Conclusions

It is abundantly clear that dysregulation of lipid biosyn-
thesis and the loss of membrane homeostasis lead to dire
medical consequences. To better understand the molec-
ular roots behind these lipid/membrane-related diseases
new tools to study the unique composition and
biophysical properties of specific membranes are being
developed, such as Secondary ion mass spectrometry
(nanoSIMS) [72] and the Flipper-TR probe discussed
above [67°°], but more are needed. Imaging technologies,
like the fluorsescent membrane tension probe [67°°], that
can report on membrane changes would empower our
ability to link such changes to disease states. Ultimately,
these tools will help guide the design, characterization,
and, ideally clinical validation of novel therapeutics that
correct lipid imbalances and/or loss of homeostatic control
of the biophysical set points of various membranes. The
progression into the clinic and the approval of several
small molecules targeting sphingolipid processing
enzymes and receptors clearly highlight the advances
that have been made. To date, there is still a lack of
small molecules that target lipid transport proteins.
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