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Abstract 1-Deoxysphingolipids (deoxySLs) are atypical
sphingolipids that are elevated in the plasma of patients with
type 2 diabetes and hereditary sensory and autonomic neu-
ropathy type 1 (HSAN1). Clinically, diabetic neuropathy and
HSANTI are very similar, suggesting the involvement of de-
oxySLs in the pathology of both diseases. However, very
little is known about the biology of these lipids and the
underlying pathomechanism. We synthesized an alkyne ana-
log of 1-deoxysphinganine (doxSA), the metabolic precursor
of all deoxySLs, to trace the metabolism and localization of
deoxySLs. Our results indicate that the metabolism of these
lipids is restricted to only some lipid species and that they
are not converted to canonical sphingolipids or fatty acids.
Furthermore, exogenously added alkyne-doxSA [(2S,3R)-
2-aminooctadec-17-yn-3-ol] localized to mitochondria, caus-
ing mitochondrial fragmentation and dysfunction. The
induced mitochondrial toxicity was also shown for natural
doxSA, but not for sphinganine, and was rescued by inhibi-
tion of ceramide synthase activity.ll Our findings therefore
indicate that mitochondrial enrichment of an N-acylated
doxSA metabolite may contribute to the neurotoxicity seen
in diabetic neuropathy and HSAN1. Hence, we provide a po-
tential explanation for the characteristic vulnerability of pe-
ripheral nerves to elevated levels of deoxySLs.—Alecu, L., A.
Tedeschi, N. Behler, K. Wunderling, C. Lamberz, M. A. R.
Lauterbach, A. Gaebler, D. Ernst, P. P. Van Veldhoven, A.
Al-Amoudi, E. Latz, A. Othman, L. Kuerschner, T. Horne-
mann, F. Bradke, C. Thiele, and A. Penno. Localization of
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1-Deoxysphingolipids (deoxySLs) are a recently discov-
ered class of atypical sphingolipids that are generated when
serine palmitoyltransferase (SPT) uses L-alanine instead of
L-serine in the condensation reaction with palmitoyl-CoA.
This leads to the generation of 1-deoxysphinganine (doxSA)
instead of canonical sphinganine (SA) (1, 2). Specific
point mutations in SPT, which induce a pronounced shift
in the preference of the enzyme toward rL-alanine, were
found to be causal of the rare genetic peripheral neuropa-
thy hereditary sensory and autonomic neuropathy type 1
(HSANT1) (2). This autosomal-dominant inherited disease
is characterized by slow and length-dependent dying-back
of sensory axons, with variable damage also to motor and
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alkyne-SA, (28,3R)-2-aminooctadec-17-yn-1,3-diol; ASTM-BODIPY,
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autonomic neurons (3). To date, eight different mutations
in SPT have been reported to cause HSAN1 (4-9), and the
severity of the disease correlates with the type of mutation
(10) as well as with the deoxySL levels in the patients’
plasma (11). DoxSA is neurotoxic in vitro (2), and suppres-
sion of doxSA generation by overexpression of the wild-type
enzyme or by L-serine supplementation prevented the onset
and improved the clinical signs of the disease in HSAN1 mu-
tant mice (12, 13). More recently, similar findings have
been reported from an HSAN1 Drosophila model (14). Hence,
the increased doxSA levels in HSANI patients are thought
to be causal of neuronal degeneration in this disease.

Total plasma levels of deoxySLs can be as high as 1.2 pM
in HSANTI patients (2) compared with 0.1-0.3 pM found in
healthy individuals (15). Plasma levels are also significantly
elevated in patients suffering from metabolic syndrome
and type 2 diabetes (15-17). Furthermore, the neuro-
pathological characteristics of HSANI closely resemble
those of diabetic peripheral neuropathy, and the reduction
of plasma deoxySL levels by dietary L-serine supplementa-
tion significantly improves clinical signs of neuropathy in
diabetic rats (18). Taken together, these findings suggest
that doxSA, or one of its downstream metabolites, also con-
tributes to neuronal degeneration in diabetic neuropathy.
The exact pathomechanism of doxSA-mediated neurotox-
icity, however, still remains unknown.

So far, little is known about the metabolism of deoxySLs
(supplemental Fig. S1). DoxSA is N-acylated to 1-deoxydi-
hydroceramides (doxDHCers) by ceramide synthases
(CerSs) (19, 20), and desaturated downstream metabolites
of doxDHCers, i.e., 1-deoxyceramides (doxCers) (2, 21—
23) and 1-deoxysphingosine (doxSO) (24), have been de-
tected. Because deoxySLs lack the hydroxyl group at the C1
position, it appears unlikely that they are used for the syn-
thesis of complex sphingolipids or that they are degraded
via sphingosine-1-phosphate (S1P) by SI1P lyase (25), al-
though this has never been experimentally addressed.

In contrast to canonical sphingolipids, the transport and/
or localization of deoxySLs in cells remains unknown. The
localization, transport routes, and protein-lipid interactions
of deoxySLs could be the same as for canonical sphingolip-
ids, but this has not been shown yet. Indeed, the study of the
localization and trafficking of lipids harbors some experi-
mental challenges. Their subcellular localization is most
often detected by directly fluorescently labeling the lipids.
However, the conjugation of a fluorophore can alter the lipid
characteristics substantially, affecting its downstream trans-
port and metabolism. For example, nitrobenzoxadiazole- or
BODIPY-ceramides are trapped in the Golgi and do not show
the expected distribution in the endoplasmic reticulum (ER)
and plasma membrane (26). Thus, to reduce the risk of arti-
facts, the structural modification of the lipid should be as
minimal as possible to avoid changing its size and polarity.

Here, we developed a novel doxSA probe, which is highly
similar to its natural counterpart, with the aim of answering
the following fundamental questions: Can deoxySLs be re-
cycled to canonical sphingolipids or fatty acids? Are there
major, so far unknown, downstream doxSA metabolites?
Where do deoxySLs localize in cells? And can these results

provide valuable insights into the biology of deoxySL-medi-
ated neurotoxicity? Our data show that deoxySLs cannot
be recycled to canonical sphingolipids or fatty acids and
that the class of deoxySLs is restricted to only a few lipid
species. Exogenously added (25,3 R)-2-aminooctadec-17-yn-
3-ol (alkyne-doxSA) prominently localizes to mitochondria,
inducing changes in the organelle morphology such as
swelling, rounding up, and increased fragmentation. Exog-
enous treatment with natural doxSA, but not SA, also
induced the observed changes in the mitochondrial phe-
notype, in particular, loss of internal cristae structures, and
inhibited normal mitochondrial function in situ. Cotreat-
ment with doxSA and the CerS inhibitor Fumonisin B1
(FB1) fully rescued mitotoxicity caused by doxSA treat-
ment in cultured fibroblasts. In adult sensory neurons,
doxSA-induced changes in mitochondrial phenotype pre-
ceded axonal degeneration, arguing that mitotoxicity
could underlie deoxySL-induced neurotoxicity in HSAN1,
but potentially also in diabetic neuropathy.

MATERIALS AND METHODS

Lipid and chemical probes

The synthesis of alkyne-doxSA is described in detail in the sup-
plemental material to this study and depicted in supplemental
Fig. S2. Synthesis of (28,3 R)-2-aminooctadec-17-yn-1,3-diol (alkyne-
SA) and alkyne-oleate are published in Refs. 27 and 28, respectively.
Synthesis of azido-sulfo-tetramethyl-BODIPY (ASTM-BODIPY)
was published in Ref. 29. The sphingoid base probes d3-doxSA,
d7-SA, and d7-SO and the ceramide probes d18:1/12:0 and
m18:0/12:0 were purchased from Avanti Polar Lipids.

Cell lines and general cell culture procedures

The following cell lines were used in this study: HuH7 (human
hepatocarcinoma; JCRB0403), HepG2 (human hepatocarci-
noma; ATCC-HB8065), HCT116 (human colorectal carcinoma;
ATCC-CCL247), A431 (human epidermoid carcinoma; ATCC-
CRL1555), B104 (mouse neuroblastoma; ATCC-CRL1887), and
A172 (human glioblastoma; ATCC-CRL1620). Generation of the
mouse embryonic fibroblast (MEF) cell lines, MEF wild-type and
MEF S1P lyase-deficient (MEF SGPL1 /"), were described previ-
ously (30). HuH7 cells were cultured in RPMI medium (Gibco)
containing 10% fetal calf serum (Gibco) and 1% penicillin/strep-
tomycin (Gibco). All other cell lines were cultured in DMEM me-
dium (Gibco) containing 10% fetal calf serum (Gibco) and 1%
penicillin/streptomycin (Gibco).

Cell culture for LC/MS analysis

MEF cells were cultured until ~70% confluent and then
treated with 1 pM labeled lipid probes (alkyne-doxSA, d3-doxSA,
alkyne-SA, or d7-SA) from ethanolic stock solutions. Cells were
harvested after various incubation times. If needed, the medium
was collected, lyophilized, and then stored at —20°C until lipid
extraction. Upon harvesting, cells were first washed with PBS and
then trypsinized. Cells were counted and washed with PBS, and
cell pellets were stored at —20°C until lipid extraction.

Analysis of sphingoid and deoxy-sphingoid backbones by
LC/MS

Frozen cell pellets and lyophilized medium were first resus-
pended in 100 pl of PBS. Then, 500 pl methanol, including 200
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pmol internal standard (d7-SA and d7-SO), was added to each
sample. Samples were agitated for 1 h at 37°C and centrifuged at
16,000 gfor 5 min to pellet precipitated protein, and the superna-
tant was transferred to a new tube before acid-base hydrolysis was
performed as described earlier (2, 31).

Lipids were redissolved in 80 pl of derivatization mix [75 pl
56.7% methanol, 33.3% ethanol, and 10% water + 5 pl of ortho-
phthaldialdehyde working solution (990 pl 3% borate + 10 pl of
50 mg/ml o-phthalaldehyde in ethanol, + 1.5 pl 2-mercaptoetha-
nol)] for analysis by LC/MS. A C18 column (Uptisphere 120 A,
5 pm, 125 x 2 mm; Interchim, Montlucon, France) and a binary
solvent system were used, with solvent A as 1:1 methanol/5 mM
ammonium acetate in water and solvent B as methanol. The col-
umn was equilibrated by using a mixture of 50% solvent A and
50% solvent B, and 25 pl sample was injected. The gradient then
ramped to 100% solvent B over 32 min, followed by a ramping
back down to 50% solvent A/50% solvent B for 1 min, and
column equilibration for 2 min with the same mixture before
loading of the next sample. An atmospheric pressure chemical
ionization (APCI) source was used for ionization, and detection
of ions was performed in full scan mode by using a Q-Exactive
hybrid quadrupole Orbitrap mass spectrometer (Thermo, Reinach,
BL, Switzerland). The detection parameters were as follows: scan
range of m/z 120-1,200, mass resolution of 140,000, maximum
injection time 512 ms.

Labeled 1-deoxysphingoid and sphingoid base backbones were
identified based on their accurate mass (within 5 ppm) and reten-
tion times as compared with external standards (except for alkyne-
doxSO, for which a standard does not exist) . Peaks were quantified
in XCalibur (Thermo) by integrating the area under the peak
and normalizing to the added internal standards.

Extraction and analysis of ceramides and doxCers
by LC/MS

Frozen cell pellets were resuspended in 100 pl of PBS. Then,
666 pl methanol and 333 jl chloroform, including 200 pmol in-
ternal standards (d18:1/12:0; m18:0/12:0), were added. The sam-
ples were then agitated at 1,000 rpm and 37°C for 1 h, followed
by the addition of 500 pl chloroform and 200 pl alkaline water
(20 mM ammonia in water). The samples were centrifuged at
16,000 g and the water phase was removed. The organic phase
was then washed three times with 1 ml of alkaline water. Lipids
were dried under a steady stream of nitrogen, resuspended in
methanol, and analyzed by LC/MS.

The same binary solvent system and L.C column as above were
used for the liquid chromatography. However, in this case, a ratio
of 70% solvent A and 30% solvent B was used for loading, fol-
lowed by the gradient ramping to 100% solvent B until 28 min,
which remained until 69 min. The gradient then ramped down to
70% solvent A and 30% solvent B for the next 3 min, and remained
at this ratio for the last 3 min for column equilibration. An APCI
source was used for ionization, and the MS was run in full scan
and all ion fragmentation modes. All other method parameters
were the same as for the acid-base hydrolyzed sample method.

Identification of alkyne- and d3-labeled doxDHCer and
doxCer species

The alkyne and deuterium labeled N-acyl-1-deoxySL-derivatives
were identified, and the findings confirmed, in multiple ways
(supplemental Fig. S3, supplemental Table S1). Identification was
performed based on accurate mass (within 5 ppm) of the non-
fragmented molecular ions, as well as the appropriate fragments,
including the loss of one water molecule, but not two, and the
1-deoxysphingoid base backbone. For the alkyne-ceramide spe-
cies, identification was based on full mass, the loss of two water
molecules, and the labeled sphingoid base backbone. The mass of
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the most abundant fragment of alkyne-doxSA (alkyne-doxSA —
water = 264.26837 Da) is equal to the mass of a sphingosine minus
two water molecules, whereas the mass of the most abundant al-
kyne-doxSO fragment (alkyne-doxSO — water = 262.25256 Da) is
equal to the mass of a SA backbone minus two water molecules.
Therefore, in order to distinguish exactly which species arose
from the alkyne-doxSA, the selected ion chromatogram for the
masses of 264.26837 and 262.25256 Da for the alkyne-doxSA-treated
cells was compared with that of untreated cells and unlabeled
doxSA-treated cells. If a peak only existed in the alkyne-doxSA-
treated cells, then this confirmed that this species was an alkyne-
doxDHCer or alkyne-doxCer species. The alkyne-deoxySL species
were further confirmed through checking the mass spectrum of
cach peak. If a peak showed the loss of two waters in the spectrum,
this indicated that it was a ceramide, and not an alkyne-doxDHCer
or alkyne-doxCer.

Quantification was performed in XCalibur (Thermo) and was
based on spiking the cell extracts with internal standards
(d18:1/12:0; m18:0/12:0). This quantification is only relative; for
absolute quantification, one would need an internal standard for
each species, including all of the alkyne species.

Analysis of the metabolism of alkyne lipids by TLC

This method has been described previously (28). In brief, cells
were incubated with alkyne lipids added to the growth medium
from ethanolic stock solutions. For pulse-chase experiments, the
alkyne lipid-containing medium was removed, and cells were
washed once with growth medium and then further cultured in
fresh growth medium. Harvested cells were washed once with PBS
and subjected to methanol/chloroform extraction. Dried lipids
were redissolved in chloroform and 30 pl click-reaction mix (10 pl
of 2 mg/ml 3-azido-7-hydroxycoumarin, 250 pl of 10 mM [aceto-
nitrile], CuBF, in acetonitrile, and 850 pl of ethanol) was added.
The click reaction was performed at 43°C for 3 h, and then the
click-reacted lipids were applied to TLC silica plates and sepa-
rated in solvent 1 (chloroform/methanol/water/acetic acid
65/25/4/1, two-thirds of the plate). TLCs were dried and then
developed in solvent 2 (hexane/ethyl acetate 1/1, whole plate).
Saturated versus desaturated lipids such as SA/SO, doxSA/
doxSO, or dihydroceramide (DHCer)/ceramide were not sepa-
rated from each other by using this TLC method. Directly before
fluorescence detection, TLCs were briefly soaked in 4% (v/v)
N,N-diisopropylethylamine in hexane. Fluorescent images of the
TLC plates were acquired by using a 420 nm LED (Roithner La-
sertechnik, Vienna, Austria) filtered through a colored glass filter
(HEBO V01, Hebo Spezialglas) for excitation and an electron
multiplying charge coupled device camera (Rolera-MGi Plus Fast
1394, Q-imaging), equipped with 494/20 (channel for detection
of the coumarin signal) and 572/28 (channel for detection and
correction of background fluorescence) bandpass emission fil-
ters. Lipid bands were identified according to their running
heights compared with chemically synthesized alkyne standards of
different lipid classes. Synthesis of alkyne lipid TLC standards has
been previously described (28). Quantification was performed by
using the GelPro analyzer software.

Analysis of subcellular localization of alkyne lipids by
fluorescence microscopy

Cells were incubated with alkyne lipids added to the growth
medium from ethanolic stock solutions. Cells were washed once
with PBS and fixed in 3.7% formalin in PBS for 10 min. They were
then washed sequentially with 155 mM ammonium acetate, PBS,
and 100 mM Hepes-KOH pH 7.4. For the click reaction, 1,000 pl
prewarmed 100 mM Hepes-KOH, pH 7.4, containing 25 nmol
ASTM-BODIPY, was added per well. The reaction was initiated by
addition of 20 pl of 100 mM Cu(I)TFB in acetonitrile, and the



dish was incubated for 1 h at 43°C. The samples were then washed
sequentially with 20 mM EDTA, 155 mM ammonium acetate, and
PBS. Coverslips were mounted in Mowiol 4-88 (Calbiochem).
Mitotracker CMXRos (Molecular Probes M7512) staining was
performed according to the manufacturer’s instructions. In brief,
cells were incubated with 50 nM Mitotracker probe in growth me-
dium for 15 min before cell fixation. For immunofluorescence,
antibody staining was performed before submitting the samples
to the click reaction. The antibodies used in this study were as fol-
lows: anti-Tom20 (Santa Cruz, sc-11415; 1:1,000), anti-Giantin
(Abcam 24586; 1:200), anti-protein-disulfide-isomerase (anti-PDI;
Stressgen SPA891; 1:200), and anti-Lampl (Abcam ab25245;
1:1,000). All antibodies were diluted in 1% cold fish gelantin/
0.01% saponin in PBS, except anti-PDI, which was diluted in 1%
cold fish gelantin/0.1% saponin in PBS. Secondary antibodies
were labeled with Alexa 350, Alexa 555, or Alexa 647 (Invitrogen).
Actin filaments were stained with 1 pM Phalloidin-tetramethyl-
rhodamine isothiocyanate (Phalloidin-TRITC) (Sigma P1951)
and the cell nuclei with 4’,6-diamidino-2-phenylindole (DAPI).
Epifluorescence microscopy was performed by using a Zeiss
Observer.Z1 microscope equipped with a Plan-Apochromat 63x
[1.40 numerical aperture (NA) ] and a Photometrics Coolsnap K4
camera. Images were processed by using Fiji software (32).

Quantification of mitochondrial fragmentation in
fibroblasts

MEF cells were treated for the indicated times with lipid
(doxSA/SA; Avanti Polar Lipids) and inhibitor (FB1; Sigma Al-
drich) from ethanolic stock solutions. Cells were fixed, and mito-
chondria were stained by using anti-Tom20 antibody. Cells were
additionally stained with DAPI and Phalloidin-TRITC. Four im-
ages of 250 pm x 250 pm were acquired per condition and ran-
domly numbered. In a blinded fashion, cells were counted and
assigned as either displaying tubular or fragmented mitochondria
or judged to be close to detachment and cell death.

X-box binding protein 1 splicing assay

X-box binding protein 1 (XBP1) splicing assay was performed
according to the protocol of Iwakoshi et al. (33). In brief, RNA
was isolated with QIAzol Reagent (Qiagen), and cDNA was syn-
thetized by using random primer (Invitrogen, 48190011) and Mo-
loney murine leukemia virus Reverse Transcriptase (Promega).
Qualitative PCR was performed by using primers surrounding the
XBP1 splicing site (5-ACACGCTTGGGAATGGACAC-3" and
5-CCATGGGAAGATGTTCTGGG-3"). Products were separated
by a 3% agarose gel electrophoresis and visualized by SYBR-Green
staining (Thermo Fisher Scientific). Quantification was per-
formed by using the GelPro analyzer software.

Quantification of cellular ATP levels

MEF cells were treated for the indicated times with lipid
(doxSA/SA, Avanti Polar Lipids) and inhibitor (FBI1; Sigma-Al-
drich) from ethanolic stock solutions. Cells were lysed in buffer
containing 100 mM Hepes, pH 7.4,4mM EDTA, and 0.1% Triton
X-100. The ATP content was quantified by using the CellTiter-Glo
Luminescent Viability Assay (Promega), according to the manu-
facturers’ instructions. The protein content was determined by
using Bradford Reagent (Sigma-Aldrich). ATP levels were nor-
malized to protein content.

Quantification of oxygen consumption rate and glycolytic
flux evaluation

Real-time oxygen-consumption rate and extracellular acidifi-
cation rate were determined by using a XF-96 Extracellular Flux
Analyzer (Seahorse Bioscience). A total of 1 x 10* cells were seeded

per well. After attachment, cells were treated for the indicated
times with lipid and inhibitor from ethanolic stock solutions. The
assay was performed in triplicate measurements in bicarbonate-
free RPMI medium supplemented with 11 mM glucose, 1 mM py-
ruvate, and 2 mM glutamine. Three consecutive measurements
were performed under basal conditions and after the sequential
addition of 1 pM oligomycin, 2 pM fluoro-carbonyl cyanide phen-
ylhydrazone (FCCP), 1 pM rotenone, and 1 pM antimycin, respec-
tively. All reagents were purchased from Sigma, except FCCP,
which was purchased from Tocris.

Ultrastructural analysis of mitochondria by transmission
electron microscopy

MEF cells were seeded onto poly-1-lysine-coated glass bottom
dishes. After attachment, cells were incubated for 24 h with 1 pM
doxSA added to the growth medium from an ethanolic stock solu-
tion. Control cells were treated with the same amount of pure
ethanol (final concentration 0.2%). Fixation was performed by
addition of the fixative [8% paraformaldehyde, 5% glutaralde-
hyde in CB buffer (66 mM cacodylate buffer, pH 7.2)] to the
growth medium at a 1:1 vol ratio. After primary fixation (room
temperature, 3 h), washing with CB, postfixation (2.5% glutaral-
dehyde in CB, 4°C, 16 h), twice washing with CB containing 200
mM sucrose and twice with CB, the samples were contrasted by
using 1% osmiumtetroxide in CB on ice for 2 h. After washing
with CB and water, the samples were incubated with 2% uranium
acetate in water at 4°C for 2 h before final water washes. Sample
dehydration using ethanol and Epon embedding and polymeriza-
tion followed. Coverslips were removed, and sections (80 nm
thickness) oriented in-plane to the cell growth support were pro-
duced and mounted onto slot grids. Electron micrographs and
tomography tilt series were acquired on a JEOL JEM-2200FS mi-
croscope operated at 200 kV, equipped with a TemCam-F416
camera (TVIPS, Munich, Germany) and using a 20 eV energy fil-
ter slit. The microscope was controlled by the SerialEM software.
Under focus was adjusted to 3,000 nm. Micrographs were ac-
quired 2-fold binned. Before tomography data acquisition, areas
of interest were preexposed for at least 10 min. Tilt series, col-
lected over a total angular tilt range from —72° to +72° at 2.0° in-
crements, were first aligned with one another by cross-correlation
and subsequently by patch tracking using the IMOD software
package (ver. 4.7; http://bio3d.colorado.edu/imod). A single
reconstructed volume was computed from each tilt series by ra-
dially weighted back projection.

Isolation of mitochondria and analysis of mitochondrial
membrane potential

MEF cells were grown to 85-95% confluence in 150 x 20 mm
culture plates. The medium was aspirated, and cells were then
washed two times with PBS. The cell monolayer was resuspended
in 5 ml of cold isolation buffer (IB; 200 mM mannitol, 50 mM su-
crose, 5 mM KH2PO4, 5 mM MOPS, 0.1% fatty acid free BSA, and
1 mM EGTA, pH 7.15) and transferred to a Sorvall centrifuge
tube. The plate was then washed with another 5 ml cold IB, which
was also transferred to the centrifuge tube. Three plates were
pooled together. The cells were then centrifuged for 10 min at
4°C and 478 gin an SS-34 rotor (Sorvall, Thermo Fisher Scien-
tific). The supernatant was removed, and the cell pellet was
retained.

Cell pellets were resuspended in 3.5 ml cold IB and homoge-
nized by 40 strokes with the tight plunger at 1,600 rpm, and the
homogenate was centrifuged for 3 min at 1,075 g and 4°C. The
supernatant was collected and spun for 10 min at 11,950 g and
4°C. Next, the supernatant was decanted, and the inner walls of
the centrifuge tube were dried. The mitochondrial pellet was
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resuspended in 200 pl of cold respiration buffer (RB; 130 mM
KCl, 5 mM Ko.HPO,-3 water, 20 mM MOPS, 2.5 mM EGTA, 3 mM
succinate, 0.1% BSA, pH 7.15) and spun at 9,500 gfor 10 min. The
supernatant was again decanted, and the mitochondrial pellet was
resuspended in 50 pl RB. Mitochondria and all equipment were
kept on ice for the duration of the isolation and the assay.

A solution of RB containing 10 pM rhodamine 123 was pre-
pared, and mitochondria were added to a working density of 0.2
mg/ml. The fluorescence values were read at excitation 470-495
nm and emission 520-550 nm (Varian Cary Eclipse fluorescence
spectrophotometer, Agilent) upon addition of doxSA (Avanti Po-
lar Lipids), SA (Avanti Polar Lipids), and FB1 (Sigma-Aldrich)
from ethanolic stock solutions. Sodium salicylate (5 mM) was
used as a positive control. Fluorescence values were read every 5 s
up to 2.5 min.

Analysis of doxSA-mediated toxicity on primary dorsal
root ganglia neurons

All animal experiments were performed in accordance to the
Animal Welfare Act and the guidelines of the Landesamt fur
Natur, Umwelt und Verbraucherschutz. Female C57BL/6] mice
(8 weeks old, Charles River) were used for all primary neuronal
culture experiments.

Adult lumbar dorsal root ganglia (DRG) were dissected and
collected in ice-cold Hank’s balanced salt solution (HBSS; Gibco).
The ganglia were transferred into a sterile tube, washed twice with
HBSS, and incubated in Neurobasal-A medium (Gibco) contain-
ing collagenase type I (3,000 U/ml; Worthington) at 36.5°C for
15 min, followed by 30 min with trypsin (0.25%; Gibco). Serum
was then added to stop trypsin digestion. Ganglia were dissociated
by gently pipetting up and down. The cell suspension was filtered
by using a nylon cell strainer (70 wm; BD Falcon) and centrifuged
at 76 g for 5 min. Dissociated neurons were resuspended in Neu-
robasal-A medium supplemented with B-27 (Gibco) and were
plated at low density on laminin-coated (5 wg/ml; Roche)
coverslips.

The culture was maintained in a humidified atmosphere con-
taining 5% COy in air at 36.5°C. Vehicle (100% ethanol) or sphin-
golipids in ethanol were added 2 h after plating, when neurons
were already attached to the substrate.

DRG neurons were fixed with 4% paraformaldehyde and 4%
sucrose. Cells were immunostained for Tujl (Sigma, T0198;
1:1,000) and Tom20 (Santa Cruz, sc-11415; 1:1,000). When neces-
sary, the alkyne-moiety was subsequently reacted with ASTM-
BODIPY, as described above for the staining of fibroblasts.
Secondary antibodies were labeled with Alexa 350, Alexa 488, or
Alexa 555 (Invitrogen). Epifluorescence microscopy was per-
formed by using a Zeiss Observer.Z1 microscope equipped with a
Plan-Apochromat 63x (1.40 NA) and a Photometrics Coolsnap K4
camera. Optical sectioning was performed by using the apotome
mode. If applying, maximum projections of z-stacks were calcu-
lated by summarizing corresponding pixel values. Images were
processed by using Fiji software.

Quantification was carried out for five independent experi-
ments. For quantification of mitochondrial morphology, images
were randomly taken with an Axiovert microscope (Zeiss). In a
blinded setup, cells with neurite outgrowth were assigned to dis-
play normal or disturbed mitochondrial morphology. Disturbed
mitochondrial morphology was assigned for swollen or irregu-
larly distributed mitochondria in at least three neurites. For
quantification of neurite length, images were randomly taken
with an Axiovert microscope (Zeiss) and analyzed by using Im-
age] software (NIH). More than 200 neurons for each condition
were quantified for mitochondrial morphology and neurite
length, respectively.
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RESULTS

Uptake, N-acylation, and desaturation of doxSA differs
greatly from that of the canonical variant SA

To answer basic questions regarding deoxySL biology,
we synthesized an alkyne analog of doxSA that structurally
differs from the natural version only by the presence of an
alkyne moiety (triple bond) between C17 and C18. All al-
kyne lipids used in this study are depicted in supplemental
Fig. S4A. The alkyne group does not alter the polarity and
only minimally changes the size of the lipid, while facilitat-
ing a highly specific and sensitive tracking of the probe via
a copper (I)-catalyzed azide alkyne cycloaddition click reac-
tion (34). The click reaction covalently attaches an azido-
reporter molecule (most often an azido-fluorophore) to
the alkyne group of the probe, and, in recent years, robust
protocols have been developed that allow the use of alkyne
lipids to answer biological questions (35). These methods
include tracking the metabolism of alkyne lipids by fluores-
cence TLC (28) and the determination of their localization
within cells by fluorescence microscopy (29, 36-38) (sup-
plemental Fig. S4B). Here, we chemically synthesized al-
kyne-doxSA (supplemental Fig. S2). Its canonical sibling,
alkyne-SA, was previously used for in vitro CerS assays (27)
and localization studies (36).

To verify the suitability of the alkyne probes, we first
compared the uptake, desaturation (supplemental Fig. S5)
and Macylation profiles (Fig. 1) of alkyne-doxSA and al-
kyne-SA with that of their deuterated variants d3-doxSA
and d7-SA, respectively, in MEFs. Our data showed a com-
parable rate of uptake for the alkyne compared with the
related deuterated probes and a faster cellular uptake of
doxSA compared with SA (supplemental Fig. S5A, B). De-
saturation of doxSA was slower than that for SA, and the
rate of desaturation for both alkyne probes lagged behind
that of the deuterated ones (supplemental Fig. S5C, D).
We also analyzed the downstream N-acylation patterns of
all probes after an incubation time of 24 h. Labeled de-
oxySLs were found in substantial quantities as free sphin-
goid bases, doxDHCers, and doxCers (Fig. 1A). We further
observed great differences in the N-acylation pattern of
l-deoxySLs versus canonical sphingolipids. Whereas la-
beled doxDHCers were found with a variety of Nacyl fatty
acids (C16:0-C24:1) attached (Fig. 1B), the majority of la-
beled doxCers contained lignoceric or nervonic acid
(C24:0 and C24:1) (Fig. 1C). In contrast, the majority of
labeled ceramides were N-acylated with palmitic acid
(C16:0) (Fig. 1D). Notably, these N-acylation profiles were
obtained from MEF cells, and, as established for canonical
sphingolipids, the produced ceramide species will most
likely depend on the expression levels of the different CerS
enzymes in the specific cell type under investigation. How-
ever, our data and earlier measurements of 1-deoxySLs
compared with canonical ceramide species in LLC-PK (1)
and MEF cells (21) clearly suggest that mammalian CerSs
are discriminatory, not only for the accepted acyl-CoA, but
also for the preferred sphingoid base substrate. This no-
tion is in concordance with the fact that we observed a re-
duced amount of desaturated metabolites and a slight
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tendency for longer fatty acids to be attached to the alkyne
sphingoid bases compared with the respective deuterated
sphingoid bases. Hence, the responsible dihydroceramide
desaturase and CerSs seem to be sensitive to the slightly
shorter sphingoid backbone [triple bonds between two car-
bons are 34 pm shorter than single bonds (39) |, emphasiz-
ing the importance that the structural modification of a
probe should be as minimal as possible.

Hence, tracking the metabolism of lipids by using their
alkyne-probes and detection by click-fluorescence TLC
provides a good overview of the downstream metabolism
of the respective lipid. We therefore screened different
cell types with a particularly interesting canonical sphingo-
lipid metabolism for potential cell type-specific doxSA me-
tabolism. The screen included a glia cell line (A172) and a
neuronal cell line (B104), because of the strong periph-
eral neurodegeneration seen in HSAN1 and diabetic neu-
ropathy, but also because of the reported neurotoxic
effects of doxSA on CNS neurons in vivo (40-43). We fur-
ther tested liver cell lines (Huh7 and HepG2) because de-
oxySLs are mostly transported on VLDL and LDL (16)
and therefore may be of hepatic origin (22). Fibroblasts
(MEFs), epidermal (A431), and epithelial (HCT166) cells
were chosen because the skin is also affected in HSANI,
and the dermal barrier strongly depends on a well-bal-
anced sphingolipid synthesis. None of the investigated cell
lines showed any transfer of the alkyne label of alkyne-
doxSA to canonical sphingolipids or glycerolipids. The
results from human epithelial cells are shown as an exam-
ple (Fig. 2B). In detail, whereas incubation with alkyne-SA
always resulted in labeling of diverse sphingolipids and
glycerolipids, after treatment with alkyne-doxSA, doxDH-
Cer/doxCer were the only lipids labeled, even after

DeoxySLs are not converted to canonical sphingolipids or
fatty acids

Canonical sphingolipids can be degraded via S1P by S1P
lyase (SGPL1) to fatty aldehydes and, consequently, fatty
acids. This fact was recapitulated by treatment of MEF cells
with alkyne-SA that resulted in the appearance of the al-
kyne label in ceramides and more complex sphingolipids,
such as sphingomyelin and glycosphingolipids (Fig. 2A,
right lanes). In addition, the alkyne label was detectable in
phosphatidylcholine (PC), phosphatidylethanolamine
(PE), and triacylglycerol (TAG), as the alkyne label is trans-
ferred from SA to fatty acids. In concordance with this,
fibroblasts without functional SGPL1 cannot convert alkyne-
SA to alkyne fatty acids, as concluded from a lack of label-
ing in the PC, PE, or TAG bands for these cells (Fig. 2A, left
lanes).

Analyzing 1-deoxysphingolipid biology using click chemistry 47



A B
MEE HCT116
—TAG
«—CE TAG —
- ‘_doxDHCer/
doxCer
Cer =3 | umwe—
Cerp e am = -
BG— GluCer =3 | = ==
GluCer = | w= == - ———
=k 4 4
- -
Anfm = = il
- - e —PC -
SM3= == === FEZ=88
S1IPo| = = Sv= see
1 UM Alkyne-SApulse [h] 2 2 5 2 2 5
Chsolill= 8 = © = 9 = =0 1 uM Alkyne-lipid pulse [h]| 1 4 24 1 4 24| «Ori
| =0l
SGPL-  SGPL +/+ M Alkyne:lIpid ptles ]
SA doxSA
C D
HCT116 MEF B104
doxDHCer/ doxDHCer/ doxDHCer/
doxCer =} | e Ho%CaF :t.'.. doxCer =3 |
—_ - .
-
doxSA = A doXSA — B e e
doxSA — o e e -7
«? -
1M Alkyne-doxSApulse [h]) 2 2 2 2 1 pMAkyne-doxSApulse [h]| 4 4 4 1 4M Alkyne-doxSA pulse [h] 4 4 4
Chase [h]| - 152548 [0 K0 Ve e e hlmingh 24h] «Ori Chase [minh]sminah 24n +Ori

Fig. 2. DeoxySLs are not recycled to canonical sphingolipids or fatty acids. Metabolic tracing of alkyne-doxSA and alkyne-SA by click fluo-
rescence TLC. A: MEF WT or MEF S1P lyasef/f cells were treated with 1 uM alkyne-SA. Note that the alkyne signal is restricted to sphingo-
lipids in MEF S1P lyasef/f cells, but also appears in glycerolipids in MEF WT cells. B. HCT116 cells were treated with 1 uM alkyne-SA or
1 pM alkyne-doxSA. Note that the alkyne signal of alkyne-doxSA was not detected in any canonical sphingolipids or glycerolipids. C: HCT116
cells were given a short pulse of 1 uM alkyne-doxSA for 2 h, followed by a chase up to 48 h in nonsupplemented growth medium. Note that
the total alkyne signal decreased with prolonged chase times. D: MEF and B104 cells were treated with 1 wM alkyne-doxSA for 4 h, followed
by a chase up to 24 h in nonsupplemented medium. The arrows indicate an alkyne signal that runs in a band at the height of SA aftera 24 h
chase, indicating a possible hydroxylated derivate of doxSA. Because of the lack of alkyne signal appearing in canonical sphingolipids or
glycerolipids, it can be excluded that the hydroxylation would be at the C1 position. Please note that sphingolipid classes such as ceramides,
glucosylceramides, and sphingomyelins run on the TLC according to the N-acyl fatty acid attached. Hence, most often, two bands (long-
chain versus very-long-chain N-acyl metabolites) can be separated on the TLC. BG, background; C, control; CE, cholesterolester; Cer, ce-
ramide; GluCer, glucosylceramide; Ori, origin; SM, sphingomyelin.

prolonged incubation (Fig. 2B) or chase times (Fig. 2C).
Hence, although suspected previously, our tracing data al-
low us to conclude that doxSA is not subjected to hydrox-
ylation at C1 for conversion to canonical sphingolipids in
all cell types tested. The absence of labeled glycerolipids
such as PC, PE, or TAG also suggests that no other meta-
bolic pathway converts deoxySLs directly to fatty acids in
appreciable amounts. In addition, the detailed analysis of
pulse-chase experiments with alkyne-doxSA revealed a
continuous reduction of the total alkyne signal during
the chase times for all cell types tested. The loss of the la-
bel was fastest in HCT116 cells, where, after a 48 h chase,
only 18% of the signal remained (Fig. 2C). In these ex-
periments, we observed no apparent cell toxicity or de-
tachment of the cells and excluded a signal loss due to
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secretion by analyzing the culture medium used during
the chase. In addition, we searched for cell type-specific
doxSA metabolites in the various cell lines (MEF, HCT116,
A431, HuH7, HepG2, B104, and A172). In some cell lines,
a minor metabolite of alkyne-doxSA was detected run-
ning on the TLCs at the position of SA (Fig. 2D). This in-
dicates a doxSA hydroxylation at a position different
from CI in these cells. A CI hydroxylation was ruled out
because no canonical alkyne sphingolipids or alkyne glyc-
erolipids were generated from alkyne-doxSA via the SGPL1
pathway.

Alkyne deoxySLs localize to mitochondria

To study the subcellular localization of deoxySLs, we
treated MEF cells with a nontoxic concentration of 0.1
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pM alkyne-doxSA for up to 24 h and analyzed the distri-
bution of alkyne lipids by fluorescence microscopy. Five
minutes after treatment, we observed prominent labeling
of mitochondria, as confirmed in costaining experiments
using an antibody against the mitochondrial protein
Tom20 (Fig. 3A). In addition, our data showed colocal-
ization of perinuclear alkyne staining with immunofluo-
rescence staining against the Golgi protein marker giantin.
After 1 h (Fig. 3B) and 24 h of treatment (Fig. 3C),
mitochondrial labeling remained the most prominent,
whereas the intensity of the labeling increased over
time. Apart from mitochondria, the alkyne deoxySLs re-
mained detectable in Golgi and, to a minor degree, were
detectable in other cellular structures such as the ER
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(1 and 24 h), coinciding with the conversion of alkyne-
doxSA to doxDHCer and doxCer species (Fig. 3D). This
was expected, because the enzymes responsible for the
synthesis of doxDHCer and doxCer are located in the
ER, although a CerS activity has also been reported for
mitochondria (44). As shown by costaining against a lyso-
somal marker protein (Lampl), no prominent colocal-
ization of the alkyne-signal was seen for lysosomes within
the analyzed treatment time (5 min to 24 h). In contrast
to the exogenous treatment with alkyne-doxSA, exoge-
nous treatment of cells with alkyne-oleate, a fatty acid
probe that is mostly incorporated into PC (28), does
show a very broad staining of all cellular membranes
(supplemental Fig. S6A). In addition, incubation of cells
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with alkyne-doxSA after fixation did not lead to any ap-
preciable cellular staining (supplemental Fig. S6B).

DoxSA induces mitochondrial fragmentation

Next, we evaluated the cytotoxic effects of doxSA treat-
ment. Treatment of MEF cells with a cytotoxic concentra-
tion of 1 pM alkyne-doxSA for only 5 min also allowed for
the detection of the lipid in mitochondria, and the stain-
ing intensity increased with incubation time (Fig. 4A).
However, in contrast to treating cells with a low alkyne-
doxSA concentration (i.e., 0.1 pM; Fig. 3), treatment of
MEF cells with 1 pM alkyne-doxSA resulted in changes in
mitochondrial morphology. Whereas mitochondria of
nontreated cells were mostly tubular with only some fis-
sioning mitochondria, 1 pM alkyne-doxSA treatment led
to swollen and hyperfused mitochondria (1 h), and pro-
longed presence resulted in fragmented mitochondria in
approximately 50% of all cells (Fig. 4B). To validate the
specificity of the effect, we compared the mitochondrial
morphology upon alkyne-doxSA or alkyne-SA treatment
(Fig. 4C). Treatment with 1 pM alkyne-SA also led to la-
beling of mitochondria, but with a comparatively stron-
ger staining of other organelles. Most importantly, we did
not observe any increase in mitochondrial fragmentation
upon treatment with alkyne-SA. To corroborate these
findings and to exclude any potential effect of the alkyne
moiety, additional experiments using untagged natural
doxSA and SA were performed (Fig. 5). Here, cells were
treated for the indicated times with 1 pM SA, with in-
creasing concentrations of doxSA (0.1, 0.5, and 1 pM), or
with 1 pM doxSA in the presence of a CerS inhibitor
(FB1), respectively. Cells were then fixed, stained, and
assigned as displaying tubular-shaped mitochondria,
fragmented mitochondria, or being collapsed, meaning
being close to detachment and cell death (see Fig. A for
representative pictures). Continuous treatment with 0.5
or 1 pM doxSA for 24 h was cytotoxic to the cells, as indi-
cated by a significant reduction in average cell number
per image (Fig. 5B). Mitochondrial fragmentation was
significantly increased after 24 h with 0.5 or 1 pM doxSA,
but not with 0.1 pM doxSA or 1 pM SA treatment (Fig.
5C). Also, cotreatment with 50 pM FB1 in combination
with 1 pM doxSA fully prevented mitochondrial fragmen-
tation. To further decipher this finding, we quantified
the cellular uptake of alkyne-doxSA in the presence or
absence of FB1 (supplemental Fig. S7). Cotreatment with
FB1 did not change the uptake of alkyne-doxSA, whereas
it significantly inhibited its MN-acylation by CerSs. Hence,
we conclude that an N-acyl downstream product, and not
the I-deoxysphingoid base itself, is responsible for the
observed mitochondrial changes upon doxSA-mediated
toxicity.

Prolonged incubation with alkyne-doxSA at toxic
concentrations causes the appearance of dense
alkyne-positive ER structures

We further noticed that prolonged exposure of cells to
toxic concentrations of alkyne-doxSA not only resulted in
fragmented mitochondria, but also led to changes in al-
kyne-doxSA localization and in the morphology of other
organelles in the cultured MEF cells. In detail, large, in-
tensely stained structures became visible upon long incuba-
tion with 1 pM alkyne-doxSA (Fig. 6A, white arrows). These
structures only appeared after prolonged incubation, and
the alkyne labeling did not coincide with either the mem-
brane potential-sensitive staining of Mitotracker CMXRos
(Fig. 6A) or the mitochondrial marker Tom20 (Fig. 6B),
hence excluding a mitochondrial origin for most of these
structures. However, a small fraction may represent mito-
chondria that have lost membrane potential, as triple stain-
ing revealed (Fig. 6C). Further costainings suggested that
the majority of the observed structures are enlarged ER
domains, as concluded from the overlapping signal of the
alkyne staining with the ER protein PDI (Fig. 6D, white ar-
row). These findings indicate that prolonged treatment
with alkyne-doxSA at toxic concentrations leads to mor-
phological changes of the ER, from a netlike appearance
to enlarged and dense-appearing sheets. To determine
whether ER stress is occurring upon doxSA treatment, we
analyzed the alternative splicing product of the XBP1, that
is known to occur when ER stress triggers the unfolded pro-
tein response (45). Our data showed that XBP1 splicing
was significantly induced after 24 h of exogenous treat-
ment with doxSA (Fig. 6E).

DoxSA treatment induces mitochondrial dysfunction
in situ

Hyperfragmentation of mitochondria leads to a re-
duced capacity for ATP production by mitochondrial res-
piration (46). We therefore hypothesized that doxSA
treatment could lead to a reduction of total cellular ATP
levels. Indeed, doxSA treatment of MEF cells at toxic con-
centrations led to a significant increase in cellular ATP
after 1 h and a pronounced reduction in cellular ATP lev-
els after 10 and 24 h of treatment (Fig. 7A). This drop in
cellular ATP was, like the mitochondrial fragmentation
(Fig. 5C), rescued by cotreatment with 50 pM FB1. Mea-
surement of mitochondrial function by using a Seahorse
Analyzer showed an approximately 50% reduction in basal
as well as maximal respiration in MEF cells treated for 24 h
with 1 pM doxSA (Fig. 7B). This effect was again rescued
by cotreatment with FB1, whereas no differences in the
extracellular acidification rate, as a function of glycolysis,
were detectable. Ultrastructural analysis of the hyperfrag-
mented mitochondria by electron microscopy showed

Fig. 5. Mitochondrial fragmentation upon doxSA treatment depends on functional CerSs. MEF cells were treated for the indicated times
with different concentrations of unlabeled doxSA or SA before fixation and staining of mitochondria (TomZ20; green), actin filaments (Phal-
loidin; orange), and nucleus (DAPI; blue). Data are presented as average + SD. * P<0.05; ** P<0.01; *#* P<0.001. A: Representative images
of cells showing normal mitochondrial morphology, fragmenting (green arrows) and fragmented (white arrows) mitochondria, or a col-
lapsed cellular phenotype with little visible cytoplasm around the nucleus (red arrow). Scale bar, 10 wm. B: Average cell number per image.
C: Quantification of cells with normal mitochondria, fragmented mitochondria, or cells with collapsed actin filaments. n.s., not significant.
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mitochondria that were spherical and had largely lost inter-
nal cristae structures (Fig. 7C). In contrast to the observed
mitochondrial dysfunction after doxSA treatment in situ,
direct doxSA treatment of isolated mitochondria did not
lead to loss of mitochondrial membrane potential in vitro
(Fig. 7D). Here, functional mitochondria from MEF cells
were incubated with 1 pM doxSA and subsequently the
membrane potential depended uptake of the fluorescent
dye rhodamine (RH-123) (47) was analyzed.

Exogenous doxSA treatment leads to swollen spherical
mitochondria in primary sensory neurons

Although changes in ER morphology appeared only at
late stages of doxSA-induced cellular toxicity, when the
cell was close to cell death, we observed that the changes
in mitochondrial morphology, such as swelling, were an
early characteristic after doxSA treatment and did not per
se result in cell death. To evaluate whether mitotoxicity
could be a common mechanism underlying the known
doxSA-induced neuronal degeneration, we treated pri-
mary DRG neurons with a mixture of doxSA and alkyne-
doxSA (ratio 1:1) and confirmed uptake and mitochondrial
localization of the lipids also in these cells (Fig. 8A). Al-
kyne-doxSA prominently stained the mitochondria within
the cell body and along the neurites. To probe for the ef-
fect of doxSA on mitochondria in neurons, we then treated
DRG neurons for 22 h with doxSA and stained for mito-
chondria (Tom20) and the neuron-specific class III
B-tubulin (tujl) (48) (Fig. 8B). Whereas mitochondria in
control samples were evenly distributed along the neurites
and appeared fine and streak-like, in doxSA-treated cells,
we noticed the occurrence of swollen, more spherical, and
less evenly distributed mitochondria in neurites and accu-
mulation of mitochondria in the cell body already at the
lowest concentration tested (0.1 pM). This phenotype was
more pronounced at higher concentrations. Specifically,
after treating neurons with 0.5 pM doxSA, we observed
grossly swollen mitochondria (green arrows) and irregu-
larly distributed mitochondria (blue arrows) in degenerat-
ing neurites compared with unaffected neurites (white
arrows).

To quantify our observations, we isolated DRG neurons
from five different mice and treated them separately for
22 h with SA, different concentrations of doxSA, or a com-
bination of doxSA and FB1, respectively. Although the ini-
tially observed apparent accumulation of mitochondria in
cell bodies was not statistically significant, differences in
the number of neurons showing mitochondrial abnormal-
ities in shape (swollen or spherical) or distribution along
the neurites (nonregular distribution with gaps in between)
were significant already at the lowest concentration tested
(0.1 pM doxSA) and increased with higher concentrations
(Fig. 8C). Treatment with 1 pM SA led to a slight, albeit
not significant, increase in neurons showing mitochon-
drial abnormalities. In contrast to fibroblasts, cotreatment
of 1 pM doxSA with 50 pM FB1 only partially rescued the
effect of doxSA treatment on mitochondrial morphol-
ogy (Fig. 8C). Quantification of neurite length revealed
significant differences for treatment with higher doxSA

54 Journal of Lipid Research Volume 58, 2017

concentrations (0.5 and 1 pM doxSA), but no signifi-
cant effect on neurite outgrowth for treatment with
1 pM SA or 0.1 pM doxSA (Fig. 8D), indicating that the
observed mitochondrial disturbances are likely to precede
axonal degeneration. However, cotreatment of 1 pM doxSA
with FB1 did not rescue the inhibitory effect of doxSA
on neurite length, pointing toward an additional toxic ef-
fect that the doxSA sphingoid base exhibits on axonal
outgrowth.

DISCUSSION

Because of their only recent identification in humans,
very little is known about effects and functions of deoxySLs
(49). In this study, we addressed some fundamental ques-
tions about the cellular metabolism and localization of de-
oxySLs, potentially leading to novel insights about their
pathomechanism in diseases like diabetic neuropathy and
HSANI1. To enable these experiments, we synthesized a
novel traceable doxSA probe, alkyne-doxSA, with superior
similarity to naturally formed doxSA and allowing for easy
detection via click-chemistry methods (27-29, 37).

First, by comparing the uptake and metabolism of the
novel and chemically synthesized alkyne-doxSA with that of
its deuterated counterpart, we could verify it being a highly
suitable probe for the study of deoxySLs in mammalian
cells. The acquired data also underline that, whereas ca-
nonical sphingolipids are mainly desaturated and hence
rarely present as DHCers, a smaller proportion of deoxySLs
are desaturated. This notion was also depicted in earlier
studies that found approximately one-third of the total de-
oxySLs in human plasma to be doxDHCer and two-thirds
as doxCer (2). In agreement with a previous study (21),
our results also indicate profound differences in the N-acyl-
ation pattern of doxDHCers versus doxCers. In detail,
whereas in the MEF cells studied here, doxDHCers are
found with a variety of N-acyl fatty acids attached (C16-
C24), doxCer were detectable only with very long chain
N-acyl fatty acids (C22-C24). This argues for a selectivity of
the responsible dihydroceramide desaturase for very long-
chain M-acylated doxDHCers or for an exchange of N-acyl
fatty acids subsequent to desaturation. Although, just like
for canonical sphingolipids, CerS expression levels in a
given cell will likely affect the specific N-acyl pattern of the
deoxySLs, but the presence of different Nacylation pat-
terns between deoxySLs and canonical ceramides also
highly indicates that CerSs may discriminate between their
sphingoid base substrates. According to the Genevestigator
database (50), which is based on a large set of quality-con-
trolled microarrays, CerS5, CerS6, and CerS2 are the most
highly expressed CerS isoforms in MEFs. In concordance
with their known substrate specificity, we detected the most
abundant doxDHCers to be N-acylated with C16:1, C24:0,
and C24:1 fatty acids. Furthermore, CerS2 is also one of the
most highly expressed CerS enzymes in the DRG of both
humans and mice (along with CerS6 and CerS5, respec-
tively) (50), indicating that ceramide and dox(DH)Cer
species found in peripheral nerves are likely be similar to



>
o
1

§ # WK
6 * % P
£ A —
= L
£ ®
g 10- HRK
o
a [ Control
’g [] 0.5 M doxSA
:a:__ 5 - [ 1 4M doxSA
< B ' #M doxSA + 50 uM FB1
0
10h 24h
B Qligomycin FCCP AA/Rot .

250 1 € ]
= -e- Control E 20
= 200 4 T
£ - 24h 1 yM doxSA g 15.
s] £
g 150 4 == 24h 1 yM doxSA 5 104
T 100 + 50 yM FB1 8 5 ]
8 == 24h 1 uM SA

50 » 04
0 T T T 1 00 & 60+ A é\
0 20 40 60 80 © & w\‘é\“@ e
Time [min] & '\QQ\} e',,bp
SRS
v V' x
C 24h 1M doxSA
i o -, ) b Ty b

D
1004 »
[0}
X Pretar et Lt s tet it ten,
g 90 4
v
=] - + Positive control for mitotoxicity (Sodium salicylate)
2 804 % « Control
= L = 1pMdoxSA
T 704 iy, v 1uMSA
o h;"_ )
é -iln]i“::"
. 60
o~
50 T T T
0 50 100 150
Time [s]

Fig. 7. Mitochondrial fragmentation upon doxSA treatment is characterized by a reduction of cellular ATP levels, reduced mitochondrial
respiratory capacity, and loss of internal mitochondrial cristae structures. A: MEF cells were treated for the indicated times with different
doxSA concentrations and FB1 before lysis and measurement of cellular ATP levels. Data are presented as average + SD. B: MEF cells were
treated for 24 h with 1 uM doxSA, 1 uM doxSA + 50 pM FBI, or 1 wM SA, respectively, before analysis of glycolysis rate, mitochondrial res-
piration, and maximal respiration capacity. OCR, oxygen consumption rate. Data are presented as average + SD. C: MEF cells were treated
for 24 h with 1 uM doxSA, before fixation and analysis of mitochondrial structures by electron microscopy. Scale bars, 200 nm. D: Mitochon-
dria were isolated from MEF cells and incubated in vitro with 1 uM doxSA, 1 uM doxSA + FB1, or 1 uM SA. Uptake of rhodamine 123 was
analyzed to measure mitochondrial membrane potential. * P< 0.05; ** P< 0.01; *#* P< 0.001.

Analyzing 1-deoxysphingolipid biology using click chemistry 55



>

0.2 uM total doxSA

0.1 uM doxSA

0.5 uM doxSA

(@)
o

100~ l - | 400 ns.

8
B 1 % Mhs.
£ 80+ | 2 300 | -
Sy - k 7 |
EL o4 I | S —
2'g 2E 200 4
£ c o3
o =
T g 404 5
&5 £ 1004
T T 20 =)
2 5
8 0 o
Control 1 pyM 01 pM O05puM 1uM 1 uM Control 1 yM 0.1pM 05uM 1puM 1 uM
SA  doxSA doxSA doxSA doxSA SA doxSA doxSA doxSA doxSA
+ 50 uM + 50 UM
FB1 FB1

56 Journal of Lipid Research Volume 58, 2017



those found in the fibroblasts. However, to clearly decipher
the activity of the different CerSs with deoxySLs, in vitro
assays with single CerSs present in the assay buffer would be
needed.

In addition to the metabolic data and, although often
assumed, this study is the first to show that there is no con-
version of deoxySLs to canonical sphingolipids (via a CI-
hydroxylase) or directly to fatty acids in any of the cell types
tested. Our tracing studies further confirm that deoxySLs
are metabolized to only few downstream lipid species,
when compared with canonical sphingolipids.

Our experiments with exogenous alkyne-doxSA treat-
ment of cultured cells showed a very prominent localiza-
tion of the alkyne signal in mitochondria as early as 5 min
after administration. Although also colocalizing with Golgi
and ER markers, the signal in mitochondria remained the
most prominent at all time points analyzed. Furthermore,
we found a striking change in mitochondrial morphology
upon cellular treatment with alkyne-doxSA or doxSA, but
not with alkyne-SA or SA, although exogenously added al-
kyne-SA also partially localized to mitochondria in cultured
fibroblasts. In detail, upon long incubations (10-24 h), at
toxic levels (0.5-1.0 pM doxSA), the majority of cells
showed completely spherical, hyperfragmented mitochon-
dria. At toxic concentrations and long incubation times, we
also observed a prominent staining of alkyne-deoxySLs in
the ER that had undergone morphological changes, lead-
ing to enlarged and highly visible perinuclear ER struc-
tures. Furthermore, our analysis showed that the cells were
undergoing ER stress, and, indeed, ER stress has already
been linked to doxSA toxicity in a former study that ana-
lyzed doxSA under its pharmaceutical code ES-285 as a po-
tential anticancer drug (51). It was reported that doxSA
induced apoptosis in cancer cells via an ER-stress mediated
pathway and caspase 3 and 12 activation. Hence, induction
of ER stress may be part of the general cytotoxicity mecha-
nism of doxSA and may be what finally leads to apoptosis.

In addition to the ER stress, we observed that doxSA con-
centrations, which are not high enough to induce cell
death, still resulted in changes in mitochondrial morphol-
ogy. Most importantly, we found that primary DRG neu-
rons displayed changes toward mitochondrial swelling and
abnormal mitochondrial distribution already at the lowest
doxSA concentration (0.1 pM) tested. In line with this,
changes in mitochondrial morphology have been observed
before in lymphoblasts from HSANI1 patients that have an
increased endogenous doxSA generation (52). The au-

thors detected swollen, perinuclear mitochondria with en-
larged cristae and a discontinuous outer membrane in
these cells by electron microscopy. In the present study, we
show that the same mitochondrial disturbances are also in-
duced by exogenous treatment with doxSA and that doxSA
causes mitochondrial dysfunction in respiration and ATP
generation in situ. Interestingly, in fibroblasts, inhibition of
CerS activity with FB1 completely rescued doxSA-induced
mitotoxicity, indicating that not the presence of the free
sphingoid base, but of one of its N-acylated downstream
products, is responsible for the mitochondrial dysfunction.
This is also supported by a recent paper showing that 24 h
treatment with 0.5 pM doxSA reduced cellular metabolic
activity [3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazo-
lium bromide (MTT test)] to approximately 50% in corti-
cal neurons, but did not lead to a significant increase of cell
death (lactate dehydrogenase test) (53). Here, reduced
metabolic activity (MTT test) upon doxSA treatment was
also rescued in the cortical neurons by preincubation of
the cells with FB1, again indicating that doxSA needs to be
N-acylated to dox(DH)Cers to affect mitochondrial func-
tion. In our hands, FBI1 cotreatment had no positive effect
on length of axonal outgrowth, implying that the sphin-
goid base itself possesses an additional toxic effect that lim-
its axonal growth in peripheral neurons. However, in line
with our results in fibroblasts, FB1 cotreatment significantly
reduced the percentage of peripheral neurons that showed
disturbed mitochondrial morphology.

Together, our results suggest that elevated deoxySL lev-
els impair mitochondrial function and lead to an energy
deficitin affected cells, especially in those that highly depend
on respiration for ATP production. Indeed, peripheral
nerves have very high and specific energy requirements be-
cause of the substantial length of the axons. This makes
them particularly vulnerable to energy deficits. A chronic
energy deficit due to mitotoxicity has been proposed as the
underlying cause for a wide range of distal painful sym-
metrical peripheral neuropathies, including diabetic neu-
ropathy (54). Furthermore, several inherited peripheral
neuropathies are caused by mutations in genes responsible
for mitochondrial fusion, fission, or transport (55). Specifi-
cally, it is known that mutations in mitofusin 2 (MFN2), a
protein that controls mitochondrial fusion, cause heredi-
tary motor and sensory neuropathy Charcot-Marie-Tooth
disease type 2A (56), a disease with similar symptoms to
HSANI. Baloh et al. showed that expression of the MFN2
mutants in cultured DRG neurons resulted in fragmented

Fig. 8. Exogenous doxSA-treatment leads to swollen spherical mitochondria in primary DRG neurons. A: DRG neurons were cultured for
2 h and treated for further 22 h with a mixture of alkyne-doxSA and unlabeled doxSA (total 0.2 uM). After fixation, the cells were stained
for mitochondria (Tom20; magenta) and the alkyne moiety was reacted with ASTM-BODIPY (green). Alkyne-doxSA was taken up by the
neurons and localized to mitochondria. B: DRG neurons were cultured for 2 h and treated for further 22 h with the indicated concentrations
of unlabeled doxSA. Cells were fixed and stained for mitochondria (green) and the neuron-specific § IIl-tubulin variant tujl (magenta).
Whereas mitochondria in control-treated DRG neurites appeared fine and “streak-like,” treatment with as little as 0.1 uM doxSA induced
swelling of the mitochondria. Higher concentrations led to grossly swollen spherical mitochondria (green arrows) and irregularly distributed
mitochondria and axonal degeneration in affected neurites (blue arrows) versus not-affected neurites (white arrows). Please note that im-
ages in this figure are optical sections performed using the apotome mode or, if indicated, maximum projections of z-stacks of optical sec-
tions. C and D: DRG neurons were cultured for 2 h and treated for a further 22 h with the indicated lipids. Cells were fixed and stained for
mitochondria and the neuron-specific § IIl-tubulin variant tujl and quantified for mitochondrial morphology (C) and axonal outgrowth
(D). Data are presented as average = SD. * P< 0.05; ** P<0.01; *** P<0.001. n.s., not significant.
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and abnormally clustered mitochondria (57). Hence, al-
though speculative, a decreased mitochondrial function
may also be the underlying cause of the neurodegenera-
tion seen in HSAN1. A pathomechanism based on doxSA-
induced mitotoxicity could furthermore explain the
lancinating pain attacks seen in HSAN1. Here, the chronic
energy deficit would lead to inefficient repolarization of
the neuronal membrane and spontaneous discharges that
are experienced as painful attacks (58).

In conclusion, we have developed and validated a novel
and useful probe to address deoxySL localization and
metabolism. Using this probe, we have gathered data that
sheds light onto the enigmatic biology of deoxySLs, show-
ing that localization of deoxySLs to mitochondria disrupt
mitochondrial integrity, whereas the subsequent reduction
in mitochondrial function may likely provide an explana-
tion for the observed particular vulnerability of peripheral
nerves to deoxySLs in diseases such HSAN1 or diabetes. Bl

A.P. thanks Katharina Meyer (DZNE, Germany) and J. Thomas
Hannich (University of Geneva, Switzerland) for very helpful
discussions on mitochondrial dynamics and doxSA biology,
respectively. I.A. thanks Michele Visentin (University Hospital
Zurich, Switzerland) for his help with the mitochondrial
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